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1. Introduction 

1.1 Biosensors 

Biosensors are the devices that capture biological molecules and convert the capture events 
into detectable signals.1,2 They play crucial roles in health care, food safety, environmental 
monitoring, and forensics. The recent global pandemic of SARS-CoV-2 has highlighted the sig-
nificance of measurement science and placed the sensing technologies such as reverse tran-
scriptase quantitative polymerase chain reaction (RT-qPCR) in common parlance.3 

In general, a biosensor consists of two components4: a biological or bioinspired receptor with 
unique binding capabilities toward the corresponding target; a transducer that decodes the 
molecular interactions into a measurable signal, relying on versatile mechanisms, such as elec-
trochemical, optical, thermometric, mechanical, and magnetic transduction. The receptor unit 
defines the target of the biosensor while the transducer part determines the readout, which 
requires either sophisticated laboratory instruments capable of accurate measurement, or 
portable kits for easy use in decentralized locations. 

In 1954, by inventing the first oxygen electrode and discovering the relationship between the 
glucose concentration and the glucose oxidase-catalysed reduction of oxygen to hydrogen per-
oxide, Leland Clark laid the foundation of biosensors.5,6 Since then, various receptors and 
transducers have emerged.2 

1.1.1 Receptors 

The most common receptors in biosensing are antibodies and aptamers.7 Antibodies are pro-
tein-based affinity ligands that bind to targets with high affinity and specificity. The so-called 
immunoassays, which employs antibodies as receptors, have been widely adapted to many bi-
osensing schemes, such as lateral flow assays for rapid covid tests. 

Aptamers are nucleic acid molecules that fold into complex three-dimensional (3D) shapes to 
specifically bind with targets.8,9 Although natural aptamers exist in riboswitches as the ligand-
binding elements, majorities are generated by an in vitro selection process termed SELEX (sys-
tematic evolution of ligands by exponential enrichment).10 Therefore, aptamers, in theory, can 
be produced for any target, including the non-immunogenic molecules. Compared to antibod-
ies, aptamers own advantages such as ease of generation and production, low batch-to-batch 
variability, and stability in harsh physical and chemical conditions.11 Also, the programmability 
of nucleic acids rendered by predictable base-pairing allows aptamers to be engineered for dif-
ferent schemes. For example, aptamers can be split into small fragments. The split aptamers 
dissociate in the absence of the target and associate in the presence of the target.12 A comple-
mentary strand can be integrated to hybridize with an aptamer so the target binding competes 
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against the hybridization and induces the complementary strand to separate from the ap-
tamer.13,14 

Besides aptamers and antibodies, enzymes also specifically recognize corresponding sub-
strates. In addition, enzymes can catalyse the conversion of the substrates to products and 
thus, serve as both receptors and transducers. However, currently only a small number of suit-
able enzymes are available for biosensing, and consequently only a few molecules (e.g., glucose, 
ethanol, acetylcholine) can act as targets of enzyme-based biosensors.  

1.1.2 Transducers 

Currently, electrochemical and optical transducers dominate in the field of biosensing.15 Elec-
trochemical transducers include amperometric/voltametric, potentiometric, conductometric, 
impedance transducer, and field-effect transistor (FET).16 Generally, electrochemistry is a sur-
face technique with minimum dependence on the reaction volume, allowing small amount of 
samples to be processed. Also, the interference of impurities such as red cells is insignificant 
in typical electrochemical measurements, so detection can be achieved without tedious sample 
preparation. The ease of use, portability, and simplicity of construction enabled the wide ad-
aptation of electrochemical transducer.17 However, the electrochemical transducers rely on 
electrostatic interactions or charge transfer in the target binding event and consequently limits 
the range of the targets. 

Optical transducers exploit the electromagnetic wave phenomena such as absorption and re-
flection of light, as well as fluorescence emission. Fluorescence is by far the most common op-
tical biosensing scheme benefiting from high sensitivity, large versatility, and wide accessibil-
ity.18 Parameters related to fluorescence include intensity, decay time, anisotropy, quenching 
efficiency, and efficiency of Förster resonance energy transfer (FRET).19 FRET is a particularly 
promising scheme, in which, a donor, initially at the excited state, transfers energy to an ac-
ceptor through nonradiative dipole-dipole coupling. The extremely strong dependency on the 
distance between the donor and the acceptor renders FRET capability of tracing molecular in-
teractions. However, light can be absorbed and scattered by various compounds contained in 
a biological sample, which can influence the observed fluorescent signals. Also, in fluores-
cence-based biosensing, the targets and receptors are either limited to intrinsically fluorescent 
molecules or subjected to fluorophore-labelling. Labelling, however, may interfere with the 
molecular interaction by occluding a binding site. In addition, the fluorescent compounds, 
which are often hydrophobic, can produce background signals due to non-specific binding. 
Thus, fluorophore-labelling may cause false negatives or false positives.20 

Alternatively, transducers based on refractive index changes, such as interferometers and 
surface plasmon resonance (SPR) have been explored.21 Specifically, SPR takes advantages of 
the harmonic oscillation of quasi-free conduction electrons that can be excited by impinging 
electromagnetic radiation (e.g., light) at metal surface.22 The molecular binding on metal sur-
faces changes the local refractive index, of which shift is augmented by the alteration of prop-
agating surface plasmon polaritons.23 Since the 1980’s, SPR have been extensively applied to 
monitor the binding interactions of biomolecules. However, SPR requires the immobilization 
of receptors on the metal surfaces, which not only consumes time and resources but may also 
jeopardizes the binding.20 
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Nanoscale transducers 
In 1959, Richard Feynman phrased “There's plenty of room at the bottom” and the possibility 
to design, manipulate, and build objects with desired morphologies at nanoscale was consid-
ered.24 

Nanotechnology is where biology, chemistry, and physics converge at the nanometre (nm)-
scale to create new “value-added” objects.25 Reflecting on the biosensor development in the 
last decades, the impact of nanotechnology is prominent. 

 

Figure 1. Size scale of the biological objects. Figure adapted with permission from reference 26. Copyright 2022 
Springer Nature. 

The use of nanomaterials, of which at least one dimension is less than 100 nm, such as noble 
metal nanoparticles, semiconductor quantum dots, and carbon allotropes including single-wall 
carbon nanotubes and graphene has extensively boosted the advance of biosensing, majorly 
due to three benefits.27 First, the size of nanostructures is compatible with molecular entities 
(Figure 1). This compatibility can augment the sensitivity. For example, mechanical biosen-
sors at nanoscale, in which the minimum detectable added mass is proportional to the total 
mass, shows exquisite mass resolution.28 The reduction of dimensions also improves the me-
chanical compliance and consequently enhances conversion of an external force into a meas-
urable displacement.29 Second, the large surface to volume ratio increases the possibility to 
immobilize an enhanced quantity of receptor units at a reduced volume. Third, nanostructures 
exhibit characteristics different from bulk materials or the individual constituent molecule.30 
For instance, compared to conventional molecular fluorophores, quantum dots have high 
quantum yields, unrivalled photo-stability, and tunable photoluminescence emission profiles 
depending on size and materials, as well as broad absorption cross sections that approach 10-
100 times greater values than that of traditional dyes.25 Another example is the plasmonic na-
noparticle. Light incident on the plasmonic nanoparticles, which are smaller than the wave-
length of light, induces the conduction electrons in the nanoparticles to oscillate collectively.31 
The phenomenon is termed localized surface plasmon resonance (LSPR). The subwavelength 
confinement of the electromagnetic field exhibited at the interface of metal nanoparticles as-
sociated with large dipole strength leads to extremely intense absorption and scattering of light 
and enables the metal nanoparticles to serve as optical labels.32 For instance, in the home preg-
nancy tests, gold nanoparticles (AuNPs) with bright red colour are often employed as indica-
tors.33 The concentrated electromagnetic field around the surface of the plasmonic nanoparti-
cles can also be used to amplify various optical signals. For example, the traditional Raman 
scattering response, which usually has an intensity of 10-6 relative to that of the incident light, 
can be enhanced by several orders of magnitude in the surface-enhanced Raman scattering 
(SERS) for the detection of biomolecules in relevant concentration range.34–37  

DNA origami-based reconfigurable chiral plasmonic nanoconstructs 
In the late 1990’s, nanoplasmonic biosensors emerged as promising alternatives to the con-
ventional SPR biosensors.26,38,39 Metal nanoparticles have been employed to replace thin films 
to convert changes in the local refractive index into shifts of extinction spectra.40,41 However, 
the significance of the refractive index-alteration is related to the molecular type of the target. 
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Macromolecules with large mass or chromophores with resonance coupling to the LSPR are 
often preferred.33,42 Thus, the coupled nanoplasmonic system containing pairs of plasmonic 
nanoparticles, were explored to further amplify the signal. Especially, the signal sensitivity to 
the interparticle distances has been adapted in many biosensing approaches.43–45 

In addition, plasmonic nanoparticles interacting with polarized light gained attention. Chiral 
nanoparticles that lack symmetrical centre or plane exhibit different refractive indices to the 
left-handed circularly polarized (LCP) or right-handed circular polarized (RCP) light, mani-
festing in a circular dichroism (CD) signal.46 On one hand, chiral metal nanoparticles, which 
generate polarization-dependent extinctions, offer additional and sharper spectral features rel-
ative to achiral nanoparticles.47 On the other hand, relatively strong plasmonic CD responses 
can be induced when chiral biomolecules, which only produce intrinsically weak signals, are 
placed in proximity to the achiral nanoparticle surface (controversial statements exist).48–50 

Within the last two decades, the coupled chiral plasmonic system enabled by arranging the 
nanoparticles in left-handed or right-handed 3D structures have attained attention.51 The CD 
responses are sensitive to the relative positioning of the plasmonic nanoparticles. In the early 
2000’s, metal nanosphere assembly was demonstrated to exhibit CD signals, given rise by the 
non-homogeneous size distributions of the supposedly identical particles or the prolate geom-
etry of individual particles.52,53 Then, nanoparticles of lower symmetry (e.g., rods) and intrin-
sically handed assemblies have been used to enhance the CD responses.54,55 For instance, gold 
nanorods (AuNRs) have been functionalized with thiolated primer to allow the side-by-side 
linkage. The assembly of AuNRs leads to a CD response, relying on a 7–9-degree twist between 
the AuNR axes, attributed to the connecting molecular bridges and the general preference of 
non-parallel orientation of charged AuNRs.56 However, for achieving practical usage, nano-
constructing, which enables accurate geometrical rearrangement in response to stimuli, is nec-
essary. 

To fabricate nanostructures, either ‘top-down’ construction or ‘bottom-up’ construction is 
typically used. The top-down method reduces the materials of the large structures to the re-
quired patterns and dimensions while the bottom-up approach assembles constitute elements 
into desired shapes. Scalable parallel production of 3D nanostructures is often difficult to re-
alize through top-down method. The bottom-up approach can overcome the obstacle. How-
ever, controlled assembly of molecules into complex nanostructures with different elements 
organized in proximity, is challenging, especially when structural reconfigurability is also de-
sirable.57 

Since 1996, deoxyribonucleic acid (DNA) directed assembly has emerged to provide the fea-
sibility towards constructing plasmonic nanostructures, owing to the diverse interactions of 
DNA with hetero-elements, as well as the programmable base-pairing of DNA.58,59 Particularly, 
DNA origami technique, where programmed short staple strands bind and ‘knit’ the regions of 
a long scaffold strand through base-pairing into a predesigned nanostructures, is a powerful 
tool for precisely arranging nanoparticles within nanometres and building artificial machine-
like nanostructures.60,61 In 2014, a reconfigurable chiral plasmonic nanodevice was constructed 
by attaching two AuNRs onto the two helix bundles of DNA origami template with the length 
of 80 nm and the surface-to-surface distance of roughly 25 nm.62–64 The two crossed AuNRs 
constitute an X-shape 3D chiral plasmonic object, which can switch between left-handed and 
right-handed, as well as achiral states, and give rise to strong CD responses in the chiral states 
as shown in the Figure 2.  
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Figure 2. The CD responses of the reconfigurable chiral plasmonic nanodevice (A) from left-handed to relaxed 
state and (B) from relaxed to right-handed state. Figure adapted with permission from reference 62. Copyright 2014 
Springer Nature. 

1.1.3 Connecting receptors and transducers 

As the successful conversion of the target binding event into a signal requires a reliable con-
nection between the receptor and the transducer, hosting the receptor on the transducer 
properly is important. Common strategies typically involve immobilization of receptor on 
transducer through either non-covalent binding (electrostatic interaction, hydrogen bonding, 
π–π stacking, entrapment in polymers, or van der Waals forces) or covalent binding e.g., by 
utilising click chemistry. Non-covalent binding is often less stable and less reproducible while 
covalent binding may affect and even destroy the domain responsible for recognition. Utilizing 
materials with both recognition and transduction functions to avoid the separation of the two 
units is occasionally possible. For example, a nanopore identifies structural polymorphisms 
and at the same time, generates pulse modulations in ionic current to indicate the target trans-
location through the nanopore.65,66  

In general, the choice of receptors inevitably depends on the type of transducers. For DNA 
origami-based transducers, aptamers, which can be readily incorporated through sticky end 
hybridization, are the natural candidates of receptors. The predictable base-pairing of nucleic 
acid allows controllable integration to be achieved with both the recognition and transduction 
ability preserved. The broad target range of aptamers and the extreme versatile functionality 
of DNA origami-based nanostructures render the generalizability of the aptamer-functional-
ized DNA origami-based nanoconstructs in biosensing.24 



Introduction 

16 

1.2 Research objectives 

As biological samples exhibit low CD responses in the visible spectrum, the coupled chiral plas-
monic system that generates strong CD signals, is a promising transduction route in biosens-
ing.67 By accurately attaching plasmonic nanoparticles to DNA origami templates, controlled 
coupling, where the CD response is readily correlated with the structural configuration, is en-
abled. In this thesis, we demonstrate that CD signals of the DNA origami-based reconfigurable 
chiral plasmonic transducers can be altered by molecular stimuli through aptamer-based re-
ceptors. 

1.2.1 Engineering chiral plasmonic biosensor for target detection 

We first built chiral plasmonic biosensors to detect target concentration through adapting the 
X-shape DNA origami-AuNRs constructs as transducers. The construct allows three configu-
rations: achiral (0), right-handed (+), and left-handed (-). The chiral optical activity reaches 
plateau when the angle of the two bundles is 45˚(135˚) according to the simulation.62 The chi-
rality of structure vanishes at 0˚(180˚) and 90˚ due to the symmetry. At the relaxed state, the 
random rotary motions around the pivot point at room temperature cause the dynamic 
changes of configurational states of individual structures. The three-configurations (+/-/0) al-
low the cancellation of positive and negative CD signals, generating a close to neutral signal for 
the relaxed state. In contrast, the two-states system such as FRET pairs accumulate the positive 
signals during random motion as no negative signal is available for compensation, causing a 
residual positive signal at the relaxed state and consequently decreasing the signal change be-
tween the stimulated and relaxed states. Therefore, the three-configurations of CD transducer 
minimize the noise and improves the signal-to-noise ratio.  

Here, as a proof of concept, we engineered a DNA aptamer targeting adenosine as receptor 
units by either splitting or integrating competitive strand to enable detection of adenosine. The 
adenosine binding changes the states (open/closed) of the aptamer switch and consequently 
alters configuration states (relaxed/ chiral) of the DNA origami-AuNRs construct (Figure 3). 
Thus, by controlling the state of the switch and consequently the DNA origami-AuNRs config-
uration sate, the adenosine input is converted into the CD signal output. 

 

 

Figure 3. Design and operation principle of the biosensor for target detection. (A) Components of the biosensor. 
(B) Upon target binding, the state of the double stranded (ds)-switch changes from closed to open and resulting in 
switching of the 3D spatial configuration of the DNA origami-AuNRs construct from right-handed chiral to relaxed 
state. (C) Target binding closes the split aptamer (sp)-switch from the initial open state, switching the relaxed DNA 
origami-AuNRs to a left-handed chiral state. Figure adapted with permission from Publication 2. Copyright 2018 
American Chemical Society. 
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Next, we optimized the biosensor by enhancing the sensitivity. The sensitivity of a biosensor 
is often represented by the lower limit of detection, which indicates the minimum detectable 
concentration of the target. Enhancing sensitivity brings significant advantages. For example, 
validating disease biomarkers at lower concentration enables diagnosing disease at earlier 
stages. In a biosensor, the receptor captures the target, and the transducer converts the binding 
event to the signal. The sensitivity can be enhanced either by increasing the affinity of the re-
ceptor to allow more capture events, or through improving the efficiency of the transducer to 
generate higher signals in response.  

We first optimized the transducer of DNA origami-AuNRs to produce a higher CD response. 
The significance of CD per AuNRs can be indicated by the dissymmetry factor (g-factor).68 
Through adjusting the angle of the two bundles at chiral state, enlarging the size of the AuNRs, 
covering the AuNRs with silver shells, modifying the DNA linkers functionalized on metal na-
norods, and maximizing the yield of correct assembly of the DNA origami with metal nanorods, 
we reached a g-factor over 14% (unpublished data). An important phenomenon rising with g-
factor is the colourimetric effect, which enables direct observation with naked eye. Previously, 
the glomeration (blue or grey) and deglomeration (red) of AuNPs have been used to observe 
colour in the presence and absence of target.69,70 However, aggregation of nanoparticles is often 
easily affected by factors like defects of nanoparticles and impurities in the environment. Con-
sequently, aggregation-based assays are difficult to control and prone to errors. In contrast, 
CD depends robustly on the geometrical arrangement of nanoparticles, which is rarely influ-
enced by any other internal and external factors when using DNA origami as template. The 
colourimetric signal induced by CD provides a reliable approach for detection with naked eye, 
which paves a new route towards realization of point of care test. 

Besides augmenting the absolute signal, increasing the relative signal-to-noise ratio also im-
proves the lower limit of detection. Since the signal-to-noise ratio of the DNA-origami-based 
CD transducers is much higher than the conventional FRET pairs, we focused the optimization 
on the receptor. We conducted sequence engineering of the adenosine aptamer to alter the 
apparent affinities of the receptors for responding to a wide range of the adenosine concentra-
tion. 

1.2.2 Development of platform for aptamer characterization 

A critical hindrance appeared when we attempted to generalize the aptamer-based receptor for 
more targets. The reported dissociation constants of aptamer-target binding (KD), which indi-
cate the binding strengths of aptamers, are sometimes inconsistent.71–73 Furthermore, the spec-
ificity of the aptamer, which can be indicated by comparing the KD values of aptamer-inter-
ferents with the aptamer-target, is frequently neglected.74 We attributed the unfulfilled dis-
crepancy to the lack of a standard platform to measure KD. The difficulties originate from the 
versatility of targets. Differentiating bound and unbound aptamers often relies on specific 
characteristics of a particular target-aptamer complex (size, charge, and fluorescent change 
etc). Labelling and/or immobilization of an aptamer or a target can eliminate the dependency 
on the versatile characteristics but may interrupt the aptamer-target interactions. Isothermal 
titration calorimetry (ITC), which directly measures the heat of the reaction, is a generalizable 
tool for investigating aptamer-target interactions, but ITC requires significant amount of ma-
terials, which limits the practical use due to cost considerations. 

In addition, aptamers are often heterogeneous in terms of interacting with targets. The whole 
aptamer sequence can be separated into different domains according to distinct functions. To 
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efficiently engineer molecular switches with aptamers, identifying the aptamer functional do-
mains is a key, yet requires significant efforts to access. Currently, only a small portion of ap-
tamers have been investigated with nuclear magnetic resonance (NMR) and X-ray crystallog-
raphy to reveal the binding regions. 

The absence of standard platform to measure KD and the limited tools to identify the aptamer 
functional domains may explain the gap between upstream selection and downstream appli-
cation. The number of aptamers isolated and reported in the literature have exceeded one thou-
sand while only a few well-characterized aptamers are extensively used for applications.72,74,75 

To address the challenges in the aptamer characterization, we developed a platform to meas-
ure the KD values of aptamer-target binding. In addition, the platform can be used to gain in-
sights on aptamer domains (Figure 4). Taking advantage of the superior signal-to-noise ratio 
of the DNA-origami-based CD transducers, the population of the associated and dissociated 
aptamer-complementary strand can be accurately characterized in the presence and absence 
of target. We developed competitive hybridization reaction-based thermodynamic and kinetic 
models for KD calculation and domain indication, which can be readily adapted to a wide se-
lection of aptamers. We demonstrated the characterization of several DNA and RNA aptamers, 
including aptamers for small molecules and macromolecules, as well as aptamers with high 
and low affinities. 

 

Figure 4. Workflow of the platform for aptamer characterization. The probes of DNA origami-AuNRs with aptamers 
and complementary strands are incubated with and without targets and the CD signals are measured. The thermo-
dynamic data are fitted in the quantitative model and the kinetic data are analysed by the qualitative model. 

1.3 Dissertation structure 

In Chapter 1, the overview of the research context and objectives has been described. Chapter 
2 describes the detailed background and the methodology of the research. In section 2.1, the 
concepts related to chirality, CD, and chiral plasmonic are briefly explained. The section 2.2 
focuses on DNA origami technique, which is the tool for nano-constructing. The section 2.3 is 
on aptamers. The aptamer field is majorly driven by one goal which can be described as: finding 
a sequence that binds with the target to induce a change (e.g., metabolism of cells, confor-
mation of molecules, etc.). Aptamer development can be separated into three stages, the up-
stream selection, and the downstream applications, together with the characterization bridg-
ing the two. At the first glance, upstream answers the question how to find a sequence to bind 
with the target; downstream answers how to induce a change with the binding; characteriza-
tion answers how to profile the structure and the function. However, the questions to be tack-
led in the three aspects are entangled. For instance, expanding the repertoire of natural DNA 
and RNA is involved in both upstream and downstream. Therefore, the section 2.3 is arranged 
by first introducing upstream selection, characterization, and downstream application in gen-
eral, then describing the problems encountered in the aptamer development and correspond-
ing solutions, and last explaining the gap. In the section 2.4, the previous thermodynamic and 
kinetic models for nucleic acid hybridization and separation, strand displacement, and target-
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induced aptamer-complementary strand separation are explained. In Chapter 3, the results of 
target detection and aptamer characterization are briefly summarized. Chapter 4 discusses the 
benefits of the work and potential future directions. 
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2. Background and methodology 

2.1 Chiral plasmonics 

2.1.1 Chirality and optical activity 

Chirality refers to the symmetry properties of an object. Mathematically, chirality is defined as 
the geometric property of an object lacking symmetry elements (mirror planes, centres of in-
version, and rotation-reflection axes).76 A chiral object cannot be brought to coincide with its 
mirror image by simple rotations or translations.77 Just as human hands are chiral, a chiral 
object is also termed “handed.”  

Generally, chirality is rendered in two arrangements (Figure 5): identical objects in a 
handed fashion, termed configurational chirality; alternatively, different objects in an un-
handed fashion, namely constitutional chirality.51 

 

 

Figure 5. Examples of (A) configurational chirality and (B) constitutional chirality. Figure adapted with permission 
from reference 51. Copyright 2021 John Wiley and Sons. 

As symmetries dictate the electronic structures, chirality often manifest itself through optical 
activity, i.e., via different responses to left-handed circularly polarized (LCP) or right-handed 
circular polarized (RCP) light.46 For example, chiral objects can exhibit a wavelength-depend-
ent different absorption of the two circularly polarized states of light, giving rise to the circular 
dichroism (CD). A linearly polarized light, which can be described as a superposition of LCP 
and RCP, is rotated with respect to its original orientation when passing through a chiral me-
dium. The wavelength-dependent effect is called optical rotatory dispersion (ORD). The CD 
and ORD are induced by the differences of the imaginary part and real part in the complex 
refractive indices, respectively, and Kramers-Kronig-related.46 When the ORD is strong 
enough, a macroscopically distinguishable change in the colour is possible under cross-polar-
ized conditions (Figure 6). 
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Figure 6. The CD and colourimetric effects. (A) Photographs of achiral (left) and chiral (right) solutions under cross-
polarization conditions. (B) CD spectra of different chiral nanoparticles with various resonance peaks. (C) Photo-
graphs of the chiral nanoparticles with different resonance peaks under rotational angle of the analyser from -10° 
(left-most) to 10° (right-most). Figure adapted with permission from reference 78. Copyright 2018 Springer Nature. 

In CD spectroscopy, an unpolarized beam is passed through a linear polarizer. The resulting 
linearly polarized light is converted to LCP or RCP by a quarter-wave plate and collected after 
interacting with the sample. The CD signal is obtained by subtracting the absorption of RCP 
(𝐴 ) from LCP (𝐴 ), as ∆𝐴 𝐴 𝐴 . Conventionally, CD is reported as ellipticity (θ) 
in millidegrees (mdeg), which is related to absorbance by a factor of 32980 (𝜃 𝑚𝑑𝑒𝑔
32980∆𝐴).79 The dissymmetry factor or g-factor, which indicates the normalized strength of 

CD, is often defined as 𝑔 2 ∙ .80–82  

The chiral optical response of most natural chiral system is generally very weak and lies in 
the ultraviolet spectral range.83 For example, the G-quadruplex of nucleic acids of micromolar 
concentration typically generates a few millidegrees of CD response at the spectral range of 
230 nm-300 nm.84 Thus, to amplify the signal and to transfer the signal peak to an easily de-
tectable frequency region, materials with strong light-matter interaction at visible wavelengths 
are sought. 

2.1.2 Plasmonics 

The collective electron oscillations that couple to optical wave, is plasmon. Metals contain 
abundant quasi-free conduction electrons, which can be induced into a harmonic oscillation 
by an impinging light field. The curved surface of the small metal particles with dimensions 
from a few up to several hundred nanometres exerts an effective restoring force on the driven 
electrons. When the frequency of an incident electromagnetic plane wave matches the resonant 
frequency of the collective electron oscillation in nanoparticles, the efficiency of scattering and 
absorption is dramatically enhanced. The phenomenon is termed the “localized surface 
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plasmon resonance”. The plasmon resonance frequency strongly depends on the nanostruc-
ture compositions, sizes, shapes, and local surroundings.85 Gold and silver are commonly used 
materials due to the inert chemical properties, low-interband damping, and strong plasmon 
resonances lying in the visible region of the spectrum.86 

The interaction of the metallic nanostructures with electromagnetic fields can be described 
in a classical framework based on Maxwell’s equations without resorting to quantum mechan-
ics.87 Briefly, for an electromagnetic wave, its energy can be described by the angular frequency 
ω and its momentum is represented by the wavevector k. The excitation of the metallic 
nanostructures by an electromagnetic field polarizes the free-electron cloud at the surface. The 
electric dipole moment depends on dielectric function ε(ω) of the nanostructures as well as the 
surrounding medium and determines the extinction cross section.51  

Plasmons of metal nanoparticles in proximity can be coupled together and form collective 
modes by virtue of the strong near fields. The formation of collective plasmon modes that ex-
tend over the entire structure enables the coupled plasmonic system. The coupling, which is 
very sensitive to the relative arrangement of the individual nanoparticles in space, provides the 
possibility of constructing chiral plasmonic system with enhanced and tailored optical re-
sponses.88 As plasmonic nanostructures are excellent scatterers and absorbers of light, they are 
expected to exhibit CD responses of tens of degrees, compared to a few millidegrees by natu-
rally occurring chiral molecules at similar concentration.  

Construction of chiral plasmonic nanostructures 
Nano-construction can be carried out by top-down approach, which involves the local elimina-
tion of material from a larger object in order to obtain the desired shapes, such as photo or 
electron beam lithography.89,90 Although achiral nanostructures could still exhibit near field 
chiral plasmonic effects, the asymmetric nanostructures are often necessary to achieve effects 
in far field.76,91 However, as chirality requires breaking the mirror symmetry, planar structures 
are often insufficient for chiral plasmonics. The requirement of the production of 3D structures 
inherently complicates the construction of chiral plasmonic nanostructure. Recently, 3D fab-
rications have been explored with femtosecond laser direct writing, focused ion/electron beam 
induced deposition, greyscale focused ion beam milling, aligned lithography, and air-pressure-
actuated deformation but those approaches still far from mature.76  

Bottom-up self-assembly has been a particularly powerful route for constructing chiral plas-
monic nanostructures. The bottom-up approach generally involves two paths. First, plasmonic 
nanostructures with chiral morphologies can be directly synthesized. To break the symmetry 
of nanostructures, two driving forces are often involved,91 which are I) intrinsic interaction, 
exemplified by accumulating bias towards handedness taking advantage of the chiral ligand 
adsorbed on the metallic nanoparticles;92–94 II) external-field induction such as using 
LCP/RCP light to direct formation of enantiomeric shapes.95,96 In 2013, left-handed and right-
handed plasmonic nanohelices were fabricated by evaporation operations, termed glancing an-
gle deposition.97 In 2015, a core-chiral molecule-shell nanostructure which contains chiral 
molecules inside nanocavities present between a metal core and an outer metal shell was de-
veloped.98 In 2018, nanopolyhedrons with kink sites were produced through the seeded growth 
assisted by chiral molecules. The chiral cysteine and cysteine-based peptides, which selectively 
adsorb to the facets of the seed, can direct the specific deposition of Au+ onto the seed surface, 
promoting the morphological evolution into chiral nanostructures, which exhibited strikingly 
strong CD response in 500 nm-900 nm spectral region.78 In 2020, an alternative seeded 
growth method allowed chiroptically active nanorods with pronounced wrinkles to be obtained 
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by using chiral co-surfactants adsorbed on pre-formed AuNRs in a quasi-helical pattern as 
templates.99 In 2022, chiral nanoparticles with extremely high g-factor (0.4) were synthesized 
with irradiation of seed particles with circularly polarized light in addition of different dipep-
tides. Despite of the success in manufacturing chiral nanostructures with strong CD signals, 
direct synthesis where the enantiomeric information is embedded in the plasmonic nanopar-
ticles often requires sophisticated designs to enable the geometrical rearrangement after fab-
rication. However, to achieve dynamic chiral optical response, the active reconfigurability of 
the nanostructures is essential and the ability to alter the handedness of the nanostructure 
under external stimulus is crucial for analytical applications. 

The second bottom-up scheme, which employs a template to guid the assembly of achiral 
plasmonic nanoparticles into chiral morphologies, is widely adapted.80,100,101 Besides offering 
precise control over the configuration of plasmonic nanoparticle arrangements for producing 
intense optical response, the template-assisted assembly provides a more straightforward ap-
proach to attain structural reconfigurability.100 Also, restraints of the plasmonic building 
blocks such as preference of configuration are released by exploiting templates to carry the 
chiral information. Over the last decade, chiral clusters such as helices, spirals, twisted ribbons, 
or as simple as a cross have been formed with a variety of molecular scaffold, such as polymer 
fibres, peptides, and nucleic acids.102,103 

 

Figure 7. DNA-assisted assembly of chiral plasmonic nanostructures. (A) AuNSs pyramid linked by DNA strands. 
(B) AuNSs helices arranged on DNA origami tubes. (C) AuNSs tetramer clustered on a DNA origami sheet. (D) 
AuNR dimers organized on DNA origami sheets. (E) AuNRs stacked on DNA origami sheets with a crossed con-
formation. (F) Connection and disconnection of DNA origami templates attached with AuNRs in response to stimuli. 
(G) Assembly and disassembly of AuNR on and off a tetrahedral DNA origami template controlled by pH. Figure 
adapted with permission from references 54,104–109. (A) Copyright 2009 American Chemical Society. (B) Copy-
right 2012 Springer Nature. (C) Copyright 2013 American Chemical Society. (D) Copyright 2012 American Chemical 
Society. (E) Copyright 2015 American Chemical Society. (F) Copyright 2017 American Chemical Society. (G) Cop-
yright 2019 American Chemical Society. 

Among different molecular templates, DNA has demonstrated the most versatility. Metallic 
nanoparticles can be decorated with DNA ‘linkers’ and organized through hybridizing with 
complementary DNA ‘handles’. For example, in 2009, gold nanospheres (AuNSs) with differ-
ent size were grouped into a pyramid by linkage of DNA strands to achieve the chiral confor-
mation (Figure 7A). However, the CD responses were not demonstrated, possibly due to the 
weak plasmon coupling between the distantly separated AuNSs of substantially different sizes, 
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as well as the varied configuration attributed to flexible linkers.54 In 2012, DNA origami came 
to the spotlight for the fabrication of chiral plasmonic nanostructures. By attaching multiple 
AuNSs on a tubular DNA origami in helically distributed left-handed or right-handed arrange-
ments, corresponding left-handed and right-handed CD responses were observed (Figure 
7B).104,110 In 2013, the assemblies of four identical sized AuNSs to form left-handed and right-
handed tetramer clusters were achieved on a DNA origami sheet. The chiral assemblies pro-
duced corresponding CD signals (Figure 7C), which demonstrated the superiority of DNA 
origami compared to the simple DNA strands as assembly guide.106 In the same year, two AuNR 
attached to the opposite sides of a rectangular bifacial DNA origami sheet exhibited relatively 
strong CD responses (Figure 7D), benefiting from the anisotropic nature of the rod-shape of 
the nanoparticles.105 The AuNRs, which can generate predictable, tailorable, and strong optical 
response, terminated the dominating role of sphere-shape nanoparticles in constructing plas-
monic nanoarchitectures.111 Two years later, the AuNR dimers anchored on DNA origami and 
stacked along the normal direction with an angle of 45° demonstrated the feasibility to adopt 
left-handed and right-handed chirality with the simple cross conformation (Figure 7E).107  

The first attempt of constructing dynamic chiral plasmonic system was in 2012 by reversibly 
inducing AuNRs into aggregation with DNA linkers.112 The first fully controllable and switcha-
ble chiral plasmonic nanostructure was reported in 2014 by Kuzyk and co-workers, where the 
switchability between left-handed and right-handed configurations of AuNRs was rendered by 
the DNA origami with two flexible bundles rotating around a pivot point.62 Since then, many 
DNA origami-AuNRs based reconfigurable chiral plasmonic systems have been developed.113 
For example, in 2017, a work was described where AuNRs were attached to triangle-shape DNA 
origami templates which could reversibly join into rhombus (Figure 7F).108 By controlling the 
connection and disconnection of DNA origami templates with stimuli, AuNRs were formed 
into and deformed from L-shape dimers and consequently induced CD signals to appear and 
to disappear. Reversible CD responses were also achieved by assembling and disassembling 
AuNRs on and off a fixed tetrahedral DNA origami template through pH-induced triplex for-
mation and deformation (Figure 7G).109 In 2019, a rotary nanoclock was constructed, where 
the angles between AuNR dimers were manipulated by stimuli to render adjustable high and 
low CD signals.114 

To further explain the potential of reconfigurable chiral plasmonic nano-system enabled by 
DNA origami, the question of ‘what is the DNA origami’, ‘why use DNA origami’ and ‘how to 
construct nanostructures with DNA origami’ will be answered in the next section. 

2.2 DNA origami 

Deoxyribonucleic acid (DNA) is a macromolecule which consists of four different nucleotides. 
The nucleotide is composed of a deoxyribose, a phosphate group, and a nucleobase (adenine 
[A], thymine [T], guanine [G], or cytosine [C]). Nucleotides (nt) are connected via phosphate-
deoxyribose-backbones to form a single-stranded DNA (ssDNA). 

The two-carbon nitrogen ring bases (A and G) are purines, while the one-carbon nitrogen 
ring bases (T and C) are pyrimidines (Figure 8). Two nucleobases can complement to form a 
base pair (bp), dictated by specific hydrogen bonding patterns (A-T and G-C). Two ssDNA can 
hybridize to form the anti-parallel double-stranded DNA (dsDNA) helix through base-pairing 
of the complementary nucleotides. The DNA duplex can be arranged in A, B, or Z form in space. 
In B form, which is the most common form of DNA double helix, the rotation per base pair is 
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34.3°, resulting the rise of the helix around 10.5 base pairs per 360˚ full turn. The diameter of 
the helix is approximately 2 nm and the distance between adjacent base pairs is approximately 
0.33~0.34 nm.115 As a reference, the distance between bases in a ssDNA is around 0.68 nm on 
average.116,117 

 

Figure 8. The four nucleobases of DNA. Figure adapted with permission from reference 118. 

Negative charges on phosphate groups create a repulsion between the base pairs while hydro-
gen bond contribute to attractions. The stability of G-C pairs with 3 hydrogen bonds exceeds 
that of A-T pairs with 2 hydrogen bonds. Although the double strands are aligned by hydrogen 
bonds, the π-π stacking interactions between the neighbouring bases contribute significantly 
to the stability of the hybridization in dsDNA. The single base stacking has a mechanical sta-
bility on the order of 2-8 piconewton (pN) with variations in Gibbs free energy (G) caused by 
different stacking modes between pyrimidines and purines.119,120 The average free energy for 
the formation of a base pair is 1.2 ⋅10-20 J, corresponding to 15 pN to pull apart and 80 pN for 
overstretching.121,122 As a comparison, single-stranded DNA, acting as entropic springs, can ex-
ert tensions in the low piconewton range.123 The thermal energy at room temperature (kbT) 
approximately equals to 4 ⋅10-21 J (RT=2.5 kJ/mol) and on the length scale of 1 nm, the force 

given by 𝐹
∆

∆
 is on the order of piconewton. 

The energies of base-pairing are strong enough to hold the double helix but also weak enough 
to allow unwounding of dsDNA. The fidelity and reversibility of base-pairing render DNA the 
possibility to carry genetic information, which can be precisely replicated and transcribed. The 
same predictable complementary interactions render the programmability of DNA for nano-
technology, where the double-helical DNA serves as the fundamental building blocks for con-
structing versatile structures.57  

2.2.1 DNA nanotechnology 

The idea that the unique molecular recognition properties of DNA molecules might also be 
used for materials’ fabrication emerged in early 1980’s (Figure 9). Pioneered by Ned Seeman, 
two dimensional (2D) and 3D structures were assembled through connecting the DNA 
branched junctions.124–129 Base pairs can be treated as the basic infrastructure with effective 
geometric (length of 0.34 nm and diameter of 2.25 nm) and represented as elastic rods (the 
stretch modulus of 1100 pN, bend modulus of 230 pN⋅nm2 and twist modulus of 460 pN⋅nm) 
that thread into the DNA architecture.115 The identities (A-T or G-C) can be neglected in the 
coarse-grained model. 
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Figure 9. The history of DNA nanotechnology. Figure adapted with permission from reference 130. 

In general, DNA nanostructures can be constructed through two routes: DNA tiles/bricks 
and DNA origami. A small building block, often called tile or brick, contains single-stranded 
overhangs (sticky ends), which allow the automatic growth and assembly by base-pairing. Us-
ing the single stranded tiles of DNA composed entirely of concatenated sticky ends that bind 
to four local neighbors, complex 2D shapes can be generated. The short DNA tiles are arranged 
into a 2D lattice composed of parallel helices, forming a ‘brick-wall’ patterned canvas on which 
each tile also acts as a pixel (Figure 10A).131 Similarly, the target 3D structure can be rendered 
as a collection of voxels and constructed in a Lego-like assembly under the constraints of DNA 
geometry (Figure 10B). However, the translation of hundreds or thousands unique DNA 
bricks into arbitrary 3D shapes of large size is extraordinarily complex.132 DNA origami is on 
the other hand, a relatively straightforward approach. 

 

Figure 10. Schematics of constructing (A) 2D and (B) 3D nanostructures with DNA tiles and bricks. Figure adapted 
with permission from reference 130–132. (A) Copyright 2012 Springer Nature. (B) Copyright 2012 The American 
Association for the Advancement of Science. 
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 In 2006, Paul Rothemund introduced the concept of DNA origami, to fold a long ‘scaffold’ 
DNA into a desired pattern with the assistance of hundreds of short ‘staple strands’ (Figure 
11A).133 The scaffold strand of DNA origami is typically a phage genome of approximate 8000 
nt and can be produced by cell culture. The size restriction can be alleviated by using larger 
scaffold. As the scaffold sequences are pre-determined, they serve as an input to generate the 
output sequences of the staple strands. The staple strands are usually DNA of 20-60 nt long 
and are often solid-phase-synthesized.115 

 

Figure 11. Illustration and image of DNA Origami structures. (A) Principles of DNA origami-based construction of 
2D and 3D shapes. (B) 2D structure of DNA origami. (C, D) Hollow 3D structures formed from folding flat DNA 
origami sheets. (E) A compact 3D honeycomb DNA origami. (F, G) Curved DNA origami bundle and flask. (H) A 
3D gridiron. (I) A 2D wireframe pattern. (J, K) 3D wireframes objects. Figure adapted with permission from reference 
61. Copyright 2017 Elsevier. 

2.2.2 Design of DNA origami 

The computer-aided design tools, caDNAno, released in 2009, has significantly lowered the 
barrier of DNA origami design by eliminating the requirement for manual manipulation or 
self-written scripts to generate staple strands. Currently, many software tools such as CanDo 
and oxDNA can be used to compute the spatial configuration of the DNA-based nanostructures 
to reduce the trial-and-error design procedures. 

DNA origami design is an analogue to drawing a blueprint for a building, where the locations 
of each brick forming the building are specified. In DNA origami, the bricks are immobilized 
Holliday junction formed by scaffold and staples. The Holliday junction contains four double-
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stranded arms which may adopt different conformations. Unzipping an individual arm of a 
Holliday junction is equivalent to that of duplex DNA (~15 pN) while the mechanical force at 
which two conformation isomers of a Holliday junction reach equilibrium is on the order of 0.5 
pN.134 

The most common compact DNA origami structures, which consist of interconnected and 
parallel DNA double helices, are arranged in either a honeycomb or square lattice. Each dou-
ble-helical domain has up to three neighbours when packed onto a honeycomb lattice and has 
up to four neighbours on square lattice.115 To constrain DNA double-helical domains onto the 
honeycomb lattice is straightforward. Crossovers are placed in intervals of 7 bp to rotate 240° 
for each of three possible neighbouring double-helical domains and connections between a 
particular pair of neighbouring double-helical domains typically occurs every 21 bp (2 full 
turns). On the other hand, close-packing DNA double-helical domains onto a square lattice 
requires crossovers to be distributed with an average spacing of a non-integer number of 5.25 
bp (calculated by dividing 21 with 4), which can only be achieved by nonconstant crossover 
spacing intervals. To achieve a square lattice packing with constant cross-over spacing inter-
vals, the average helicity of B-form DNA is assumed to be 10.67 bp instead of 10.5 per turn. 
Then, a fourfold symmetry emerges with intervals of 8 bp, with crossovers to one of the four 
neighbours in 32 bp intervals. However, the underwinding of the double-helical domains from 
the native 10.5 bp to the imposed 10.67 bp per turn by the constant 8-bp crossover intervals 
causes a global twist deformation, which can be eliminated by introducing different spacing 
between crossovers.115 

The persistence length of a single dsDNA, which indicates the bending rigidity, is ~50 nm 
(150 bp). The double helix on the length scale below persistence length is often regarded as a 
“rigid rod”. The persistence length can be even further boosted to the micrometre scale for the 
parallel helical bundles. In comparison, the ssDNA is considerably more flexible with values of 
persistence lengths between 0.75 nm at high ionic strength and up to 4 nm at low ionic 
strength.135 In the typical conditions under which DNA origami is operated, the assumption 
that ssDNA is relatively flexible, while dsDNA is stiff, is mostly correct. Correspondingly, flex-
ible joints and hinges are made from ssDNA, whereas stiff “bodies” or “limbs” are made from 
dsDNA. In multilayer DNA origami domains, independent domains on interleaved scaffold 
strand segments can be designed, where the connecting scaffold strand backbone bonds pro-
vide the pivot points and hinges.  

For example, in our work, the DNA origami template, which consisted of two rigid bundles 
for AuNRs attachment, was constructed with honeycomb lattice. To render the reconfigurabil-
ity for the nanostructure, a pivot point was introduced in the centre of the two bundles with 
two 8 nt single-stranded scaffold domains to allow free rotation. A sticky end of staple strand 
termed ‘bridge’ protruding outside the DNA origami bundles was introduced to host receptors. 
The angles of the two bundles were controlled by the lengths of the bridge. By adjusting the 
double-stranded bridge domain to ~20 bp (6.8 nm), the angle of the two bundles was tuned to 
approximately 45˚ (135˚) at the chiral state.  

To prevent undesired aggregation of the target object (as opposed to aggregation of misfolded 
self-assembly by-products), which is often induced through blunt-end stacking at the DNA hel-
ical interfaces of the object, single-stranded motifs can be created to passivate the blunt-end 
either by leaving unpaired scaffold strand segments at the interface or through including ad-
ditional DNA staple strands with polyThymine (polyT) tails that protrude beyond the interface. 
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2.2.3 Features of DNA origami 

As a promising branch of DNA nanotechnology, DNA origami allows fabrication of well-de-
fined structures ranging from tens of nanometres to micrometres.60 Compared to tile or brick-
based DNA assembly, DNA origami generally exhibits higher yield and robustness, partially 
due to the cooperativity of multiple staple-scaffold interactions.136 DNA origami allows parallel 
assembly in the scale of 1012 of nanostructures with almost any desired shapes, renders precise 
addressability for the arrangement of hetero elements within nanometres, and enables easy 
integration of dynamic control. The applications of DNA origami are consequently extremely 
adaptable. 

Complex arbitrary shapes have been synthesized with various morphologies, including struc-
tures cavities, and curvatures by DNA origami as shown in the Figure 11.137–140 For example, 
single layers of helices can be folded to build container-like objects and multilayers can be 
adopted for space-filling shapes. The structural programmability render DNA origami with 
various physical and chemical properties and consequently versatile functionalities. For in-
stance, close packed double-helical domains shielded in DNA origami objects demonstrated 
more resistance to endo- and exo-nucleases than plasmid DNA, rendering the potential to act 
as encapsulation agents.115 Rigid multilayer DNA origami was exploited to reduce the thermal 
fluctuation of the flexible linkers of duplex DNA for optical/magnetic tweezers.141 

Besides the precise control over shapes, the unique staple sequences in DNA origami render 
precise spatial addressability.127 In addition, DNA origami can provide multiple positions for 
organizing molecules and nanoparticles. A wide variety of hetero elements such as fluoro-
phores142, proteins143, quantum dots144, metallic nanoparticles111, nano-diamond145, and gra-
phene146 can be assembled with DNA through a range of covalent conjugations or non-covalent 
interactions. By allowing the arrangement of hetero elements with nanometre precision, DNA 
origami provides a route towards constructing various functional nanostructures. For example, 
through placing fluorophores at defined spatial intervals of DNA origami, one dimensional 
(1D) nanoscopic rulers for calibrating super-resolution fluorescence microscopes were fabri-
cated.147 By patterning multiplexed sites on DNA origami, 2D geometric barcoding was imple-
mented for profiling nano-arrays.148 The distance-dependent FRET system can be easily opti-
mized and customized via precisely positioning of different donor and acceptor fluorophores 
on DNA origami.149 A hinged 3D DNA origami was engineered in which the manipulation of 
the distance between tiny molecules is translated to the angle of the relatively large object. 
Through adjusting the angle between two rigid units, the position of the substance installed on 
the DNA origami was achieved with high resolution.150 In addition, DNA origami has been used 
to tackle the general challenge when connecting top-down production with the bottom-up mo-
lecular world. For example, positioning a single fluorescent molecule to the hole of zeromode 
waveguide is governed by Poissonian statistics with 37% possibility to succeed. However, 
through immobilizing the dye on a disk-shape DNA origami (nanoadapter), the Poissonian 
statistics can be broken because only one DNA origami is allowed to fit in the hole due to the 
size exclusion.151 The controllable coupling of molecular emitters to photonic crystal cavities 
also has been achieved by directed self-assembly of DNA origami onto lithographically pat-
terned binding sites. The nanoscale x–y coordinates of the DNA origami within a cavity can be 
elegantly reflected though the microscale X–Y coordinates of the cavity arrays for visualizing 
the local density of states by simple wide-field microscopy.152 

Last, the capability to construct stimuli-responsive nanostructures is a significant advantage 
of DNA origami technique. A straightforward approach is by allowing reversible assembling 
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and disassembling of components. However, due to the low operation concentration of DNA 
origami (typically, in the picomolar to nanomolar range), reassembling is often very slow. The 
alternative strategy to integrate dynamic control into DNA origami is by structural reconfigu-
ration, which can be achieved through rearranging the relative positions of different compo-
nents. For example, by incorporating pivot points and hinges of different dimension at various 
location of DNA origami structures, the cube with a lid153, two connected barrels154, V-shape 
clamp155, and X-shape cross62 have been constructed with spatial reconfigurability. Compared 
to assembling and disassembling, configurational alteration is often much faster due to the 
proximity of the components. DNA walker is an extreme example, where only a single strand 
is moving relative to the entire DNA origami nanostructure.156,157 Dynamic DNA origami-based 
nanodevices have been built to measure force with a resolution of 100 femtonewton123,154,158 
and to measure target concentrations down to picomolar24,159.  

 

Figure 12. DNA origami-based transducers: (A) SERS, (B) PEF, (C, D) CD. Figures adapted with permission from 
reference 159. 

Taken advantage of the features, DNA origami provides enormous potential for engineering 
various nanosensors. For example, customizable central aperture was built with DNA origami 
as a gatekeeper on the solid nanopore to provide molecular discrimination for label-free sens-
ing.160 Funnel- and barrel-shape DNA origami was constructed as artificial nanopores with tai-
lored geometries to detect molecules.161,162 Through accurately positioning metallic nanoparti-
cle dimers (nanospheres or nanostars) on the DNA origami sheet, Raman hotspot was formed 
and single-molecule SERS was observed (Figure 12A).163–167 In the groundbreaking work, 
plasmon-enhanced fluorescence (PEF) was realized by placing the dye in the plasmonic 
hotspot of an optical antennas, which was constructed by arranging metallic nanoparticles on 
a DNA origami pillar (Figure 12B).168,169 Similarly, the UV-CD response of biomolecules was 
amplified and transferred into the visible or near-infrared range in a plasmonic hotspot formed 
by attaching metallic nanoparticles on two opposite faces of a DNA origami sheet (Figure 
12C).170 A reconfigurable chiral plasmonic assembly was accomplished by assembling a pair of 
walker and stator AuNRs. The walker progressively moved in a “rolling” fashion upon stimuli, 
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and consequently transformed the relative position to the stator, leading to responsive CD 
changes (Figure 12D).114,171 Particularly, X-shape reconfigurable chiral plasmonic 
nanodevices constructed with AuNR dimers on two DNA origami bundles demonstrated much 
potential in biosensing.172–174  

2.2.4 Assembly of DNA origami-based dynamic chiral plasmonic nanodevices 

The self-assembly of DNA origami can be achieved conveniently in one-pot reaction by mixing 
the scaffold strand and staple strands. The folding of DNA origami usually involves a thermal 
annealing process although isothermal assembly is also possible.175,176 High temperature is 
used to disrupt unwanted base pair so the designed complementary sequences can hybridize 
and fold into desired shapes during a gradual cooling process.177 The folding is carried out in 
relatively small volumes (<100 µL) for the homogeneity of the temperature. Typically, 10-25 

millimolar (mM) magnesium chloride is present for shielding the negative charge on the DNA 
backbones. Although the salt condition might require optimization for efficient assembly, the 
storage of folded DNA origami objects needs much less stringent conditions to survive for long 
periods. The folded DNA origami structures can be examined through gel electrophoresis and 
directly observed under transmission electron microscopy (TEM) and atomic force microscopy 
(AFM). To separate folded DNA origami objects from excess staple strands, purification is con-
ducted.178 Crowding agents-assisted precipitation (e.g., poly(ethylene glycol) (PEG)) enables 
the structures to be concentrated but leaves residues of the crowding agents. Partition of reac-
tion products with molecular weight cut-off membranes (e.g., 50 and 100 kDa cut-offs) offers 
residual-free separation but is unable to discriminate the misfolded, defective, or aggregated 
structures. The physical extraction from agarose gels, on the other hand, allows specific DNA 
origami species to be harnessed based on electrophoretic mobilities.178 Size-exclusion chroma-
tography and ultracentrifugation with a glycerol gradient can also be employed. Although, all 
the purification methods mentioned have trivial damage effects on the folded DNA origami 
structures, the recovery yields vary significantly and depend on operating conditions.179 

To attach metal nanoparticles onto the DNA origami template for building the CD-based 
transducer, the metal nanoparticles are usually first functionalized with ssDNA ‘linker’ strands 
and then hybridized to the sticky end (handle) on the staple strand of the DNA origami by 
complementary base pairs. Initially, the conjugation of DNA with AuNSs was realized through 
a gold-thiol bond, which can also be adapted for anisotropic AuNRs as well as silver nanopar-
ticles.180,181 Although some DNA sequences (e.g. polyA) can bind directly to AuNPs, thiolated-
DNA is more common due to the strong bonding between thiol and gold surface. To attach 
negatively charged DNA to negatively charged AuNPs, screening the charge repulsion is nec-
essary. Conventionally, salt-aging is widely applied, where salt is gradually added into the mix-
ture of thiol-DNA and AuNPs, but this method usually requires days to complete. To accelerate 
the process, acids, surfactants, polymers, and organic solvent are added.181 Recently developed 
freeze-thaw and heat-dry approaches are promising and fast alternatives to salt-aging.182,183 
The separation of the assemblies of DNA origami-metallic nanoparticles from the free nano-
particles can be realized with gel electrophoresis or gradient ultracentrifugation. Apart from 
the well-established approaches for assembly of metallic nanoparticles on DNA origami with 
linker strands, alternative methods for restricting the metal to grow into a predefined shape 
have been developed, such as attempts to metalize the entire origami structures, where DNA 
origami templates were first seeded with small gold or silver clusters followed by electroless 
deposition.184–186 Imaging methods for DNA origami (e.g., TEM and AFM) also apply to 
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assemblies of DNA origami-metallic nanoparticles. Occasionally, some assemblies can be dif-
ficult to observe with conventional TEM or AFM because the metallic nanoparticles have a 
preference of landing on the grid and consequently bias the structures.62 

To integrate the target-response function to the assemblies, different affinity ligands such as 
complementary strands, aptamers, and antibodies can be localized on the DNA origami tem-
plate for stimuli response. Short DNA/RNA for target recognition are most common, as the 
strands are readily incorporated onto the DNA origami through sticky-end hybridization. For 
example, in our work, the pairs of fragment aptamer or aptamer-complementary strand were 
labled with a ‘tail’ to hybridize with the staple sticky end (bridge sequence in our case) either 
during the DNA origami folding or after the DNA origami-AuNRs assembly. Although terminal 
sequence extension is also possible, misfolding of aptamers with the structural sequences of 
DNA origami may raise.187 In our work, besides allowing the aptamer to protrude out of the 
DNA origami by carefully positioning the bridge, a 2-3 nt spacer was introduced to separate 
the aptamer from the tail to reduce the potential steric hindrance caused by the nanostructure. 

Questions of ‘what are aptamers?’ and ‘why aptamers are promising candidates for functional 
DNA origami-based nanodevices?’ and ‘how to tackle the problems related to aptamers to 
boost the field of nucleic acid-based materials’ are answered in detail in the next section.  

2.3 Aptamers 

Just like DNA, ribonucleic acid (RNA) consists of four different nucleotides, which are com-
posed of a ribose, a phosphate group, and a nucleobase (adenine [A], uracil [U], guanine [G], 
or cytosine [C]). Unlike DNA which stores the genetic information in the sequence of paired 
double strands, RNA usually exists in the single-stranded form for coding, decoding, regulation 
and expression of genes.188,189 DNA and RNA are nucleic acids, which constitute one of the four 
essential macromolecules in organism, along with lipids, proteins, and carbohydrates. Short 
DNA and RNA strands are often called oligonucleotides. 

The primary structure of nucleic acids is the order of the nucleotides, which is usually read 
in a 5’→3’ direction. The sequence of the nucleotides, represented by a series of letters (ATGC), 
encodes the information of the secondary and tertiary structure, which describes the shapes of 
nucleic acids. The secondary structure of a nucleic acid strand describes the nucleotides in two 
states: paired or unpaired. Canonical base-pairing contributes to motifs like hairpins, bulges, 
pseudoknots, and multi-stem loops. Different unusual conformations involving non-canonical 
base-pairing also exist. For example, a third strand can bind to the double helix though 
Hoogsteen base pairs to form a triple helix. The G-rich sequences can form G-quadruplexes; 
C-rich sequences can form i-tetraplexes (i-motifs); and A-rich sequences can form A-motifs 
(Figure 13). The combination of paired double-helical elements interspersed with unpaired 
single-stranded nucleotides constitutes the nucleic acid structures, which can be predicted by 
software tools such as mfold190 or NUPACK191 (limited to the canonical base pairs). 
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Figure 13. Unusual motifs of nucleic acid. (A) G-quadruplex, (B) i-motif, (C) A-motif, (D) tetrad, (E) C-C+ base pair, 
(F) AH+-H+A. Figure adapted with permission from reference 14. Copyright 2011 John Wiley and Sons. 

Aptamer is a single stranded nucleic acid molecule that specifically binds to the target with 
high affinity. Aptamers are generated by a process termed systematic evolution of ligands by 
exponential enrichment (SELEX) and tailored by truncation.8,9 The selection of nucleic acid-
based aptamers was first described in 1990 by Tuerk and Gold, as well as by Ellington and 
Szostak, separately.8,9 Over the past three decades, aptamers have been extensively selected 
and recognized for binding to a wide range of targets, from whole cells in the micrometre scale 
to small molecules in the sub-nanometre scale.192–194 

SELEX is a Darwinian evolutionary process, consisting of sequence variation, isolation, and 
amplification. Iterative rounds of selection are used to enrich the sequences that can perform 
a desired function, such as target binding or catalysis. The process initiates from a vast library 
of various synthesized oligonucleotides, which contain randomized regions, flanked by con-
stant regions for polymerase chain reaction (PCR). The number of nucleotides (N) in the ran-
dom region determines the number of total possible unique sequences (4N) in the library, 
which can range from as few as 105 to as many as 10120. The oligonucleotide library is incubated 
with target molecules or cells. The bound sequences are partitioned from the unbound and 
weakly bound sequences and recovered from the complex. The isolated sequences, which are 
amplified by PCR, constitute the new library for the next replication round. After several 
rounds, the candidate aptamers with high target affinity are enriched and sequenced. Although 
the procedure is straightforward, a gap between the theory and practical SELEX exists. For 
example, many sequences of high abundance that remain in the final pool bind targets poorly 
while the real aptamers can be lost. The phenomenon is currently difficult to be interpreted.195  

The interaction between an aptamer and the target lies at the core of the upstream selection 
and downstream applications. The nature of aptamer-target interaction depends on the mo-
lecular type of the target and the structural complexity of the aptamer. The target that is smaller 
than the aptamer, tends to be integrated into the aptamer structure by stacking, electrostatic 
attraction, and the hydrogen bonding.196 For macromolecules like proteins, on the contrary, 
aptamers prefer to attach to the surface or integrate inside the target with hydrogen bonds in 
combination with van der Waals interactions and structural complementarity.196 Compared to 
the large molecules, small molecules have less accessible epitopes, fewer chemical moieties, 
and lower structural complexity which potentially limits the number and strength of binding 
interactions. The steric hindrance can significantly influence the interaction, as demonstrated 
by the theophylline aptamer, which can discriminate the molecules that differ by only one me-
thyl group.197 On the other hand, the formation of aptamer-target complexes can involve con-
formational changes in either the target, the aptamer, or both, which in turn facilitates short-
range interactions, such as hydrogen bonds and van der Waals forces.198,199 Since hydrogen 



                                                                                                                                Background and methodology 
 
 

35 

bonds often contribute significantly to the aptamer-target interactions, extra hydrogen bond-
ing can completely alter the binding capability of aptamers. Thus, a DNA aptamer usually loses 
the affinity to the target when the nucleotides of the sequence are replaced by RNA and vice 
versa. 

To describe the heterogeneity nature of the aptamer sequence, the abstraction of ‘domain’ is 
introduced as a consecutive stretch of nucleotides acting as a unit in binding. An aptamer may 
contain two general domains (essential and non-essential domains) where the essential do-
main is crucial for target interaction and the non-essential domain contains the sequence that 
neither interacts with the target nor supports the structural folding. The essential domain can 
be further divided into non-critical and critical domains. The non-critical domain contains the 
sequence which supports the structural folding; the critical domain contains the sequence that 
directly interacts with the target. 

2.3.1 Advantages and applications 

Applications of aptamers span broad range of areas, including food safety, environment mon-
itoring, diagnostics, therapeutics (as drugs directly and as part of drug carriers), and bioimag-
ing etc.200 The small size (2-3 nm in diameter) of aptamers compared to antibodies (12-15 nm 
in diameter) provides many advantages such as superior tumor penetration and more suffi-
cient binding of molecules on cell membrane.201 One of the most successful case is the applica-
tion in field-effect transistors, where target-induced conformational changes of negatively 
charged aptamer phosphodiester backbones enable detecting molecules at physiological ion 
condition.202 On the contrary, antibodies, limited by the large size, are unable to satisfy the task 
in the field-effect transistor, due to the “Debye length” limitation.202 Also, compared to protein 
antibodies, nucleic acid aptamers have the merit of low batch-to-batch variability as short oli-
gonucleotides can be produced by solid-phase synthesis while large polypeptides require cells 
to manufacture. Importantly, the disruption of the structure of the nucleic acid is reversible. 
The function of aptamers recovers soon after the disruptive condition is removed. Aptamers, 
therefore, survive harsh chemical and physical conditions, rendering ease for labelling, immo-
bilization, and modification with functional groups. In contrast, denaturation of the antibodies 
is often irreversible, and antibodies can be fragile in some extreme temperature and pH con-
ditions. 

In addition, the reversible disruption of the aptamer structure is programmable, allowing 
aptamers to be rationally constructed into molecular switch. In 1996, the concept of “molecular 
beacons” was introduced where nucleic acid hybridization induced the disruption of the hair-
pin structure of an oligonucleotide that was labelled with a pair of fluorophore-quencher or 
FRET donor-acceptor and consequently generated a detectable fluorescent change.203–205 In-
spired by the molecular beacons, various aptamer-based switches have been engineered to en-
able the target-binding induced signal change through tailoring, splitting, or utilization of a 
complementary strand (Figure 14).75,206 The general goal of sequence engineering is to enable 
aptamers to unfold without target while remain recognition ability for refolding upon target 
binding, often with some sacrifices on the aptamer affinity.  
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Figure 14. Schematics for various aptamer-based switches. (A) Quenching aptamer beacon. (B) FRET aptamer 
beacon. (C) Split aptamer beacon. (D) Aptamer-complementary strand beacon. F, Q, FA, and FD stand for fluoro-
phore, quencher, acceptor fluorophore, and donor fluorophore, respectively. Figure adapted with permission from 
reference 75. Copyright 2008 Annual Reviews. 

Many selected aptamers already form functional structures even without targets and thus 
remain the same conformation in the absence and the presence of targets. The sequences of 
aptamers, however, can be tailored to introduce a conformational switch in response to target 
binding, commonly, by shortening the stems in the non-critical region to reduce the structural 
stability. For example, the well-characterized cocaine-binding aptamer, which forms a stable 
three-way-junction binding conformation, was tailored into a partially unfolded state.207 The 
equilibrium shifted from the unfolded to the folded three-way-junction state upon cocaine 
binding.74 

The most straightforward strategy to program aptamers for target-induced change is to split 
an aptamer into two or three fragments so the aptamer fragments disassemble in the absence 
of target while reassemble into a complex in the presence of target.12 Successful splitting is 
typically performed at non-critical loop regions of aptamers. However, the aggressive destabi-
lization by splitting often notably reduces the target affinity and sometimes even results in the 
complete loss of the aptamer binding ability. Consequently less than 20 split aptamers are 
available.208  

The target-induced separation of the aptamer-complementary strand strategy, which em-
ploys a partial complementary strand to hybridize with the aptamer, enables the generation of 
structural-switching aptamer without sequence manipulation. The complementary strand 
forms a double helix with the aptamer and consequently disrupts the aptamer structure. Upon 
target association, the aptamer folds into the functional structure and dissociates from the 
complementary strand. The target-induced separation of the duplex can be readily transduced 
into readable signals. Although sequence manipulation is avoided, knowledge of the aptamer 
binding domain is still crucial to find complementary sequences that can be displaced in a rea-
sonable timescale upon target binding. 
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2.3.2 Disadvantages and developments 

Aptamers, emerging as promising alternative to antibodies, have been expected to become the 
next golden standard affinity ligand since 1990’s.11 However, after three decades of develop-
ment, the use of aptamers is still limited. For example, to date, only one aptamer drug, 
Macugen (pegaptanib, Pfizer/Eyetech), which targets vascular endothelial growth factor has 
been approved. Since 2010, the sales of Macugen have declined to maintain only a small mar-
ket share because of the competition from monoclonal antibody-based drugs, such as Avastin 
(bevacizumab, Genentech) and Lucentis (ranibizumab, Novartis).73 Even though more than a 
thousand aptamers have been reported in the literature, less than 10 are used as receptors in 
the majority of the publications as a proof-of-concept demonstrations of transduction schemes 
for sensing. The questions arise naturally: what hinders the advancement of the field forward 
and why so? 

The thesis mainly focuses on the obstacles for analytical applications of aptamers and iden-
tifies two issues: only a few of aptamers have the necessary affinity and specificity for the real-
world applications; constructing aptamer-based switch relies heavily on trial-and-error in-
stead of rational engineering and suffers frequent failures. 

Low affinity and specificity of aptamers 
The low affinity and specificity can be explained from two aspects: the limitations of nucleic 
acids and the non-optimal process of aptamer generation. Compared to protein-based ligands 
(20 amino acids), the lack of chemical diversity in nucleic acid aptamers (4 nucleotides), as 
well as the fewer available epitopes due to the relatively small size, limits the aptamer-target 
interactions, causing weaker binding and stronger susceptibility to cross-reactivity.13 In addi-
tion, the flexibility, or structural instability of single-stranded nucleic acids leads to poor per-
formance in complex environments as the aptamer conformation is easily distorted by the ef-
fects of pH, ionic strength, temperature, and interactions with various molecules.  

Artificial nucleotides with non-natural analogues of phosphate, ribose, and bases have been 
introduced to augment the rigidity of aptamers, as well as the versatility of available interac-
tions. For instance, locked nucleic acids, where the 2’-O and 4’-C atoms of the ribose are joined 
through a methylene bridge, and peptide nucleic acids, in which a peptide-like repeat of the (2-
aminoethyl)glycine unit replaces the sugar-phosphate backbone, have been broadly ex-
plored.209 Unnatural bases often play significant roles in expanding the target preference of 
aptamers as exemplified by the groundbreaking SOMAmer (slow off-rate modified aptamers), 
where uridine derivatives are incorporated into the aptamers.210 The aromatic amino acid-like 
side chain, which exhibits a hydrophobic surface, enhances target binding, as well as the ac-
quisition probability for SELEX. Aptamers with nucleobases modified with virtually any chem-
ical moiety of interest can be generated by click chemistry.211,212  

As post-SELEX modification often alters the binding ability of the original aptamer, the arti-
ficial nucleotides are usually incorporated into the SELEX library from the beginning. How-
ever, non-natural analogues are not necessarily recognized by the regular enzymes used in 
PCR. The incompatibility with enzymatic amplification step in SELEX causes the prerequisite 
of a dedicated polymerase for the arbitrary nucleotides. For example, Deep Vent DNA poly-
merase which accept the base pairs of 7-(2-thienyl)-imidazo[4,5-b]pyridine (Ds) and 2-nitro-
4-propynylpyrrole (Px) as substrates was developed to enable the aptamers incorporated with 
the Ds and Px to be selected.213 Nonetheless, suitable enzymes can be difficult to access. There-
fore, reducing the number of SELEX rounds to avoid PCR has been explored.  
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The conventional SELEX typically requires multiple (8-20) rounds to converge the vast start-
ing library of random sequences to a pool of high-quality aptamer candidates due to the inher-
ent limitations on the efficiency of aptamer enrichment that can be achieved in a single 
round.214,215 The lengthy process accumulates artifacts like PCR biases and consequently jeop-
ardize the overall quality of the aptamer candidates. High-throughput operations have been 
conducted to address the efficiency limitation. For example, in the particle display SELEX, the 
binding of the fluorescently labelled targets to monoclonal “aptamer particles”, instead of the 
free library, is screened using fluorescence-activated cell sorting (FACS), enabling the rapid 
selection of high-affinity aptamers in as few as three or four rounds.216 As an extension, particle 
display-based counter-SELEX was developed by labelling the target and counter-target mole-
cules with differential fluorophores and using two-colour FACS to obtain aptamers with high 
specificities.214 Combining SELEX with high-throughput sequencing (HTS) can further revo-
lutionize the efficiency, especially with the introduction of commercial next-generation se-
quencers since 2010’s. Several million nucleic acid sequences can be analysed in parallel in 
HTS without bias, enabling a comprehensive investigation of the obtained aptamer pools after 
each round. 217–219 The prerequisite of fluorescent target in the HTS-SELEX, however, is a lim-
iting factor for general usage.  

An alternative strategy is in silico-SELEX. Currently, the entire procedure of aptamer gener-
ation is conducted in a “black box”. The SELEX dataset is usually processed after the final 
round, which involves clustering and identifying a common motif in aligned sequences to select 
representative aptamers. The dataset processing integrated before and during the SELEX pro-
cedure has emerged. For example, filtering the starting sequence pool by structural prediction 
enables a narrower sequence space for more efficient sampling.220 Neural network models, 
predicting aptamer features, guides the SELEX and explores the fitness landscape for ap-
tamers.221 Recently, a significant improvement has been achieved in protein and RNA structure 
prediction with machine learning.222,223 The machine learning-guided prediction for aptamer 
affinity and structure may come to the age to shed light on the black box.224 Although de novo 
design of aptamer for target remains outstanding challenges, computer-aided SELEX is a 
promising route to dramatically reducing the number of sequences required to be experimen-
tally screened.  

To achieve an optimal binding affinity and specificity, proper truncation is important. Typi-
cally, aptamers are truncated by tailing off the unnecessary nucleotides in the non-essential 
domain to reduce unexpected interactions and undesirable steric hindrance.225 Prediction of 
secondary structures by software such as mfold or NUPACK may assist in identifying the es-
sential and non-essential domains but currently, truncation often requires significant experi-
mental efforts as ubiquitous strategy is unavailable.226,211,221 Nucleases have been used to re-
move non-essential domain but the assumed nuclease resistance of essential domain is limited 
to certain aptamers.227 Although truncation can improve binding specificity and affinity, the 
current process has very low throughput due to the lack of competent tools to identify different 
domains.228  

Low efficiency of switch-construction 
Recognizing the target-binding domain is crucial for sequence engineering and identifying the 
proper complementary strand. When constructing an aptamer-based switch, the critical do-
main is typically kept intact to avoid impairment of binding, while non-critical domains are 
subject to alteration. The complementary strands that hybridize to the essential non-critical 



                                                                                                                                Background and methodology 
 
 

39 

domain are often preferred. Inability to differentiate the domains results in a low efficient trial-
and-error process. 

To bypass the problem of identifying functional domains, functionality-based SELEX has 
been introduced. Standard SELEX is affinity-based and applies target binding as the sole se-
lection force. In affinity-based SELEX, structure-switching functionality is integrated into ap-
tamers through post-SELEX engineering. Isolating aptamers with accompanying competitive 
strands that can be directly used as molecular switches, greatly accelerates the engineering 
process.229 For example, in the capture-SELEX, a designed complementary strand is tethered 
on a solid matrix. The aptamer library contains sequences with a fixed domain to hybridize 
with the complementary strand for docking. The sequences that separate from the complemen-
tary strand upon target binding are collected as the candidate aptamers. Hence, the capture-
SELEX generates a pair of aptamer-complementary strand which is readily to serve as a mo-
lecular switch.230 Another example is aptazymes, which are synthetic molecules composed of 
an aptamer domain and a catalytic active nucleic acid unit (ribozyme or DNAzyme).231 For in-
stance, ribozyme-coupled SELEX enables de novo rapid evolution of aptazyme with target-
dependent cleavage activity. To allow the aptamer domain to regulate the catalytic activity of 
the ribozyme subunit, the library is formed by expanding and randomizing the loop sequences 
of a hammerhead ribozyme. The target binding to specific sequences at the expanded and ran-
domized loop, where aptamers arise, interferes with the ribozyme structure, and consequently 
modulates the extent of self-cleavage. The enriched sequences can undergo cleavage in the ab-
sence of the target and remain integrated in the presence of the target.232 

2.3.3 Characterization of aptamers 

As described above, various selection strategies have been developed to enhance the binding 
affinities and specificities of aptamers and to improve the efficiency of constructing aptamer-
based switches. However, the SELEX process usually generates tens to thousands of aptamer 
candidate sequences of which the binding affinities and specificities must be properly charac-
terized. Also, the sequence engineering and the complementary strand identification are 
mainly impeded by the insufficient knowledge of aptamer-target interactions. Although by-
passing the domain identification through functionality-based SELEX is sometimes possible, 
characterization is still necessary in most scenarios. 

Therefore, aptamer characterization mainly involves two aspects: the functionality and the 
functional structure. The functionality, including the aptamer affinity to the target and the ap-
tamer specificity against interferents, determines the suitability of the aptamer for an applica-
tion. The functional structure, which is often neglected due to technical challenges, provides 
crucial information for engineering aptamer towards the application. Although, characteriza-
tion plays a significant role in bridging the aptamer selection and application, it has remained 
one of the most low-throughput and problematic aspects of aptamer workflow.233–236,71  

Functionalities 
The affinity of an aptamer to the target is usually represented by the dissociation constant (KD) 
and the specificity can be denoted as the relative KD value of the aptamer-target compared to 
that of aptamer-interferents. Currently, the measurement of KD typically relies on obtaining: i) 
the enthalpy changes of the binding reactions, ii) the kinetic rates of association and dissocia-
tion, or iii) the fractions of bound and unbound aptamers at equilibrium. Standard techniques 
for investigating antibody-based interactions, such as isothermal titration calorimetry (ITC), 
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surface plasmon resonance (SPR), and microscale thermophoresis (MST), have been adapted 
for aptamers.237 

In a binding reaction, KD is related to the standard Gibbs free energy change of the reaction 
(∆G°), which is defined as the standard enthalpy change (∆H°) minus the product of the tem-

perature (T) and the standard entropy change (∆S°). As described in the equation 𝐾 𝑒
∆ °

𝑒
∆ ° ∆ °

, where R represents the gas constant, at a constant T, KD is determined by the entropy 
and enthalpy change, which can be extracted from the reaction heat. Isothermal titration cal-
orimetry, a routinely used method (especially for small molecule target), measures the reaction 
heat, and subsequently provides information of enthalpy, entropy, and stoichiometry of the 
binding.238 In ITC experiments, targets are titrated to aptamers in an isothermal cell. Labelling 
or immobilization of aptamer and target is unnecessary, which significantly simplifies the pro-
cedure. However, to generate a reliable result, high concentrations of aptamers (1-100-fold 
greater than the KD) and even higher concentrations of target (up to millimolar) are usually 
required, which may lead to problems such as aptamer misfolding and insolubility of targets.13 
Also, the binding of aptamers to targets with low enthalpy but high affinity may jeopardize the 
accuracy, since the optimal aptamer and target concentration for producing adequate heat 
change may saturate the binding. Besides the requirement of large quantity of reagents, the 
low-throughput nature of ITC excludes the intensive profiling of aptamer functionality. In ad-
dition, the cost of an ITC instrument is typically above 100 k€.  

On the other hand, KD also equals to the ratio of the rate constants of the reverse (koff) and 

the forward (kon) reactions, i.e., 𝐾 . Surface plasmon resonance is a golden standard 

method (especially for protein targets), that relies on measuring the reaction rates. The asso-
ciation and dissociation rates of the aptamer-target are obtained by plotting the signal change 
with time, and the value of KD, as well as stoichiometry can be deduced. In an SPR experiment, 
either the aptamer or the target is immobilized on the surface of the gold chip through thiol-
gold, carboxy-amino, or epoxy chemistry while the left binding partner is flowed over the chip 
surface for acquiring kon. When a reaction reaches the equilibrium, the non-immobilized bind-
ing partner is washed off to gain koff. The prerequisite of immobilization and low throughput, 
as well as the device costs are limitations of SPR technique. 

When assuming one molecule of the aptamer (A) binds to one molecules of the target (T), KD 

is the product of the unbound aptamer concentration [A] and unbound target concentration 

[T] divided by the concentration of bound complex [AT], i.e., 𝐾 , by definition. A wide 

range of available techniques have been applied to obtain the KD values by measuring the frac-
tions of bound and unbound target/aptamer at equilibrium. For example, in microscale ther-
mophoresis, which exploits the different diffusion rates of free aptamers or targets and the 
bound complex, samples containing a fixed concentration of the aptamer or the target, but 
varying concentrations of the binding partner are loaded to microcapillary tubes where the 
fluorescence is monitored. When the binding reaches equilibrium, the monitored region is rap-
idly heated with an infrared laser inducing a diffusion. Acquisition of binding affinity is 
achieved by performing concentration-dependency measurements of the fluorescence deple-
tion generated by the diffusion, which is related to the extent of aptamer-target binding. Alt-
hough MST is a generalizable approach as thermophoresis, in theory, applies to any aptamer-
target pairs, an apparent disadvantage is the requirement of fluorescent or fluorophore label-
ling of the target or aptamer, which may influence the binding.13 
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Interactions with much weaker affinity than that in the specific binding (e.g., KD>10-6 M for 
protein target) is usually considered as nonspecific binding. However, aptamer specificity can 
also be inferred by alternative thermodynamic and kinetic behaviours. For example, whether 
the stoichiometry of binding obtained by ITC is aligned with the predicted number of specific 
binding sites can indicate the specificity. The thermodynamic features such as positive ∆𝑆°, 
smaller negative ∆𝐻°, smaller heat capacity change, and higher sensitivity of ∆𝐻° against ionic 
strength are also indicators. In kinetic measurement, the main characteristic of nonspecific 
binding is the faster dissociation rate.239 

Functional structures 
Currently, three techniques can provide atomic resolution structures of aptamers: electron mi-
croscopy, nuclear magnetic resonance (NMR) spectroscopy, and X-ray crystallography.234  

Electron microscopy, particularly, cryogenic-transmission electron microscopy (cryo-TEM) 
has shown great potential in imaging structural details for DNA nanotechnology and in theory 
can be applied to investigate aptamers.240 Since the 1990’s, NMR spectroscopy has been fre-
quently used to resolve the 3D structure of aptamers and aptamer-target complexes (with mo-
lecular weights below 40 kDa).241 The bound aptamer-target is easy to resolve with NMR spec-
troscopy while the secondary and tertiary structures of the aptamer at unbound states are more 
difficult to determine due to heterogeneity of conformations. Aptamers in complex with rela-
tively large molecules have been studied through X-ray crystallography. However, obtaining of 
well-diffracting crystals depends on many factors such as the purity of the compounds and 
relies majorly on trial-and-error experiments.242 

Dynamic Light Scattering (DLS), small-angle X-ray scattering (SAXS), and CD are low-reso-
lution techniques that provide information on the general size, shape or secondary structure 
elements (e.g., G-quadraplex) of aptamers.234,242 

2.3.4 Challenges in partitioning bound and unbound states and potential solutions  

A key question throughout the aptamer pipeline from upstream selection to downstream ap-
plications is how to partition the bound and unbound aptamers, which lies in the core of 
SELEX, measurement of affinity and specificity, as well as engineering of aptamer-based 
switches. For SELEX, the physical separation of aptamers in the bound and unbound states is 
the most important. In contrast, for measuring affinities and specificities and engineering ap-
tamer-based switches, the focus is on differentiation and quantification of the two states at 
equilibrium. The physical separation often involves removing free binding partners, which po-
tentially shifts the equilibrium and jeopardizes the fidelity of the quantification, especially for 
the aptamer with large koff. Consequently, the corresponding approaches to partition in SELEX 
and in characterization may overlap but mostly differ.  

Immobilization 
A straightforward strategy to separate bound and unbound states is by immobilizing the ap-
tamer or the target on a solid substrate (e.g., microbeads) so the unbound binding partner can 
be removed by washing while the bound complex is retained. The amounts of unbound species 
and the bound complex can be recorded by quantification assays, e.g., various spectroscopic 
techniques. Although immobilization is widely used from upstream to downstream, the well-
known fact is that immobilized molecules can behave differently in thermodynamics and ki-
netics from their free counterparts.235,243–245 Attachment of aptamers instead of targets can 
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minimize the issue as spacers like short polyA or polyT can be added to the end of aptamer 
sequences to decrease the steric hindrance introduced by the surface.246 

However, in conventional SELEX, where aptamer candidates remain in solution for enzy-
matic amplification, the target is usually conjugated to the surface. Protein targets can be im-
mobilized through standard protocols such as EDC-NHS chemistry, which leaves moieties hid-
den and sometimes even cause denaturation. For small molecules with fewer amenable chem-
ical groups, specialized conjugation assays or even extensive chemical synthesis are required. 
In addition, the attachment to surface may significantly alter the chemical properties of small 
molecules. Consequently, aptamers isolated against a conjugated small-molecule target can 
exhibit greatly reduced affinity for the free target.13  

Although in characterization techniques such as affinity chromatography, pull-down assay, 
backscattering interferometry and SPR, either aptamers or targets can be conjugated in theory, 
the situation is still tricky. For example, flowing protein targets in SPR can be too expensive 
and flowing small molecules may not induce sufficient changes for detection. Thus, surface 
immobilization of aptamers instead of the targets can be unrealistic.  

Labelling 
In HTS-SELEX, aptamers instead of the targets are conjugated, as amplification step can be 
avoided. However, to perform HTS-SELEX, the target must be fluorescent or fluorescently la-
belled and the fluorescence must match the excitation and detection wavelengths of the se-
quencer platform.217,218 Again, chemical modifications in labelling suffer similar consequences 
as in immobilization.247 

In affinity and specificity measurement (e.g., in MST), usually aptamers instead of the targets 
are fluorescently labelled to ease the problem as labelling aptamers with various fluorophore 
is standardized and commercially available. However, the impeding of aptamer-target interac-
tions may still occur.248 

Specific characteristics 
In affinity-based SELEX, besides immobilization or labelling, bound aptamers can be directly 
separated from unbound sequences via solution-phase techniques relying on the specific char-
acteristic differences (size, charge, and fluorescent change etc.). For instance, capillary electro-
phoresis (CE), which depends on the size and charge difference of the two species, has been 
applied to SELEX for protein targets while the poor band separation due to the low molecular 
weight and lack of charged moieties exclude small molecules as targets in CE-SELEX.249 Func-
tionality-based SELEX, on the other hand, can utilize the intrinsic characteristics imbedded in 
the candidate aptamer to create a difference from the unbound sequences and avoid the parti-
tion difficulties.196 However, aptamers evolve much slower in the functionality-based SELEX 
due to the addition of driving force as the candidate sequences which only bind to the target 
without committing to the functionality are excluded. 

The difficulties in partitioning the bound and unbound aptamers originate from the versatil-
ity of the targets which demand different partition approaches.233 For example, filter binding 
assay utilizing the negatively charged nitrocellulose filter only retains protein targets with pos-
itive charge.250 Ultrafiltration and dialysis take advantage of size difference for separation and 
consequently exclude targets sharing similar sizes of aptamers.251 Gel shift and capillary elec-
trophoresis utilize the different speeds of bound and unbound aptamers when moving under 
an electrochemical field due to the size and/or charge differences and often suit for only large 
molecular targets.252 Enzyme linked immunosorbent assay (ELISA), where three molecules 
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create a sandwich-like complex, requires an extra aptamer or an antibody that binds to the 
target on a different epitope other than the site where the characterized aptamer binds.253 Nu-
clease-based methods take advantage of the distinct nuclease-digestion efficiency of aptamers 
bound with the target.254,255 However, the target-binding induced inhibition of aptamer degra-
dation by exonuclease is restricted to some aptamers that undergo significant conformational 
alterations upon target binding. For some fluorescent targets (e.g., fluorogens) of which the 
emission intensity or polarization changes upon aptamer binding, the states can be directly 
indicated by the changes in fluorescence.256,257,247,258 A small population of aptamers exhibit the 
ability to bind certain dyes, which can be displaced from the aptamer upon target binding, and 
subsequently an optical change can be generated.259 

The characterization relying on the specific physical and chemical characteristics of a partic-
ular aptamer-target complex requires optimization of the approach for each particular pair and 
often suffers hindrances due to the limited available resources.72–74,260 The consequence is that 
even basic information on whether an aptamer can bind to a target can be inconsistent.71 

Competitive hybridization-based approaches 
Currently, ITC appears as the most generalizable solution, but requires significant amounts of 
materials. Is an alternative generalizable strategy available, besides ITC, to measure the affinity 
and the specificity of the aptamer-target? In another word, is there a ubiquitous characteristic 
for all aptamer-target pairs besides heat? 

The hybridization of complementary strands, i.e., the competitors intrinsically embedded in 
the sequence of aptamer may serve the purpose. Competitive hybridization-based approach, 
where a complementary strand of an aptamer is introduced to compete against the aptamer-
target binding, can convert the partition of versatile aptamer-target pairs into the identification 
of distinct single-stranded and double-stranded nucleic acids. The core reactions are the asso-
ciation between an aptamer and a complementary strand and the dissociation of the comple-
mentary strand from the aptamer induced by the target. 

Competitive hybridization-based approaches have been applied in upstream (e.g., capture-
SELEX), downstream (e.g., constructing molecular switches based on target-induced separa-
tion of aptamers-complementary strands), as well as characterization of the aptamers. The 
general paradigm using complementary strand as a competitor to determine the KD of ap-
tamers was first established with microchip electrophoresis in 2011.261 Then in 2014, fluores-
cence-based variant of the assay was introduced, in which the aptamer and the complementary 
strand ware labelled with fluorophore-quencher pairs.262 Taking advantage of the distinct 
states of single stranded and double stranded nucleic acids, competitive hybridization-based 
assays are generally accurate and reproducible. However, the successful performance of com-
petitive hybridization-based methods requires a proper choice of the partial complementary 
strand which hybridizes to a portion of the aptamer sequence. The length of the complemen-
tary strand, as well as the hybridization region of the aptamer, usually requires extensive opti-
mization, relying heavily on a trial-and-error based “manual” adjustment.226 Fundamentally, 
the competitive hybridization-based approach is governed by the thermodynamic and kinetic 
behaviours of the association and the dissociation of aptamer-complementary strand, binding 
and separation of aptamer-target, and the displacement reaction between target and comple-
mentary strand. To establish a model for rationalizing the design of competitive hybridization-
based method, the thermodynamic and kinetic behaviours of the involved reactions must be 
understood. 
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2.4 Thermodynamics and kinetics of nucleic acid-reactions 

The thermodynamics explains the overall energy changes in transitions from the unfolded (U) 
to folded states (F) of a single strand or transitions between dissociated (S1, S2) and associated 
(D) states of multiple strands and deduce the compositions of reactants and products at equi-
librium. The kinetics reveals details inaccessible through thermodynamics and describes reac-
tion rates during transition to calculate the time required for reaching equilibrium. 

U ↔  F 
S S  ↔ D 

2.4.1 Single strand-folding and double-strand hybridization 

The hybridization of two strands with linear structure is discussed here together with the for-
mation of secondary structure of a single strand. On the other hand, the hybridization of two 
strands with secondary structures will be discussed in the strand displacement part since the 
intramolecular base-pairing can be considered as a competitive reaction against intermolecu-
lar hybridization. 

Thermodynamics 
The thermodynamics of the single-strand folding and the double-strands hybridization can be 
obtained experimentally by using, for example, temperature-dependent absorbance measure-
ments, taking advantage of the different extinction coefficients of single strand and double 
strands at the wavelength of 260 nm. The equilibrium constant (Keq) is directly calculated from 
the absorption (Equation 1) while standard Gibbs free energy change (∆G°), standard en-
thalpy change (∆H°), and standard entropy change (∆S°) are extracted from van’t Hoff equa-
tion (Equation 2). 

𝐾   Equation 1 

ln𝐾
∆ °

 Equation 2 

As ∆H° is always negative for nucleic acid hybridization, increasing temperature (T) leads to 
the equilibrium shift towards the unfolded or dissociated states. The rigidity of a single strand 
or the stability of a duplex can be described by the Gibbs free energy or the melting temperature 
(Tm) which is the midpoint of the transition where half of the strands are folded/associated, 
and half are unfolded/dissociated. The sharpness of the thermal melting curves on tempera-
ture gradient reflects the cooperativity of the transition between the unpaired states and paired 
states for the bases. For short nucleic acid strands, the transition happens within a narrow 
window. Thus, oligonucleotides can be considered within a two-states frame: either fully 
folded/associated or unfolded/dissociated, while the intermediates are neglected. The so-
called all-or-none approximation is standard in oligonucleotide melting.263 

The stability of the nucleic acid duplex and the rigidity of the DNA and RNA strands are gov-
erned by hydrogen bonding of base pairs as well as the stacking interactions between neigh-
boring base pairs. (Here, only the canonical base-pairing is considered.) For known sequences, 
∆G° can be calculated accurately within the “nearest neighbor model”, using extensive ther-
modynamic data derived from experiments on model sequences.264,265 Currently, a variety of 
computer programs and web interfaces such as mfold190, NUPACK191, and the ViennaRNA 
package266 are available to calculate thermodynamic properties of DNA or RNA molecules. The 
average ∆G° for the formation of a base pair at 37˚C is -5.9 kJ/mol for DNA and -8.9 kJ/mol 
for RNA.267,268 The ∆G° of the hybrid DNA/RNA base paris can be higher than the DNA/DNA 
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or lower than the RNA/RNA counter parts depending on the sequences.269,270 The identities of 
the base pairs and the neighboring base pairs cause a variation of Gibbs free energy from -2.4 
kJ/mol to -9.4 kJ/mol for DNA and from -3.9 kJ/mol to -14.3 kJ/mol for RNA as shown in the 
tables below. As the total free energy is a sum of free energies of each neighboring base pairs, 
the number and the identity of bases involved in hybridization are important. Longer hybridi-
zation sequences with higher GC contents have lower free energy or higher melting point than 
short sequences containing mostly AT bases. Mismatches of base pairs have a destabilizing 
effect depending on the type of mismatch, e.g., C-C mismatches are more destabilizing than G-
G mismatches.271 For short DNA, seven contiguous correct complementary base pairs are nec-
essary to minimize the negative influences on stability, suggesting terminal mismatches have 
the least impact.272 

Table 1. Nearest-neighbor thermodynamic parameters for DNA pairs in 1 M NaCl. Table adapted from reference 
267.  

Propagation 

sequence 

ΔH° 

(kcal mol-1) 

ΔS° (e.u.) ΔG°37 

(kcal mol-1) 

ΔH° 

(kJ mol-1) 

ΔS° 

(J mol-1 K-1) 

ΔG°37 

(kJ mol-1) 

AA/TT -7.6 -21.3 -1.00 -31.8 -89.1 -4.18 

AT/TA -7.2 -20.4 -0.88 -30.1 -85.4 -3.68 

TA/AT -7.2 -21.3 -0.58 -30.1 -89.1 -2.43 

CA/GT -8.5 -22.7 -1.45 -35.6 -95.0 -6.07 

GT/CA -8.4 -22.4 -1.44 -35.1 -93.7 -6.02 

CT/GA -7.8 -21.0 -1.28 -32.6 -87.9 -5.36 

GA/CT -8.2 -22.2 -1.30 -34.3 -92.9 -5.44 

CG/GC -10.6 -27.2 -2.17 -44.4 -113.8 -9.08 

GC/CG -9.8 -24.4 -2.24 -41.0 -102.1 -9.37 

GG/CC -8.0 -19.9 -1.84 -33.5 -83.3 -7.70 

 

Table 2. Nearest-neighbor thermodynamic parameters for RNA pairs in 1 M NaCl. Table adapted from reference 
268. 

Propagation 

sequence 

ΔH° 

(kcal mol-1) 
ΔS° (e.u.) 

ΔG°37 

(kcal mol-1) 

ΔH° 

(kJ mol-1) 

ΔS° 

(J mol-1 K-1) 

ΔG°37 

(kJ mol-1) 

AA/UU -6.8 -19.0 -0.9 -28.5 -79.5 -3.9 

AU/UA -9.4 -26.7 -1.1 -39.2 -111.7 -4.6 

UA/AU -7.7 -20.5 -1.3 -32.2 -85.8 -5.6 

CU/GA -10.5 -27.1 -2.1 -43.8 -113.4 -8.7 

CA/GU -10.4 -26.9 -2.1 -43.7 -112.5 -8.8 
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GU/CA -11.4 -29.5 -2.2 -47.7 -123.4 -9.4 

GA/CU -12.4 -32.5 -2.4 -52.0 -136.0 -9.8 

CG/GC -10.6 -26.7 -2.4 -44.5 -111.7 -9.9 

GG/CC -13.4 -32.7 -3.3 -56.0 -136.8 -13.6 

GC/CG -14.9 -36.9 -3.4 -62.3 -154.4 -14.3 

 
External factors such as ionic concentration, pH, and crowding also affect hybridization ther-

modynamics.273,274 As nucleic acids carry an overall negative charge, hybridization must over-
come repulsive electrostatic forces. Monovalent and divalent cations, such as Na+ and Mg2+, 
can be used to shield the electrostatic repulsion and thus decrease the ∆G°.275 Previously, the 
protonation of bases at lower pH was believed to share similar effects as ionic salts, where local 
positive charges shielded the negative charges of the phosphate backbone and reduced the 
electrostatic repulsion.276 Currently, the major effects of pH are considered to be affecting hy-
drophilicity of protonated or deprotonated nucleobases, which influences the interaction be-
tween complementary nucleobases.277 Thus, higher alkaline pH values are expected to rise ∆G° 
due to the declined hydrophobicity instead of the enhanced negative charges of the strands. A 
generally established rule is that base-pairing is optimized when the pH is 2-3.5 units away 
from the pKa of the nucleobases (between 3.5-4 and 9-10).278 In addition, conditions of ex-
treme pH, where depurination and deamination happens more frequently, cause sequence 
damages. The crowding agents provide steric forces to confine the oligonucleotides and often 
favor the hybridized state.279 

Kinetics 
The temperature-dependent rate constants (k), including the association rate constant (kon) 
and the dissociation rate constant (koff), which are coefficients to correlate the concentrations 
of reactants to the reaction rates (Equations 3, 4), can be experimentally determined from, 
for instance, measuring the time-dependent fluorescent change of labelled oligonucleotides.  

𝑘 U 𝑘 F   Equation 3 

𝑘 S S 𝑘 D  Equation 4 

The nucleic acid hybridization is a nucleation process, which preferentially begins with GC 
pairings. First, two strands of complementary oligonucleotides come into proximity, which can 
be hindered by electrostatic repulsion, as well as transport limitations. Then, strands may form 
native contacts or non-native contacts. In native contacts, the nucleotides complement at the 
correct position relative to the final double helix and the two strands entangle while the re-
maining bases rapidly intertwine to form the fully hybridized duplex (zippering); while in non-
native contacts, the nucleotides interact at random positions and undergo a break-and-reform 
process along the strand (slithering). Slithering can be an order of magnitude slower than the 
zippering. For hybridization to proceed, typically at least three contiguous base pairs are 
formed to counteract the thermal fluctuations. Otherwise, the two strands may dissociate and 
re-approach until the 'nucleus' is successfully formed. At low temperature, hybridization rate 
is mainly determined by the contact of the two strands and, thus, hybridization is a diffusion-
limited process. At high temperature, additional thermal energy allows strands to move faster 
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and to overcome the energy barrier posed by the repulsive forces and simultaneously promotes 
the detachment of the base pair before nuclei can form. Consequently, the hybridization be-
comes reaction-limited process. On the opposite side of the reaction, separation of the duplex 
often proceeds from the end of the helix, which suggests a common dissociation pathway in 
which the terminal bases fray first.280  

In 2013, a systematic study of the sequence-dependent rates of DNA hybridization was con-
ducted via simulation, revealing that the association rates depended mainly on GC content and 
number of repetitive sequences.281 For, example, comparing the hybridization rates of two 
strands with pure GC pairs and pure AT pairs, the observed rate constant of the former was 15 
times greater than the latter. Strands with repetitive sequences (5′-ACACACACACACAC) had 
a rate increase by 4-fold to 5-fold, compared to non-repetitive sequences (5′-TATCTGGCTT-
GTCG) at certain temperature range. However, the rate for repetitive sequences was more tem-
perature sensitive and decreased 9-fold faster than non-repetitive sequences between 300 to 
340.9 K. In 2017, X-probe architectures were developed to economically acquire sufficient data 
allowing sequence generality in predictive model. A weighted neighbor voting algorithm was 
established to predict the hybridization rates of DNA strands.282 In 2019, the research on hy-
bridization of DNA oligonucleotides varying from 6-14 bases suggested that an analogue of the 
nearest neighbor model of thermodynamics can be derived to predict the kinetics of hybridi-
zation as well.283 Recently, the rates of association and dissociation of short RNA strands (5nt-
12nt) have been calculated as simple functions of oligonucleotide length, GC content, and ∆G° 
of hybridization.284  

For short nucleic acids (7-12 nt), an increase in the lengths can dramatically decrease koff with 
roughly a negative-single-exponential relationship between koff and the length while the change 
of kon can be controversial. The square-root proportionality accounted for steric interactions in 
Wetmur's empirical studies of the length-dependence of hybridization rate is negligible for 
short sequences (less than 100 nt).285 At high sodium concentrations or in the presence of mag-
nesium ions, typical rates for the association of oligonucleotides are on the order of 106 M-1 s-1 
with dissociation rate in a range covering several orders of magnitudes.286 For instance, at 30°C 
in the presence of 1 M NaCl, the koff of a DNA duplex is approximately 10-2 s-1 for 10 bp and 10-

10 s-1 for 20 bp, giving the respective half-lives of the 10 bp dsDNA and 20 bp dsDNA one minute 
and 300 years.121 Mismatched base pairs significantly enhance the koff while the effects on kon 
is less clear. Increase, decrease, and no change of kon have all been reported for mismatches.  

The activation energy (Ea) reflects the energy barrier required to facilitate a given reaction 
pathway and determines the reaction rate k. In nucleic acid hybridization, Ea can be negative 
or positive for the association, depending on the temperature, but is often positive for the dis-
sociation.277 As indicated by Arrhenius equation (Equation 5), where A is a positive pre-ex-
ponential factor, raising temperature causes koff to arise. The kon can increase or decrease. Even 
both the forward and reverse reaction rates may accelerate, the levels of increase for kon and 
koff are often different in response to temperature change, generating an equilibrium shift.  

𝑘 𝐴𝑒   Equation 5 
For two single strands hybridizing to a duplex, concentration plays a significant role, where 

association happens faster with higher initial concentration of the single strands and the dis-
sociation rate is independent of the concentration. Typically, the association of oligonucleo-
tides, operated at nanomolar (nM) to micromolar (μM) concentration reaches equilibrium on 
the timescale of seconds to minutes.282 
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Environmental factors such as ionic condition, pH, crowding effects, polarity of the solvent 
also affect the hybridization kinetics. The concentration of salts are the key variables in oligo-
nucleotide hybridization rate, with higher salt concentration inducing larger kon independent 
of cation type. The positive correlation between kon and concentration of cations benefits from 
increasing the proportion of successful binding events as the cations alter the structure of the 
single strands to a conformation favourable for hybridization.287 However, the correlation of 
cations with koff is unclear. Slight decrease in koff with an increase of salt concentration has been 
reported while unnoticeable change of koff regardless of ionic conditions is a more common 
observation.279 In general, crowding agents have two opposing effects: decrease the diffusion 
rates of oligonucleotides due to less space available for motion as well as higher viscosity; in-
crease the effective concentration of oligonucleotides benefiting from the reduced volume.288 
The association rate of diffusion-limited hybridization monotonically decreases when increas-
ing the concentration of crowding agents. For non-diffusion-limited hybridization, the accel-
eration of association rate has been observed within a range of crowding agent concentrations. 
However, the continuous increase of crowding agent concentration, eventually transits all the 
hybridizations into a diffusion-limited reaction and then decreases association rates steadily. 
Because of the polar characteristics, nucleic acids have poorer solubility in organic solvents 
than in aqueous solutions. High concentration of ethanol and isopropyl alcohol can lead to 
precipitation of the strands while low concentration can counteract the solvation effects of wa-
ter and promotes aggregation of negatively charged strands. According to the previous re-
ported studies of the nine different organic solvents (methanol, ethanol, isopropanol, acetoni-
trile, formamide, dimethylformamide, dimethyl sulfoxide, ethylene glycol, and glycerol) mixed 
with water, most of the organic solvents accelerated the DNA hybridization.289 For example, in 
56% ethanol, the reaction reached plateau in less than 16 seconds while the pure aqueous sol-
vent required more than 10 min to reach equilibrium.  

2.4.2 Strand displacement 

Strand displacement is the replacement of a nucleic acid strand (C) in a pre-existing duplex 
(AC) with an invading strand (S) through branch migration, and represented as the reaction 
below, where kf is the overall or pseudo rate constant for S+AC → AS+C, kr is the corresponding 
rate constant for the reverse reaction. The fundamental reactions in the strand displacement 
are still breaking and formation of base pairs, which are governed by the same rules as hybrid-
ization described above. 

S AC↔  AS C 

Spontaneous strand displacement 
When an invading strand (S) shares the identical sequence (involved in complementary) with 
the partner strand (C) in the duplex (AC), the access of S to A is blocked because all the bases 
in the strand A are in paired states and unable to interact with the bases in S. Therefore, the 
hybridization between AS happens after the spontaneous dissociation of AC. Fully separation 
of AC is unnecessary. When bases in A are turned to unpaired states, for example, with breath-
ing of the double strand or end fraying, the exchange can initiate. However, the rate of ad-
vancement of a single base pair in the branch migration is significantly slower than the fraying 
of a single base pair possibly because of the greater structural rearrangements involved in the 
branch migration compared to the base pair fraying. Also, the initiation of branch migration 
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introduces a thermodynamic penalty due to the generation of the overhang at the junction, 
where the base stacking is disrupted and conformational freedom is reduced as the two single-
stranded extensions are forced to bend away from each other.121 Therefore, the spontaneous 
strand displacement reactions are usually slow.  

Toehold-mediated strand displacement 
Toehold-mediated strand displacement was first introduced in 2000 where a short single-
stranded overhang, the “toehold”, is integrated in the original duplex (AC).290 As shown in the 
Figure 15 A, the hybridization of the invading strand (S) is initiated at the toehold (typically 
4-8 nt), and progresses through a rapid branch migration resembling a random walk, causing 
partial or complete displacement of C and the formation of AS.291 

 

Figure 15. Toehold-mediated strand displacement. (A) Schematics of the invading strand (grey) interacting at the 
toehold. (B) The plot of kinetic rates with toehold lengths with data from different literature. Figure A and B adapted 
with permission from references 277 and 121, respectively. (A) Copyright 2021 John Wiley and Sons. (B) Copyright 
2019 American Chemical Society. 

For weak (short and low GC content) toeholds, the probability that S remains attached to the 
toehold until the end of displacement of C is low due to the high dissociation rate as well as the 
multiple returns at branch point. On the other hand, a strong (long and high GC content) toe-
hold renders sufficient time to allow the random walk of the branch point to complete. The rate 
of a strand displacement, which is correlated with the toehold, is predicted theoretically using 
energy landscape modelling and coarse-grained molecular dynamics simulations. Depending 
on the binding strength of the toehold, kf can vary from 100 to 106 M-1s-1 (Figure 15 B).292 
Therefore, the kinetics of the strand displacement can be fine-tuned by manipulating the in-
trinsic sequence-based free energy of the toehold. Also, a spacer can be introduced between 
the toehold and the branch migration domain to create a remote toehold which exhibit higher 
flexibility compared to the conventional contiguous toehold.293  

The toehold also contributes to the total free energy of AS and results in the free energy dif-
ference between the two duplexes of AC and AS. Consequently, toeholds can shift the equilib-
rium of the strand displacement reaction. When the initial concentrations of reactants (S and 
AC) are the same with absence of any product (AS and C) and the spontaneous separation of 
AC to A and C is excluded, the final ratio of the concentrations of the complexes AC and AS is 
determined by the hybridization free energy of the toehold (∆𝐺° ) at equilibrium (Equation 
6). By adjusting the toeholds (e.g. length, GC contents, mismatch), the thermodynamics of the 
reaction can be manipulated.294 

𝑒
∆ °

  Equation 6 
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In addition, both AC and AS can be designed with toehold to facilitate the forward and the 
reverse reactions, respectively. The reaction is termed ‘toehold exchange’. For an invading toe-
hold of length n and an incumbent toehold of length m (m, n > 0), the strand displacement 
rates can be estimated based on m and n.292 The forward rate constant decays roughly expo-
nentially with n-m decreasing. When n-m increases, the probability of AC+S dissociating into 
AS+C approaches 1, and the forward rate constant approaches the kf (m=0). 

To ensure the precise control of association and dissociation rates as well as the concentra-
tions at equilibrium, undesired reactions must be excluded. Therefore, toeholds are usually 
designed as short as possible so that the interaction is fleeting unless the strand displacement 
is triggered to avoid the formation of SAC complex.295 Although the overlapping region con-
tributes the same to the total free energies and only toehold regions appear to decide the dif-
ference, they both influence the reactions. For example, when the overlapping region is short 
enough, the separation is fast to allow a rapid displacement even without toehold. Also, the 
overlapping region must be sufficiently long to correlate the forward and the reverse reactions.  

Hybridization of two strands with secondary structures 
For single strands with secondary structures, a natural ‘duplex’ exists, where instead of inter-
molecular hybridization, intramolecular base pairs are broken during the new complementary 
interactions. Consequently, secondary structures in nucleic acid may drastically reduce the ap-
parent kon (kf) during hybridization, depending on the available ‘toehold’ and the competitive 
hybridization. For example, in a hairpin structure, where the single-stranded loop acts as a 
toehold with steric constraints to allow the invading strand to migrate against the double-
stranded stem, the hybridization rate is decided by the strength of the stem and the length of 
the loop.296 The unpaired dangling ends can serve as more efficient toeholds compared to loops 
due to minimum steric constraints.14 

The influences of salts on the apparent kon for the structured oligonucleotides are also differ-
ent from the linear strand as they are dictated by the sum of the counter effects caused by the 
intramolecular base pairs and intermolecular hybridization.  

2.4.3 Competition of aptamer-target binding and aptamer-complementary strand hy-
bridization 

Similar to the invading strand, the binding of the target (T) to an aptamer (A) can form AT and 
consequently induce the separation of a complementary strand (C) from A. Unlike the strand 
displacement, where all the interactions are controllable benefiting from the predictable base-
pairing, the target-induced separation of aptamer-complementary strand is more heuristic. As 
an example, when the complementary strand binds to the non-essential aptamer domain, of 
which the sequence neither interacts with the target nor supports the structural folding, the 
complex of target-aptamer-complementary strand (TAC) instead of AT can be formed. Such 
situation can be easily avoided in strand displacements by manipulating the sequence of the 
invading strand but is difficult to regulate in the aptamer-target reactions, especially when the 
target-binding domain of the aptamer is unclear. 

A C  AC  

A T  AT  

AC T  AT C  
The dissociation constants of aptamer-complementary strand (KD1) and aptamer-target (KD2) 

and the equilibrium constant of the displacement reaction (KE3) are correlated with KD2 which 
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equals to the ratio of KD1/KE3. Previously, FRET-based assays have been used to measure the 
KD1 and KE3 to obtain KD2.202,262 However, to extract KE3 from the measured concentration in 
the established models, the assumption was that A and C are all bound into AC at initial con-
dition, with neglectable free A or C so that displacement was the only reaction as the exist of 
spontaneous dissociation reaction of AC entangles KD2 and KE3 in the measurement. The as-
sumption generally holds valid in the FRET-based method, where the associated states be-
tween A and C is preferred for reducing the background noise, and hence, long complementary 
strands are used. However, the stable hybridization may jeopardize the target-induced duplex 
separation depending on the reaction pathways.  

The target-induced duplex separation is achieved in two pathways: induced fit and confor-
mational selection, assembling the toehold-mediated and spontaneous strand displacement, 
respectively.297 Conventionally, the term ‘induced fit’ describes the model to explain the bind-
ing of a substrate to an enzyme, in which the substrate induces a conformational change of the 
activate site of the enzyme; opposed to the lock-and-key model that considers the active site of 
the enzyme and substrate to be complementary in the three-dimensional structures. Here, ‘in-
duced fit’ refers to the pathway, in which the association of a target to an aptamer induces the 
complementary strand to dissociate; opposed to the ‘conformational selection’ pathway, in 
which an aptamer is separated from the complementary strand before target binding. In 2018, 
a fluorescent array, which contained thousands of spots conjugated with different complemen-
tary strands, was constructed to investigate the target-induced separation of aptamer-comple-
mentary strand.297 The aptamers, labelled with fluorophores, are hybridized with the comple-
mentary strands of different lengths. Target binding triggered the aptamer to dissociate, which 
consequently reduced fluorescence. The qualitative study suggested that both induced fit and 
conformational selection pathways existed in the target-induced separations of aptamers-com-
plementary strands, depending on the aptamer-target pairs and the hybridization regions of 
the complementary strands. We propose that the critical domain may serve as a toehold in the 
displacement reaction. Thus, blocking the critical domain with a complementary strand influ-
ences the mechanism and significantly alters the binding rate. When the complementary 
strand binds to the non-critical aptamer domain, the exposed ‘toeholds’ allows the initial in-
teraction of the target, so the target binding can displace the complementary strand through 
the induced fit pathway; when the complementary strand blocks the critical domain, the initi-
ation of target binding is hindered. Consequently, the dissociation of aptamer-complementary 
strand is required before target can bind. Also, compared to the spontaneous strand displace-
ment, the conformational selection pathway can be even slower due to extra steps to refold 
aptamer into complex functional structures after dissociation from the complementary strand 
and before target binding.  
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3. Summary of the results 

3.1 Construction of nanodevices (publications 1, 2, 3, 4) 

The X-shape DNA origami was folded (Figure 16 A, B) and AuNRs with length of ~70 nm 
and diameter of ~30 nm were synthesized with standard protocols. To assemble the DNA ori-
gami-AuNRs constructs, AuNRs were first functionalized with thiol-polyT strands either by 
freezing (publication 4) or by incubation in low pH and high sodium at room temperature 
(publication 1, 2, 3). Then AuNRs-polyT were hybridized with the polyA strands protruding on 
DNA origami. The high ratio between AuNRs-polyT and DNA origami and the thermal anneal-
ing (40˚C) were necessary to guarantee the formation of the correct nanostructure with high 
yield as shown in publication 1 as well as Figure 16 C, D. 

 

Figure 16. (A, B) The TEM images of the DNA origami. The structures with (A) and without (B) aptamer-comple-
mentary strand. The scale bar is 100 nm. (C, D) The TEM image of the DNA origami-AuNRs constructs assembled 
by annealing (C) and room temperature incubation (D). 
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As shown in Figure 17, aptamer related strands including partial aptamers or a full aptamer 
with the complementary strand were incorporated into the nanodevices (the biosensor for tar-
get detection or the probe for aptamer characterization) during the assembly of DNA origami 
(one-step method) or after the fabrication of DNA origami-AuNRs (two-step method). The in-
sertion during the high temperature annealing of DNA origami requires less steps and gener-
ally achieves higher efficiency (demonstrated by publication 2 and 3). On the other hand, in-
serting aptamers after the fabrication of DNA origami-AuNRs at lower temperature reduces 
the possibilities of deactivating unstable nucleic acid strands (e.g., some RNA). Also, compared 
to the one-step approach, where the diversities are generated already at the initial stage, incor-
porating different aptamers at the final stage in the two-step approach for distinct functional-
ities enables large scale production of unified DNA origami-AuNRs constructs. 

 

Figure 17. Incorporation of aptamer related strands into the DNA origami-AuNRs. (A) two-step, (B) one-step 
method. 

To improve the incorporation of the aptamer-related strands (e.g., aptamer-complementary 
strand), room temperature incubation was replaced by low temperature (42˚C) annealing 
treatment and the ratio of the aptamer related strands to the DNA origami-AuNRs was opti-
mized based on the secondary structure of the sequences (linear or non-linear). Details are 
described in publication 4. 

The association and dissociation of aptamer-related strands incorporated in the DNA ori-
gami-AuNRs constructs control the closed and open configurations of the nanodevice. The chi-
ral (closed) state and relaxed (open) state of the nanodevice configuration corresponded to 
strong and weak CD signals, respectively (Figure 18). 
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Figure 18. The normalized CD (A) and the absorption (B) spectra of the DNA origami-AuNRs constructs in open 
and closed states. 

3.2 Biosensing (publication 2) 

To explore the application of DNA origami-based chiral plasmonic transducers with aptamer-
based receptors for biosensing, as a proof of concept, an aptamer targeting adenosine molecule 
was engineered as molecular switches either by splitting the aptamer (sp-switch) or through 
integrating a complementary strand for competitive hybridization (ds-switch). After incorpo-
rated into the DNA origami-AuNRs constructs, the two types of switches allowed the construct 
to dynamically adopt the relaxed and the left/right-handed (LH/RH) chiral configurations in 
response to adenosine. The ds-switch transited from the closed state to the open state upon 
adenosine binding and drove the construct from RH chiral state to relaxed state; the sp-switch 
remained open in the absence of the adenosine and became closed in the presence of the aden-
osine and consequently shifted the configuration equilibrium of the construct from relaxed 
state to LH chiral state. The concentration dependent-response of the biosensor with either ds-
switch or sp-switch were separately demonstrated as shown in the Figure 19 A, B. The detec-
tion range of adenosine, from 30 μM to 10 mM, was limited by the apparent dissociation con-
stant of the aptamer and the solubility of adenosine, respectively. Change of the CD signal was 
insignificant in addition of guanosine, which confirmed the specificity of the biosensor towards 
the target (shown in publication 2). 

Next, taking advantage of the DNA origami, which provided multiple positions for switch 
incorporation, two types of switches were incorporated into one biosensor. The adenosine 
opened the ds-switch to drive the equilibrium from the RH state towards the relaxed state and 
at the same time closed the sp-switch to induce the transition from the relaxed to the LH state. 
Therefore, the biosensor with the dual switches exhibited a larger signal change of the CD sig-
nal in response to the same adenosine concentration compared to the biosensor with a single 
switch (Figure 19 C).  

In addition, all the biosensors with either single or dual switch-nanosensor responded to 
adenosine within the time range of seconds to minutes (Figure 19 D-F). 
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Figure 19. The adenosine concentration dependency (A-C) and the responding time (D-F) of the biosensors with 
sp-switch (A, D), ds-switch (B, E), and dual switches (C, F). 

Replacing the aptamer with a randomized sequence eliminated the target response and com-
pletely deactivated the biosensor, indicating the functionality was achieved through proposed 
mechanism instead of random effects of adenosine (shown in publication 2 SI). Therefore, the 
combination of aptamer receptor and DNA origami-based transducer is demonstrated as a 
promising route for biosensing. 

3.3 Aptamer characterization (publications 3, 4) 

To characterize the aptamer, we exploited the competitive hybridization strategy. At the pres-
ence of targets (T), the dynamic equilibrium of the probes (DNA origami-AuNRs constructs 
with aptamer-complementary strand incorporated) is described by three different states (Fig-
ure 20): 1) closed configuration I with aptamer (A) and complementary strand (C) being hy-
bridized; 2) open configuration II with A (without bound target) and C being separated; 3) 
open configuration III with A (with bound target) and C separated. In terms of chemical equi-
librium, the system can be described by three reactions below. The hybridization of A and C 
strands (reaction 1) and the aptamer-target binding (reaction 2) compete against each other. 
The equilibrium concentration of AC hybrid, corresponding to the concentration of the probe 
in the closed configuration I, is different in the presence and absence of the target resulting in 
different CD responses. 
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Figure 20. (A) Schematics of the probes’ states in the equilibrium of competitive reactions. (B) The three reactions 
involved: aptamer-complementary strand hybridization, aptamer-target binding, and the target-displacement for 
complementary strand. 

To process the CD signal for calculating the aptamer affinity. We defined a parameter 𝛽 as 
the ratio of the AC concentrations in the presence and absence of the target. As the fraction of 
hybridized state corresponds to the fraction of the chiral configurational state, 𝛽 can also be 
expressed as the ratio of the normalized CD amplitude in the presence (𝑁 ) and absence of the 
target (𝑁 ) after subtracting the residual signal at relaxed state, which is the normalized CD 

amplitude when hybridization length is zero (𝑁 ) (Equation 7). The normalized CD was cal-
culated by dividing the CD signal measured at the minimum deep wavelength (~620nm) with 
the measured absorption (Abs) at the maximum peak wavelength (~650 nm) (Equation 8).  

𝛽
 
  Equation 7 

𝑁     Equation 8 

On the other hand, for a pair of A and C, 𝛽 is a function of the input local concentration of A 
and C strands (𝑎 ), the bulk concentration of the target (𝑏 ), and the dissociation constants of 
hybridization (𝐾 ) as well as 𝐾 , i.e., 𝛽 𝑓 𝑎 , 𝑏 ,𝐾 ,𝐾  (Equation 9). As the amount of 
target (≥10 pmole) is much larger than the amount of aptamer (<1 fmole), the concentration 
of target at equilibrium approximately equals to the initial concentration 𝑏 . As 𝑎  is a fixed 
constant (~70 µM) determined by the geometry of DNA origami, to obtain 𝐾 , either 𝑏  or 
𝐾  can be varied to generate a series of 𝛽 for fitting. 

𝛽
∙ ∙

 Equation 9 

The competitive reaction-based strategy can convert the problem of partitioning bound and 
unbound aptamer-target to the question of obtaining the concentrations of hybridized and sep-
arated aptamer-complementary strand. For the competitive hybridization-based strategy to 
acquire reliable dissociation constant of the aptamer-target, the key to success lies in employ-
ing the correct complementary strand, so the binding between the target and the aptamer can 
reach the equilibrium in a practical timescale and avoid the three-molecule (target-aptamer-
complementary strands) complex formation. Yet, identifying the suitable complementary 
strand is a challenge, which we developed two approaches to address. 

3.3.1 Absolute KD model (publication 3) 

The dissociation constant of the aptamer and the complementary strand 𝐾  is readily varied 
through the hybridization length (𝑛) as prolonging n can decrease 𝐾 . When the accurate 
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values of 𝐾  is available, as 𝑏  is known, the absolute 𝐾  can be obtained from fitting 𝛽 with 
𝐾 using Equation 9. 

For most DNA/DNA hybridization, the 𝐾 𝑒
∆

 can be directly calculated from the Gibbs 
free energy for hybridization between A and C strands, provided by computational tools (e.g., 
mfold or NUPACK) after a careful system calibration (details in publication 3). 

 To test the model, we investigated the well-studied ATP DNA aptamer by inserting the ap-
tamer (as A strand) and a set of its partially complementary strands (as C strands) into the 
DNA origami-AuNRs constructs (Figure 21A). The hybridization lengths were varied between 
9 and 12 bp, complementary either on the 5' or the 3' end of the aptamer (Figure 21B, C) and 
the input concentration of ATP was fixed at 1 mM. For the set of C strands hybridizing to the 5' 
region of the ATP aptamer, 𝐾  of 5.71±0.865 µM was obtained from the dependence of 𝛽 on 
𝐾  with a fitting coefficient of determination R2=0.96. The obtained 𝐾  value agrees well 

with the previous reports. For the set of C strands hybridizing to the 3' region of the ATP ap-
tamer, 𝐾 value of 117±62.8 µM was gained (R2=0.13). 

 

Figure 21. (A) The aptamer and the complementary strands with varied hybridization lengths. (B, C) Dependence 
of β on 𝐾  in different hybridization regions. (B) complementary strands at 5’ end of the aptamer. (C) complemen-
tary strands at 3’ end of the aptamer. 

We used the goodness of the fitting (R2) to judge the validity of obtained 𝐾  values and set 
the validity threshold at R2=0.95. Therefore, the 𝐾  of 5.71 µM with R2=0.96, can be consid-
ered as a valid value. The goodness of the fitting was only 0.13 with the aptamer-complemen-
tary strands hybridizing at 3’ end, indicating a poor validity of the obtained dissociation con-
stant due to the wrong choice of blocking domain. We emphasize here, the threshold of R2 is 
meaningful only when 𝛽 values fall into a proper range (0.2-0.99). If all 𝛽 are close to 1 (indi-
cating that in addition of the target, the signals remain the same), the fitting can produce an 
invalid 𝐾  value with a high R2 just because the mathematical calculation of the deviation is 
small. If some 𝛽 values are too close to zero (indicating that in addition of the target, the signals 
drop to 0), the fitting might generate a valid 𝐾  value with a low R2 simply because the system 
errors become large due to the low signal. As 𝛽 𝑓 𝑎 , 𝑏 ,𝐾 ,𝐾 , we typically used 𝑛 in the 
range of 7-12 bp and fixed 𝑏  at approximately 10-100 times of the 𝐾  value. 

The discrepancy of the 𝐾  values as well as R2 obtained from the complementary strands 
hybridizing to 5' and 3' of ATP aptamer may originate from a kinetic trap or a side product of 
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the reaction. The kinetic trap, caused by the slow dissociation of AC hinders the system from 
reaching the equilibrium, suggesting that the critical domain of the aptamer is blocked. Short-
ening the hybridization length is expected to eliminate the kinetic trap. The side product is 
formed when the strands of A and C remain associated upon target binding. The formation of 
three-molecule (target-aptamer-complementary strands) complex indicates the hybridization 
of complementary strand to the non-essential domain of aptamer and the side product is per-
severed with shorter complementary strands. The fit of the model (high R2) suggests that the 
hybridized region of aptamer is an essential domain. 

The recently selected glucose aptamer with a dissociation constant around 10 mM was used 
to demonstrate the validity for the characterization of aptamers with low affinity. The 𝐾  

value of 5.57±0.436 mM (R2 = 0.99) was obtained by using the complementary strands hybrid-
ization on the 5’ end of the aptamer. Thrombin aptamer, representing the high affinity aptamer 
against protein target, showed a 𝐾  value of 46.7±7.27 nM (R2=0.97), in good agreement with 

the previous publications (in the range of 25-200 nM). The glucose aptamer presented sensi-
tivity towards the hybridization region as a 20-times larger 𝐾  was observed with 3’ comple-

mentary, while the thrombin aptamer is more symmetric, with the 𝐾  difference less than 5 

times between the two hybridization regions. The specificities of the three aptamers were con-
firmed qualitatively by comparing the CD signal drop after incubating with target and inter-
ferents. 

3.3.2 Relative KD model (publication 4) 

When the accurate values of 𝐾  are unavailable from the software prediction tools (e.g., 
DNA/RNA hybridization, RNA/RNA hybridization at certain temperature and ionic condition, 
or sequences containing artifial nucleotides), the absolute 𝐾  value is difficult to obtain di-
rectly. Therefore, a reference analyte (S), which separates the aptamer from the complemen-
tary strand resembling the target (e.g., a competing DNA strand that displaces the complemen-
tary strand) is introduced (Figure 22) so that a relative 𝐾  can be extracted as a value multi-
plying the dissociate constant of the aptamer-reference analyte, through titrating a series of 
target concentration 𝑏  while the 𝐾  remains fixed. Although, the absolute 𝐾  can be readily 
obtained by calibrating the Gibbs free energy of the reaction between the aptamer and the ref-
erence analyte, we expect that the relative 𝐾  value can be also informative by converting the 
inconsistent values of absolute 𝐾  acquired by different techniques into the commonly agreed 
binding strengths of two nucleic acid strands. 

 

Figure 22. (A) Schematics of the probes’ states in the equilibrium of competitive reactions. (B) The three reactions 
involved: aptamer-complementary strand hybridization, aptamer-reference analyte binding, and the reference ana-
lyte-displacement for complementary strand. 
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First, complementary strands hybridizing to different regions of the aptamer are incorpo-
rated into the DNA origami-AuNRs constructs. The complementary strands share a fixed 
length (9 nt or 10 nt), which is short enough to allow a relative fast dissociation rate but long 
enough for the equilibrium to favour the hybrid state for generating a strong initial CD signal. 
The kinetic behaviours of AC separation after the addition of target were observed with the CD 
amplitude change in real time to deduce the binding domain.  

The RNA aptamer targeting ATP (40 nt) and its partial complementary strands (9 nt) was 
investigated as an example. As shown in the Figure 23, for the samples with the complemen-
tary strands hybridizing to the middle region of the aptamer, the CD signal decreased immedi-
ately after adding ATP. When the hybridization region was at the 5’ end of the aptamer, the CD 
changed slower, but the equilibrium was still reached within 30 minutes. However, the CD 
signal remained the same for the sample with the complementary strand hybridizing to the 3’ 
end of the aptamer. 

 

Figure 23. Kinetic behaviours of the ATP aptamer with different complementary strands after the addition of ATP. 
The normalized CD amplitude, indicating the hybridized state of the ATP aptamer and the complementary strands 
hybridizing to the 5’ end (A), the middle (B), and the 3’ end (C) regions, after the addition of ATP at time point 
around 1.5 min. 

Similar to 𝛽, which is defined as the ratio of the AC concentrations in the presence and ab-
sence of the target, 𝛽′ is defined as the ratio of the AC concentrations in the presence and ab-
sence of the reference analyte. A parameter 𝑑=𝐾  was introduced as a free parameter that was 
manually adjusted. In a very wide range of 𝑑, the obtained 𝐾  remained similar. Reasons and 
detailed examples were presented in the publication 4. 

𝛽   Equation 10 

𝛽′  Equation 11 

𝐾     Equation 12 

𝐾 𝐾 ⋅
 

   Equation 13 

The RNA ATP aptamer with the complementary strand hybridizing to the 5’ end for 9 bp was 
chosen according to the kinetic measurement. A 10 nt RNA strand, which hybridizes with the 
aptamer and displaces the complementary strand, was designated as the reference analyte. The 
samples were treated with varied concentration of the reference analyte (0.156 µM - 5 µM) and 
𝛽′ was fitted with the concentration 𝑠  (Figure 24). At 𝑑=0.01, the 𝐾  was obtained as 0.353 
± 0.00982 µM with R2 =0.998 and thus, 𝐾  as 35.3. The samples treated with ATP (31.3 µM- 
500 µM) produced the 𝐾  value of 0.594 ± 0.0571. As the ratio between the equilibrium con-
stants of the replacement reactions is generated as 59.5, the affinity of the aptamer to ATP, 
thus, was approximately 60 times lower than to the reference analyte. 



                                                                                                                                Summary of the results 
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Figure 24. (A) Dependence of β’ on the concentration of reference analyte. (B) Dependence of β on the concen-
tration of ATP. 

  





63 

4. Conclusion 

In conclusion, taking advantage of the DNA origami technology, we achieved the construction 
of the chiral plasmonic nanodevices functionalized with the aptamer-based molecular switches 
for different analytical applications.  

We demonstrated that the chiral plasmonic transducers hold much potential in biosensing 
as the CD amplitude is a relative robust signal, which is dictated by the rigid configuration of 
the DNA origami. Taking advantage of the compatibility to DNA origami, as well as the pro-
grammability, aptamers act as promising receptors with generalizability, benefiting from the 
wide target range. The independence of the transducers and the receptors in the DNA origami-
based nanodevices renders a modularity in the biosensor and subsequently sustainability in 
advanced developments. In the recent decades, nanomaterials of inorganic metals, semicon-
ductors, and organic polymers have been intensively explored as transducers to improve the 
detection limit of the biosensors. However, capturing a target in vitro and in vivo is more com-
plex than picking up ‘a needle in a haystack’ due to the vast nonspecific binding caused by the 
several orders of higher concentrations of interferents. Although the binding affinities are 
much lower, nonspecific interactions impose a fundamental noise ‘floor’. Therefore, merely 
amplifying the signals of biosensors without enhancing the signal-to-noise ratio is insufficient 
as false signals are also augmented. The reliability of the biosensor is determined by the spec-
ificity of the receptor and the fidelity of the transducer and requires verification in application-
relevant conditions.  

Aptamers are expected to specifically bind to the corresponding targets with relative high 
affinities. Besides serving as receptors in biosensing, aptamers may also be employed as ther-
apeutic molecules, imaging agents, and ligands for targeted drug delivery. However, the po-
tentials of aptamers are far from fulfillment. We identified a gap lying between the upstream 
selection and the downstream application as the lack of a universal characterization technique. 
Therefore, we developed the platform based on the competitive hybridization strategy to tackle 
the challenge in characterizing the functionality (affinity and specificity) of aptamers. Taking 
advantage of the available Gibbs free energies for DNA/DNA hybridization, we established a 
thermodynamic model to directly calculate the dissociation constants of the DNA aptamer-
target by fitting the normalized CD signal with the KD of the aptamer-complementary strands 
of various hybridization lengths. The realization of the fitting ultimately lies in the extreme 
high signal-to-noise ratio of the DNA origami-based chiral plasmonic nanodevices, which is 
able to differentiate the population shift generated by a single base pair difference298. The good-
ness of fitting can indicate the validity of the obtained KD as well as the overlapping between 
the hybridization region and the target binding domain of aptamer.  

For the aptamers, of which computational data is limited such as RNA sequences with com-
plex motifs or modified artificial nucleic acids, we proposed a kinetic method to gain insights 
on the functional domain and then chose the complementary strands accordingly. The ap-
proach is achievable due to the high local concentration (tens of micromolar) of aptamer-
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complementary strands confined on the DNA origami. The high local concentration shifts the 
equilibrium towards the hybridized states, which enables the short hybridization length with 
high koff to generate sufficient signals at initial stage. Consequently, the kinetic traps can be 
avoided. The noises generated by increased possibilities of proximities in FRET, which de-
pends on the distance of the donor and the receptor, are minimized in the configuration-de-
pendent CD transducers with three signal states (+/-/0).  

We introduced a reference analyte (a DNA or an RNA molecule) which has easy access, low 
cost, and minimum batch-to-batch variabilities across the manufactures and established an 
alternative thermodynamic model, where the KD of aptamer-target is represented as a relative 
value of aptamer-reference analyte. The core idea is to replace the versatile aptamer-target in-
teractions with the robust hybridization reactions, of which the dissociation constants are often 
obtained consistently across various labs. We compared the cost of routinely used techniques 
(SPR and ITC) with the nanodevice developed in the thesis. As shown in the table 3, our ap-
proach is relatively economic, fast, tolerable to impurities, generalizable for broad range of 
aptamer-target pairs. Although, the kinetics and thermodynamics of target-induced separation 
of complementary strands covering various aptamer regions provide indications of functional 
domains, interpreting the data and directly deducing the structural information are still chal-
lenging. Truncation can be performed together to demonstrate the validity of the inferred func-
tional domains.  

Table 3. Cost comparison of SPR, ITC, and the nanodevice developed in the thesis. 

 SPR ITC DNA origami-based 
nanodevice 

Equipment surface plasmon resonance ma-
chine (€50K) 

Isothermal Titration Calorime-
try (€50K) 

CD Spectrophotometer 
(€10K) 

Consumables chip (€10-€100)  nanodevice (€1) 

Amount (10-15mole) of 
target 

100 1000 1 

Sample preparation slow and complicated fast and simple  fast and simple  

Measurement  >1h  >1h  <30 min  

Purities of the target high medium  low  
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