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Emerging quantitative techniques for
characterizing nucleic acid-involved
molecular interactions
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Molecular interactions involving nucleic acids constitute a fundamental paradigm in biological systems,

governing processes ranging from gene expression to cellular signaling. Quantitative characterization of

the thermodynamic and kinetic parameters of these interactions is critical not only for deciphering

molecular mechanisms but also for rational design in biomedical engineering and nanomaterials science.

This review systematically surveys six major categories of quantitative methods used to study nucleic

acid interactions: spectroscopic methods, separation-based methods, calorimetric methods, surface-

based binding assays, single-molecule methods, and DNA nanotechnology-based methods. Each

category is discussed with respect to its principal advantages and inherent limitations. While conven-

tional methods such as electrophoretic mobility shift assays (EMSA), isothermal titration calorimetry

(ITC), and spectroscopic titrations have provided foundational insights, they often exhibit constraints in

sensitivity, throughput, or applicability under physiologically relevant conditions. Recent advances in DNA

nanotechnology, leveraging its inherent programmability and structural precision, have enabled the

development of novel quantitative platforms. These include DNA origami-based single-molecule

methods and homogeneous assays that support accurate and native thermodynamic profiling, signifi-

cantly enhancing sensitivity and adaptability in physiologically relevant contexts. This review systematically

surveys established methodologies and critically evaluates emerging DNA nanotechnology-driven

strategies, highlighting their potential to advance the quantitative analysis of nucleic acid interactions.

1. Introduction

Molecular interactions involving nucleic acids with other
nucleic acids, proteins, or small molecules play a critical role
across multiple research and application areas. Accurately
measuring these interactions not only helps to reveal the
regulatory mechanisms of essential biological processes like
replication, transcription, and translation,1–4 but also provides
a fundamental basis for developing highly sensitive bio-
sensors,5–8 as well as novel drugs and molecular probes for
clinical diagnosis and therapy.8,9 For example, in the regulation
of gene expression, proteins can recognize specific nucleic acid
modifications, such as the m7G cap structure, to maintain the
translation of specific mRNAs under stress conditions, thereby

helping to maintain cellular function.2 During DNA replication,
the dynamic binding between enzymes and nucleic acids
directly influences the efficiency and accuracy of the process.1

In the field of biosensing, the specific recognition between
nucleic acid aptamers and viral proteins can be used to con-
struct sensors with detection limits as low as the femtogram
level, offering an efficient tool for the early diagnosis of
infectious diseases.5 Such methods combine high sensitivity
with good adaptability, showing significant application potential.
Furthermore, nucleic acid aptamers targeting viral proteins, such
as DNA aptamers designed against the coronavirus nucleocapsid
protein, can inhibit the replication of multiple variant strains with
nanomolar affinity, suggesting a promising new approach for
developing broad-spectrum antiviral drugs.9 Therefore, establish-
ing accurate, efficient, and universally applicable measurement
methods is essential for advancing life science research and
bioengineering applications.

This article provides a systematic review of techniques for
the quantitative characterization of molecular interactions
involving nucleic acids. Previous reviews have often focused on
specific types of interactions, such as nucleic acid hybridization,10
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or the binding of nucleic acids with proteins11 or small
molecules,12,13 and have summarized corresponding methodo-
logies in detail. However, many of these approaches rely on
specialized instruments and exhibit limited comparability
across different methodological platforms.14,15 They also typically
require substantial sample amounts and specific experimental
conditions, which may not accurately reflect the intracellular
environment.14 In recent years, certain single-molecule techni-
ques, such as smFRET and optical tweezers,16,17 have demon-
strated advanced capabilities by enabling the direct manipulation
and detection of individual nucleic acid molecules under applied
forces.18–20 Yet the consistency and standardization of their
results still require further validation through additional reliable
data and methodological improvements.

Notably, since the early 2000s, DNA nanotechnology-based
methods have developed rapidly.21 Leveraging the programma-
ble nature, structural predictability, and ease of functiona-
lization of nucleic acids, these methods have significantly
improved detection flexibility and sensitivity.22,23

Unlike earlier reviews organized by the type of molecular
target, this article categorizes existing methods based on their
measurement principles into six groups: spectroscopic methods,
separation-based methods, calorimetric methods, surface-
based binding assays, single-molecule methods, and DNA
nanotechnology-based methods (Fig. 1). Special emphasis is
placed on DNA nanotechnology-based approaches, analyzing
their design principles and application scenarios. By offering
this principle-oriented perspective, this review aims to pro-
vide new insights and methodological references for both

fundamental studies of nucleic acid interactions and the design
of biosensors.

2. Conventional characterization
methods

This section reviews established techniques for quantitatively
characterizing interactions between nucleic acids and other
molecules. These methods can be grouped into five categories
based on their core principles: spectroscopic methods that rely
on optical signal changes, separation methods that exploit
differences in physical properties, thermal techniques that
measure heat effects to determine thermodynamic parameters,
surface-based binding assays that involve molecular immobili-
zation, and single-molecule approaches that probe interactions
at the individual molecule level. The following subsections will
describe the basic principles and key parameters for each
category, while also discussing their respective advantages
and limitations. This overview aims to serve as a practical
guide for selecting appropriate methods in different research
contexts.

2.1. Spectroscopic methods

The binding of nucleic acids to ligands often induces measur-
able changes in optical signals, mass-to-charge ratios, or
chemical shifts. Monitoring these changes allows researchers
to determine key interaction parameters such as affinity, ther-
modynamics, and kinetics. Commonly used techniques include

Fig. 1 Schematic overview of major methodologies for quantitative analysis of nucleic acid interactions, encompassing spectroscopic, separation-
based, calorimetric, surface-based, single-molecule, and DNA nanotechnology-based methods.

Minireview Nanoscale Horizons

Pu
bl

is
he

d 
on

 2
4 

D
ec

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 6

:2
7:

10
 A

M
. 

View Article Online

https://doi.org/10.1039/d5nh00676g


This journal is © The Royal Society of Chemistry 2026 Nanoscale Horiz.

UV-vis absorption spectroscopy,24 fluorescence quenching,
spectral shift assays (SpS),25 fluorescence polarization/aniso-
tropy (FP/FA),26,27 Förster resonance energy transfer (FRET)/
bioluminescence resonance energy transfer (BRET),28,29

fluorescence correlation spectroscopy (FCS),30 circular dichro-
ism (CD),31 mass spectrometry (MS),32 and nuclear magnetic
resonance (NMR).33 Among these, methods based on changes
in fluorescence intensity, such as FP/FA or FRET, remain
popular choices due to their high sensitivity, relative simplicity,
robustness, scalability, and cost-effectiveness. FP/FA has a long
history of development. It measures changes in polarization
resulting from the restricted rotation of fluorescently labeled
nucleic acids upon binding to a target molecule, enabling
direct determination of binding affinity in a homogeneous
solution (Fig. 2a).34 Usually, the smaller binding partner is
fluorescently labeled as the fluorescent ligand, ensuring that
changes in rotational diffusion upon complex formation can be
sensitively detected.26 Since its first application in studying
DNA–protein interactions in the 1990s,35 the technique has
matured significantly. It is now widely used in aptamer
research to quantify binding thermodynamics and kinetics
for a broad range of targets in solution.26 Its utility extends to
other nucleic-acid recognition events as well. For instance, by
using a FAM-labeled DNA-RNA hybrid chain, Zhang et al.
observed an increase in fluorescence polarization upon binding

of the S9.6 antibody,36 reporting a dissociation constant (Kd) of
232 nM, which confirmed the high affinity and specificity of the
antibody for the hybrid structure in R-loops.

FRET also serves as an essential tool for monitoring mole-
cular interactions and dynamics at the nanoscale.37 Its evolu-
tion has progressed from ensemble measurements to single-
molecule detection,16 and from equilibrium to kinetic
studies.38 Early bulk FRET experiments, based on titration,
provided apparent Kd values at equilibrium but only reflected
population averages. Time-resolved FRET (trFRET) can reduce
background fluorescence interference and partially extract
kinetic parameters, though its accuracy is limited by fitting
methods. Single-molecule FRET (smFRET) represents a spectro-
scopic approach that enables single-molecule level resolution,
allowing the characterization of molecular heterogeneity and
conformational dynamics, although it requires highly sophis-
ticated instrumentation and data analysis. Details are provided
in Section 2.5. The subsequent development of kinetics FRET
(kinFRET), which employs global fitting of single-molecule
trajectories, allows for more accurate determination of associa-
tion and dissociation rates, significantly enhancing kinetic
studies.38 Importantly, FRET is highly sensitive to conforma-
tional changes during binding,39 providing dynamic struc-
tural information that is difficult to obtain with techniques like
SPR.19

Fig. 2 Principles of fluorescence anisotropy and Spectral Shift (SpS) for quantitatively characterizing nucleic acid interactions. (a) Principle of nucleic
acid–protein binding quantification by fluorescence anisotropy. Binding of a protein to a small, fluorescently labeled nucleic acid increases the molecular
size and slows its rotational diffusion, thereby increasing the measured fluorescence anisotropy. (b) Schematic diagram of the quantitative
characterization of interactions using SpS.25 Upon ligand binding to a nucleic acid, a shift in the fluorescence emission wavelength occurs. The Kd

can be determined with high sensitivity by monitoring the ratio (R = F670/F650) of fluorescence intensities at two wavelengths (e.g., 650 nm and 670 nm).
The linear relationship between Kd and temperature (T) can be used to derive the enthalpy change (DH) and entropy change (DS). Copyright 2022,
Mary Ann Liebert, Inc.
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Notably, the Spectral Shift (SpS) method, introduced in
2022,25 is a novel strategy that utilizes environment-sensitive
near-infrared dyes (e.g., Cy5, Alexa647) labeled on the target
molecule. A shift in the fluorescence spectrum is observed
when ligand binding alters the dye’s microenvironment
(Fig. 2b). This method not only enables rapid ratiometric
measurements at different temperatures with low sample con-
sumption (only uses a few microliters of sample at low nano-
molar concentration per data point) but can also be used to
obtain thermodynamic parameters such as binding enthalpy
and entropy, making it suitable for characterizing interactions
between nucleic acid aptamers and dyes.40 Studies have shown
that a dye-to-base ratio between 0.7 and 3.0 is optimal; within
this range, target binding induces a significant blue shift, and
the magnitude of the shift correlates positively with binding
strength for targets like ATP (detection limit 1.9 mM) or
L-argininamide (detection limit 0.28 mM). Exceeding this ratio
can disrupt the aptamer structure and reduce affinity, thus
defining the practical operating window for SpS.40

Each method has its own advantages and limitations.
Labeling-based approaches, such as FP/FA and FRET/BRET,
provide high sensitivity but the labeling process may perturb
the binding affinity of nucleic acids. Factors including the
relative sizes of the ligand and target, fluorophore lifetime,
and local rotational mobility can further influence measure-
ment accuracy, requiring careful experimental design and
optimization.26 SpS enables rapid acquisition of thermo-
dynamic data with low sample consumption and broad applic-
ability, but its reliability depends on the sensitivity of the dye
to local environmental changes. Many commercial dyes are
optimized for environmental stability in other applications,
such as FRET, which limits their suitability for SpS measure-
ments.25 It is also essential to ensure that dye labeling does not
alter binding behavior. In contrast, label-free techniques such as
CD spectroscopy, MS, and NMR provide complementary struc-
tural and compositional information. CD spectroscopy reveals
nucleic acid conformational transitions,41 but suffers from low
spectral resolution, overlapping peaks,42 and high sample concen-
tration requirements.43 MS can accurately determine molecular
mass and complex stoichiometry,32 whereas its gas-phase detec-
tion conditions restrict the quantification of binding affinities
under physiological environments.43 NMR enables atomic-level
structural and kinetic characterization33 but requires highly pure
and concentrated samples.44 Overall, these techniques collectively
form a versatile toolkit for probing nucleic acid interactions, with
each method involving inherent trade-offs between information
depth, throughput, and experimental feasibility.

2.2. Separation-based methods

While spectroscopic methods monitor interactions within a
solution, separation-based methods quantify binding events
through the physical partitioning of bound and unbound
species, offering a distinct approach to equilibrium analysis.
Separation-based methods exploit differences in physical
properties—such as charge, molecular size, or conformation—
between bound and free molecules to achieve physical

separation. Methods such as membrane dialysis, electro-
phoresis, thermophoresis, filtration, and chromatography
enable the isolation of complexes,26 and subsequent quanti-
fication of separated components allows the determination of
affinity and binding stoichiometry (Fig. 3a). A key advantage of
these approaches is the minimization of potential interference
from other fluorescent species or nonspecific binding.

Specific methods include filter binding assays,45 electro-
phoretic mobility shift assay (EMSA),46 affinity capillary electro-
phoresis (ACE),47 microscale thermophoresis (MST),48 field-
flow fractionation (FFF),49 and liquid chromatography.50 These
techniques differ mainly in the driving force used for separa-
tion and the detection principle applied. Each has its own
suitable scenarios in nucleic acid interaction studies. For
instance, the electrophoretic mobility shift assay (EMSA) is
widely employed as a classical method for the qualitative study
of nucleic acid interactions, owing to its broad applicability
(Fig. 3b).46 However, EMSA is generally not suitable for inves-
tigating nucleic acid–small molecule interactions, since small
molecules tend to diffuse through the gel during electro-
phoresis and contaminate the running buffer. Nevertheless,
in certain well-designed systems where ligand binding induces
pronounced conformational changes in the nucleic acid, such
as specific aptamer–small molecule complexes, EMSA has been
successfully applied to visualize binding-induced mobility
shifts.51 Although the technique can provide estimates of
binding stoichiometry, affinity, and kinetic parameters under
optimized conditions, its results remain semi-quantitative.46,52

Furthermore, EMSA exhibits considerable variability in detec-
tion methodologies and involves complex experimental proce-
dures that are prone to operational error. In contrast, ACE can
measure binding affinities for various interactions, including
those between nucleic acids and small molecules (Fig. 3c),
offering high separation efficiency, short analysis time, and
low sample consumption (nL range).53 Importantly, ACE oper-
ates in an aqueous environment under near-physiological
conditions.47 By coupling capillary electrophoresis with fluores-
cence polarization detection, it is possible to accurately deter-
mine ligand affinity, characterize aptamer binding sites, develop
multiplexed detection assays, and study binding stoichiometry
in complex mixtures.26 Recently, Huang’s team successfully
employed capillary electrophoresis-based systematic evolution
of ligands by exponential enrichment (CE-SELEX) to isolate DNA
aptamers with high affinity and specificity for the coronaviral
nucleocapsid (N) protein.9 The resulting six aptamers exhibited
nanomolar affinity (1.31–135.36 nM) against N proteins from
seven human-infecting coronaviruses and demonstrated signifi-
cant antiviral activity.

Beyond equilibrium constants, ACE can also be used to
obtain kinetic parameters. For example, Krylov’s group devel-
oped kinetic capillary electrophoresis (KCE),54 which analyzes
the dissociation of complexes during electrophoresis to deter-
mine kinetic rate constants. In typical ACE assays, the target
analyte concentration ranges from 0.1 nM to 100 mM, and the
ligand concentration in the running buffer must exceed that
of the injected analyte by at least one order of magnitude.55
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The total ligand solution volume required to fill the inlet and
outlet vials, as well as the capillary, is approximately 1–2 mL.56

This requirement can limit applications involving rare or low-
abundance biomolecules, such as patient-derived disease-
related oligonucleotides. To address this, Sueyoshi et al. intro-
duced a partial filling technique under non-equilibrium
conditions,56 enabling high-throughput screening of interactions
between small molecules and low-concentration oligonucleo-
tides. This approach is suitable for strong-binding or fast-
kinetics systems and allows simultaneous determination of
the rates of association (kon) and dissociation (koff).

EMSA is commonly used for qualitative studies of nucleic
acid interactions and offers broad applicability, though it
typically provides only semi-quantitative information.46 In con-
trast, ACE enables label-free analysis with high separation
efficiency, low sample consumption, real-time monitoring
of binding kinetics, and applicability to complex systems.
However, ACE results can be influenced by buffer conditions,
nonspecific adsorption, and electroosmotic flow.47 MST is pri-
marily employed to determine Kd but generally does not yield

kinetic parameters, making it difficult to distinguish specific
from nonspecific binding.57 FFF, particularly when coupled
with detectors such as multi-angle light scattering (MALS),49

allows high-resolution separation under mild conditions across
a broad size range (nanometers to hundreds of micrometers)
and provides absolute parameters like molecular weight and
binding stoichiometry. Nevertheless, FFF is limited by sample
dilution, method complexity, and relatively low throughput.
Liquid chromatography exhibits strong separation capability
and compatibility with diverse detection systems; however, its
requirement for microliter-level sample volumes and hundreds
of milliliters of mobile phase results in significant consump-
tion and higher operational costs.55

Beyond these analytical methods, binding affinities to native
chromatin by sequencing (BANC seq) can also be conceptually
categorized under separation-based approaches. Although it
ultimately relies on next generation sequencing for readout,
its core principle involves isolating and distinguishing bound
from unbound DNA–protein complexes directly on native chro-
matin. The physical separation of chromatin fractions prior to

Fig. 3 Schematic diagrams of separation-based methods for studying nucleic acid-involved molecular interactions. (a) General principle of a separation
assay, comprising three main steps: sample injection, separation under an external field (e.g., electric), and signal detection. (b) Schematic illustration of
the Affinity Capillary Electrophoresis (ACE) process. Under an applied electric field, nucleic acids and target molecules migrate directionally within the
capillary. The formation of a complex reduces its migration rate compared to unbound molecules, enabling separation. The outlet end of the capillary is
connected to a detection system, such as a mass spectrometer, UV-vis spectrophotometer, or microplate reader, for signal measurement. (c) Principle of
the electrophoretic mobility shift assay (EMSA). A mixture of a nucleic acid probe and a protein is subjected to native gel electrophoresis. If binding
occurs, the formed nucleoprotein complex has a larger size and lower mobility, resulting in a shifted band (lane 2) compared to the free probe (lane 1).
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sequencing fulfills the same mechanistic criterion of resolving
molecular populations based on binding state, thereby extending
the separation-based framework into a genome wide context.58,59

2.3. Calorimetric methods

By measuring the intrinsic heat flux associated with binding,
calorimetric methods actively probe interactions; this repre-
sents a key difference from spectroscopic and separation-based
approaches, which monitor undisturbed equilibria. Calori-
metric methods based on temperature changes monitor the
heat effects (DH) associated with nucleic acid binding or
conformational transitions, allowing direct determination of
thermodynamic parameters. As these methods do not rely on
fluorescence, radioactivity, or chemical labeling, they offer the
advantages of being label-free, enabling in situ detection, and
having low background interference. Commonly used methods
include isothermal titration calorimetry (ITC) and differential
scanning calorimetry (DSC).

ITC operates at constant temperature by incrementally
titrating a ligand into the sample while recording the heat flow
(mcal s�1) in real time (Fig. 4a). By fitting the resulting data to a
binding model, one can simultaneously obtain the Kd, DH, and
stoichiometry (n), from which the free energy and entropy
changes can be derived.60 Recognized as the ‘‘gold standard’’
for thermodynamic characterization, ITC provides a complete
set of binding parameters from a single experiment.61 Recent
advances also allow the derivation of kinetic parameters from
calorimetric data.62 ITC is applicable to a wide range of inter-
actions involving nucleic acids with proteins or small mole-
cules. To obtain accurate measurements, the nucleic acid like
aptamer’s concentration should generally exceed its Kd.63

A common experimental setup uses ligand concentrations
in the syringe that are 10–20 times higher than that in the
cell, with typical conditions being 10–20 mM in the cell and
100–300 mM in the syringe.60 This ensures near-saturation
binding at 1 : 1 stoichiometry and complete complex formation

Fig. 4 Schematic diagrams of ITC and DSC instrumentation. (a) Schematic of an ITC instrument.60 A cylindrical or coin-shaped sample cell and a
reference cell are housed within an adiabatic jacket to ensure thermal isolation and maintain constant temperature. A stepper motor drives a gastight
syringe to titrate ligand solution incrementally into the sample cell. A stirring device ensures rapid mixing after each injection. The temperature difference
between the sample and reference cells is detected by a thermopile (TP) and converted into a voltage signal via the Seebeck effect, which is subsequently
transformed into a heat power signal (left). When injected molecules (yellow squares) enter the reaction chamber, they bind to reactants (red circles with
binding pockets) present in the solution, while unbound species remain free in solution (right). Copyright 2023, Springer. (b) Schematic of a DSC
instrument.66 In heat-flux DSC (left), both the sample and reference are placed in a single furnace. The temperature difference arising from thermal
events in the sample is measured, and the instrument records the energy required to maintain isothermal conditions between the two, reflecting
endothermic or exothermic processes. In power-compensation DSC (right), the sample and reference are housed in separate but identical furnaces. The
instrument adjusts the power input to each furnace to maintain them at the same temperature, thereby directly measuring the thermal activity of the
sample. Copyright 2016, MedCrave Group.
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by the end of the titration.64 Therefore, ITC is less suitable for
weak binding systems with Kd values in the millimolar range,
as the high nucleic acid concentrations required result in
significant sample consumption and cost, and may promote
intermolecular association of DNA at such elevated
concentrations.43 In contrast, for high-affinity binders at the
nanomolar level or stronger, a displacement titration strategy
can be employed to extend the usable range of ITC, enabling
full thermodynamic characterization of picomolar-affinity
ligands.64 Nevertheless, ITC remains limited by instrumental
expense and substantial sample requirements.60 Consequently,
it is often used in combination with other techniques. For
example, Zhang’s team used ITC to determine a Kd of 1–4 mM
and a N of approximately 0.8 for the interaction between an
SPT6 construct and the U1A protein within the Pol II-DSIF-
SPT6-U1 snRNP transcription elongation complex.65 These
results not only validated the binding interface observed by
cryo-electron microscopy but also revealed a direct interaction
between the transcription factor and the splicing factor.

DSC, in contrast, measures heat absorption changes during
programmed heating, which occur during folding/unfolding or
complex dissociation (Fig. 4b).67 It accurately determines the
melting temperature (Tm) and DH, making it suitable for study-
ing weak interactions (in the high mM to mM range) that are
challenging for other techniques like ITC.13 This technique is
particularly valuable for assessing the effects of environmental
conditions or chemical modifications on nucleic acid thermal
stability and can simultaneously resolve the thermodynamics
of folding processes and binding reactions. Therefore, DSC
holds significant application value in drug discovery and the
study of complex biomolecular interactions.68

In summary, ITC enables direct measurement of the heat
effects associated with binding reactions under constant tem-
perature conditions, providing a complete set of thermo-
dynamic parameters from a single experiment. This approach
offers model-independent and quantitatively precise results.
However, ITC requires substantial sample quantities, has low
throughput, and is less suitable for characterizing weak inter-
actions. Similarly, DSC allows direct acquisition of experimental
thermal data without assuming a binding mechanism, permitting
high-precision characterization of thermodynamic processes.
DSC is highly sensitive to temperature-induced conformational
transitions and can be used to detect nucleic acid duplex
melting, oligonucleotide secondary structure changes, and
stability variations caused by ligand binding. Nevertheless,
DSC also suffers from low throughput, provides only global
thermal responses under equilibrium conditions, and is unable
to resolve local or transient structural changes. Furthermore, its
strict requirements for buffer compatibility and the complexity
of thermal drift correction limit its application in complex
biological systems.66

2.4. Surface-based binding assays

A critical requirement for many studies is the acquisition of
real-time kinetic data, which is uniquely addressed by surface-
based binding assays. In these approaches, nucleic acids are

immobilized on a solid support and their interaction with
ligands in a flowing solution is monitored, enabling label-free
analysis and detailed kinetic profiling. Representative techni-
ques include surface plasmon resonance (SPR), bio-layer inter-
ferometry (BLI), and quartz crystal microbalance (QCM), each
with distinct detection principles and application scopes.

SPR has been used for affinity measurement for over 30
years69 and was applied to study various molecular interactions
involving nucleic acids around the year 2000.70 SPR detects
molecular binding events by monitoring changes in the refrac-
tive index near a thin metal film coating a glass substrate
(Fig. 5a).71 When a nucleic acid in the solution binds to an
immobilized ligand on the sensor chip, it causes a shift in the
resonance angle, which is observed as a change in reflected
light intensity. This provides real-time binding and disso-
ciation curves, from which the kon, koff and Kd can be derived.72

For instance, Miggiano et al. used SPR to study the binding
of Mycobacterium tuberculosis UvrA protein and its mutants to
damaged DNA. They found that while a mutant could still bind,
its significantly faster koff and reduced response prevented the
complex from reaching a stable state, explaining why it was
missed by traditional, non-real-time methods like EMSA and
MST.73 SPR is considered a gold standard for studying interac-
tions in flow due to its high sensitivity, low sample consumption,
and ability to detect weak binding and small molecules. However,
optimization of the immobilization strategy is required to mini-
mize non-specific adsorption caused by the negative charge of
nucleic acids.72,74

BLI, alongside SPR, is one of the most commonly used
techniques for studying biomolecular interactions and kinetics.
BLI measures changes in the thickness of a biological layer on
the tip of a fiber-optic biosensor in real time, which manifests
as a shift in the interference spectrum wavelength (Fig. 5b).
This allows direct determination of kinetic parameters during
association and dissociation phases.57 BLI offers several prac-
tical advantages over SPR. It eliminates the need for a micro-
fluidic system, simplifies maintenance, and provides higher
throughput. Its enhanced compatibility with diverse buffer
components and small molecules further makes it ideal for
high-throughput screening. These characteristics make BLI
particularly suitable for high-throughput screening. In nucleic
acid research, BLI is widely used for aptamer screening, drug
discovery, and target validation. To illustrate this utility in
aptamer development, Zhang et al. used BLI integrated with
the high-throughput platform FAIVE (Functional Aptamers
in vitro Evolution) to rapidly evaluate the affinity of candidate
anti-HIV-1 aptamers, identifying a TAR RNA-binding aptamer
with a Kd of approximately 9 nM, an over 10-fold improvement
compared to previously reported aptamers. The FAIVE platform
itself represents an innovative in vitro selection method
that integrates affinity selection with functional screening in
a single workflow. It introduces chemical diversity through
click-chemistry-modified nucleotide libraries and employs
fluorescence-activated cell sorting (FACS) to directly and rapidly
screen large particle libraries, thereby enriching aptamers
that not only bind strongly but also regulate target function.76
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In another application showcasing its screening capabilities,
Sandra et al. efficiently screened a microbial metabolite library
using BLI and identified three natural products with high DNA-
binding activity, demonstrating the technique’s potential in
natural product discovery and functional molecule screening.77

QCM relies on the high sensitivity of a piezoelectric quartz
crystal’s resonance frequency to mass changes on its surface.78

It monitors binding events in real time and can simultaneously
reflect changes in mass and viscoelastic properties, making it
especially useful for studying conformational rearrangements
or surface adsorption behavior accompanying nucleic acid
binding (Fig. 5c). In the development of a thrombin biosensor,
Joo et al. used QCM to monitor the frequency shift (Df) caused
by aptamer–protein binding.19 They quantitatively showed that
the rate constants were better predictors of sensor performance
(such as sensitivity and detection limit) than the affinity con-
stant alone. Using structurally similar aptamers as models,
QCM validated single-molecule kinetic decoding results:
although the three aptamers had similar Kd values, the combi-
nation of a fast kon and a slow koff significantly improved
detection efficiency, providing a kinetic basis for the rational
design of highly responsive nucleic acid sensors.

Despite their advantages, these surface-based methods have
limitations. Firstly, immobilization onto a solid phase can
potentially alter the conformation or reduce the activity of the
biomolecules. When a nucleic acid or ligand is fixed to the

sensor surface, its spatial conformation and freedom of move-
ment may be restricted, leading to binding behavior that differs
from that in free solution. Secondly, non-specific adsorption
and background interference can be significant. The inherent
negative charge of nucleic acids makes them prone to electro-
static or hydrophobic interactions with the sensor surface or
probe molecules, which can compromise the accuracy and
reliability of quantitative results.

In summary, SPR enables label-free, real-time detection with
high sensitivity, reusable sensor chips, and simultaneous acquisi-
tion of kinetic and thermodynamic parameters. However, the
technique requires relatively high instrumentation costs and
involves complex operational procedures.74 BLI eliminates the
need for microfluidic systems, simplifies maintenance, and is
suitable for analyzing low-molecular-weight analytes (down to
150 Da) as well as high-throughput screening. Nevertheless,
this method may compromise some degree of data accuracy and
reproducibility.57,79 QCM offers a simple instrumental setup,
label-free operation, sub-nanometer-level sensitivity, affordability,
and broad adaptability. A limitation, however, is that its measure-
ments can be influenced by interfacial parameters such as surface
roughness, free energy, and charge distribution.78

2.5. Single-molecule methods

The methods covered thus far primarily report on ensemble-
averaged properties. Single-molecule techniques, however,

Fig. 5 Principles of surface-based techniques for quantitative characterization of nucleic acid interactions. (a) Surface plasmon resonance (SPR).75

A beam of polarized light is directed toward a metal-coated sensor surface. The shift in the resonance angle from y1 to y2, caused by changes in refractive
index upon molecular binding, is detected in real time. Copyright 2024, Dove Medical Press Limited. (b) Bio-layer interferometry (BLI).57 White light is
incident on the biosensor tip, and reflected light interferes to generate an interference spectrum. Binding-induced changes in optical thickness result in a
wavelength shift (Dl), which is monitored over time. Copyright 2024, Elsevier. (c) Quartz crystal microbalance (QCM).19 The sensor surface is
functionalized with an aptamer monolayer. Upon binding of the target protein, the change in mass deposited on the quartz crystal leads to a decrease
in its resonance frequency (Df). Copyright 2025, The American Association for the Advancement of Science.
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overcome this limitation by resolving discrete states and
transient intermediates within a heterogeneous population,
thereby offering unique insights into kinetic pathways and
molecular heterogeneity. Single-molecule methods enable the
direct manipulation and detection of individual nucleic acid
molecules under applied forces, allowing thermodynamic
and kinetic characterization of interactions at the molecular
level.20 Common methods include optical tweezers (OT),17

magnetic tweezers (MT),80 atomic force microscopy (AFM),81

single-molecule FRET (smFRET),82 tethered particle motion
(TPM),83 and DNA flow-stretching assays.18

OT use a highly focused laser beam to exert piconewton-
scale forces on a dielectric bead attached to a nucleic acid,
permitting real-time observation of conformational changes,
binding, and dissociation events (Fig. 6a).17 smFRET measures
the efficiency of energy transfer between donor and acceptor
fluorophores, which is sensitive to distances in the 3–8 nm
range, providing access to association/dissociation rates, con-
formational lifetimes, and free energy differences.16 However,

its utility can be limited by photophysical artifacts of the dyes,
the short distance range, and potential alterations of molecular
activity due to labeling. MT manipulate the end of a nucleic
acid molecule attached to a magnetic bead, applying controlled
forces and torques to measure critical unzipping forces, super-
coiling density, and torsional energy storage (Fig. 6b).84 Their
spatial resolution is generally lower (approximately 5–10 nm),
making it challenging to capture very brief transient states.
AFM uses a nanoscale tip to scan and manipulate single
molecules, providing sub-nanometer spatial resolution of fea-
tures such as complex height, and allowing quantification of
unfolding energies and adhesion forces (Fig. 6c).85 A limitation
is its susceptibility to surface interactions, and it is less suited
for tracking rapid dynamics. For example, Joo et al. developed a
technique on an smFRET platform to decode aptamer–protein
interactions, using thrombin as the analyte and the structurally
similar aptamers HD1, RE31, and NU172 as biorecognition
elements.19 This approach robustly quantified kon, koff, and
Kd. While the aptamers had similar dissociation constants,

Fig. 6 Principles of single-molecule methods for quantitative characterization of nucleic acid interactions. (a) Optical tweezers (OT).17 A highly focused
laser beam forms an optical trap to capture a dielectric bead attached to a nucleic acid molecule. The gradient force (Fgrad) pulls the bead toward the
focal point, while the scattering force (Fscat) acts along the light propagation direction. By monitoring bead displacement via back-focal-plane
interferometry, piconewton-scale forces and nanometer-scale displacements can be measured in real time. Copyright 2021, Springer. (b) Magnetic
tweezers (MT).86 A nucleic acid molecule is tethered between a surface and a superparamagnetic bead. Electromagnets (N–S poles) generate controlled
magnetic fields to apply precise forces or torques to the bead. The bead’s vertical position (extension) is tracked under varying magnet rotations, allowing
measurement of DNA twist, supercoiling, and protein-induced conformational changes. The plot shows a characteristic extension–rotation curve with
distinct states (R, S), reflecting torsional responses to mechanical manipulation. Copyright 2008, Springer. (c) Atomic force microscopy (AFM).81 A sharp
cantilever with a functionalized tip scans the sample surface. A laser beam reflects off the cantilever onto a four-quadrant photodetector (A, B, C, D
segments). Tip–sample interactions like adhesion forces (Fadhesion) cause cantilever deflection (Dx), detected as differential photocurrents. A piezoelectric
scanner (X, Y, Z axes) controls tip position with sub-nanometer precision, while a feedback loop maintains constant force during imaging or force
spectroscopy. Copyright 2023, Elsevier.
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their association and dissociation rate constants differed sub-
stantially, highlighting distinct underlying binding mechanisms.
These findings were validated with computational simulations
and QCM experiments, demonstrating how the method can aid
the rational selection of aptamers with tailored binding
properties.

Overall, these single-molecule techniques offer unique cap-
abilities for probing biomolecular interactions. However, they
are also accompanied by distinct technical limitations. For
instance, OT are limited by low throughput and susceptibility
to photodamage and thermal effects.17 In contrast, MT provide
gentle manipulation and can operate in complex biological
environments, making them well-suited for low-force (sub-
piconewton) studies. Nevertheless, MT exhibit limited spatial
resolution (approximately 5–10 nm), making it difficult to
capture rapid transient conformational changes, and offer
relatively limited manipulation dimensionality.86 Similarly,
smFRET monitors distance changes within the 3–8 nm range,
providing direct access to binding kinetics and thermodynamic
parameters. However, its application can be constrained by
photobleaching, fluorophore artifacts, and potential perturba-
tions introduced by labeling. AFM covers the broadest force
detection range (10–104 pN), allows experiments under near-
physiological liquid conditions, and can be combined with
imaging for nanoscale resolution. It yields mechanical
strength, activation free energy, zero-force dissociation rate
constants, transition state distance, and complex lifetime data
without requiring fluorescent labels or metal coatings.81 A key
limitation is its lower force resolution due to the large size and
high stiffness of the probes, alongside susceptibility to non-
specific adsorption.86 Furthermore, techniques like TPM and
flow-stretching assays provide higher throughput and opera-
tional simplicity for monitoring conformational fluctuations
over long timescales at low forces, serving as effective comple-
mentary approaches. This diverse toolkit enables a fundamen-
tal advantage over traditional ensemble methods: the direct
measurement of binding forces, lifetime distributions, and
intermediate states at the level of individual molecules. This
reveals microscopic heterogeneity that is often hidden in bulk
measurements, offering unparalleled resolution and sensitivity.
Notwithstanding these powerful advantages, a primary limita-
tion common to all these single-molecule methods is the high
level of expertise required for experimental design and data
analysis, which remains a significant barrier to their more
widespread application.

In summary, while conventional techniques such as spectro-
scopic, separation-based, calorimetric, surface-binding, and
single-molecule methods have provided valuable tools for
quantifying nucleic acid interactions, they also come with
certain constraints. These include reliance on specialized
instrumentation, variations in data comparability across
platforms, and limitations in capturing weak interactions or
complex biological contexts. Such considerations point to the
value of developing complementary approaches that may offer
greater flexibility and better reflect physiological conditions.
In this context, DNA nanotechnology has emerged as a

promising direction. As will be discussed in the following
section, methods based on DNA nanotechnology seek to
provide another approach to achieve high-quality data that
can enhance our understanding of nucleic acid interactions
beyond the scope of traditional techniques.

3. DNA nanotechnology-based
methods

The preceding section has outlined conventional methods for
studying nucleic acid interactions. These approaches generally
exhibit limited comparability across different platforms and
require further validation through additional reliable data and
methodological improvements. Therefore, there is a clear need
to develop molecular tools capable of accurately characterizing
the relevant thermodynamic and kinetic parameters. Recently,
DNA-based approaches have been developed that exploit
a simple principle: thermodynamic properties can be derived
from equilibrium shifts in DNA-mediated reactions. For a
specific nucleic acid motif, such as its folding energy, the
thermodynamic parameters are determined by comparing its
equilibrium state with reference probes of known parameters
within the same reversible reaction system. The main advan-
tage of these DNA-based methods lies in their ability to analyze
the thermodynamics of nucleic acid structures or modifications
under native conditions.

3.1. Introduction to dynamic DNA nanotechnology

The development of DNA-based molecular tools builds upon
the foundation of dynamic DNA nanotechnology. This field has
evolved from creating static structures to engineering systems
capable of programmable motion, reconfiguration, and com-
putation at the nanoscale.87 By harnessing the predictable base
pairing of DNA, researchers design nanostructures that respond
to specific molecular inputs or environmental changes, enabling
diverse applications in biosensing, drug delivery, and molecular
machinery.88–93 A fundamental mechanism enabling this transi-
tion is DNA strand displacement, where an incoming DNA
strand binds to a short single-stranded toehold region and
replaces a pre-hybridized strand.87 This process allows precise
control over reaction kinetics and facilitates complex functions
including catalytic amplification, logic operations, and autono-
mous motion.94–97

DNA’s programmability stems from its well-characterized
thermodynamics and kinetics, which support the design of
highly specific structures. Early research in DNA nanotechno-
logy primarily focused on static assemblies such as geometric
shapes constructed using double-crossover tiles.98 The incor-
poration of dynamic elements, particularly toehold-mediated
strand displacement, has expanded possibilities to include
reconfigurable systems. For instance, DNA tweezers can repeat-
edly transition between open and closed states through sequen-
tial addition of fuel strands,99 demonstrating how nucleic
acids can serve as nanoscale actuators. Reaction kinetics can
be systematically tuned by adjusting toehold length and
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sequence, providing a versatile platform for engineering
responsive molecular devices. Comprehensive reviews covering
these fundamental concepts and their applications are avail-
able for further reference.87,95–97

Among various toehold activation strategies, the toehold-
exchange mechanism stands out as one of the most powerful
and widely used designs. Its key characteristic is reversibility,
which is regulated by forward and reverse toeholds. By adjust-
ing toehold length, sequence, or reactant stoichiometry, the
reaction free energy can be precisely tuned to approach zero,
resulting in an equilibrium yield of approximately 50%. Small
thermodynamic perturbations can then shift this equilibrium
and produce significant changes in yield. Furthermore, the
forward and reverse reaction kinetics remain effectively
decoupled, enabling a rapid system response. Due to this high
sensitivity toward thermodynamic changes, toehold-exchange
systems have been extensively applied for detecting single
nucleotide variants (SNVs) against wild-type sequences.91,100–104

In principle, determining thermodynamic parameters for nucleic
acids shares similarities with distinguishing SNVs from wild-type
sequences. In summary, dynamic nucleic acid circuits based on
intermolecular reversible reactions provide a robust platform for
detecting thermodynamic differences caused by structural or
chemical modifications. The following section will illustrate
applications of DNA nanotechnology-based methods in studying
molecular interactions.

3.2. DNA reaction-based molecular tools

The research group led by David Yu Zhang developed and
experimentally verified a DNA reaction-network method for
directly measuring the thermodynamic properties of nucleic
acid structural motifs. In their initial study, they used a non-
covalent catalytic circuit to systematically determine the free
energies of all base-dangling ends.22 This approach builds on
the nearest-neighbor model, where the total free energy equals
the sum of individual non-overlapping structural components
(Fig. 7a). In contrast to melting-based methods that depend on
extrapolation to estimate thermodynamic parameters,105,106

this technique allows direct determination of free energy values
under native, isothermal conditions of interest, while still
relying on the fundamental thermodynamic principles estab-
lished by melting-based approaches.

The net equilibrium reaction is driven by dangle stacking,
wherein strand X displaces pre-hybridized Y and forms a dangle
terminus (Fig. 7b). Due to the absence of a toehold domain, the
kinetics are too slow for practical application. To address this, a
catalyst strand C is introduced. It first reacts with the YZ duplex
to generate an active intermediate CZ, enabling strand X to
rapidly form the product duplex XZ (Fig. 7c). The free energy of
the net displacement reaction can be calculated as:

DG�rxn ¼ DG�XZ þ DG�Y � DG�X � DG�YZ

¼ DG�XZ � DG�YZ

� �
þ DG�Y � DG�Z
� � (1)

where the term DG�XZ � DG�YZ

� �
equals the dangle-stacking

motif DG�motif , and DG�Y � DG�Z
� �

approximates zero when

sequences are appropriately designed to avoid secondary struc-
tures. The value of DG�rxn can be experimentally determined
from equilibrium concentration observations. Collectively, the
dangle stacking free energy is measured according to eqn (2).

DG�rxn ¼ �RT ln Keq

� �
¼ �RT ln

½Y�eq � ½XZ�eq
½X�eq � ½YZ�eq

 !
¼ DG�motif

(2)

where R and T stand for the gas constant and temperature in
Kelvin, respectively.

To ensure the validity of this reaction model, it is essential to
maintain low concentrations of intermediate species. Short-
lived complexes such as CXZ and CYZ can be neglected in the
analysis. However, since the CZ duplex has free energy compar-
able to the YZ and XZ duplexes, it can accumulate during
the catalytic cycle. To minimize potential errors, the catalyst
concentration C is kept sufficiently low, limiting possible over-
estimation to within 0.2 kcal mol�1.

Using this non-covalent catalytic approach, Zhang’s team
determined the standard free energy contributions (DG1) of
various modifications, including fluorophores and single- or
multi-nucleotide dangling ends. Interestingly, the results
revealed contrasting effects: while the first dangling nucleotide
stabilized the structure, additional nucleotides caused destabi-
lization due to electrostatic repulsion. These findings establish
dangling end length as an important factor for refining stan-
dard models of DNA hybridization and folding. Overall, this
direct measurement approach demonstrated better accuracy
than methods relying on extrapolation through linear algebra
decomposition.

Fig. 7 Schematic illustration of a DNA circuit for measurement of the free
energy of the dangling end.22 (a) The overall free energy of nucleic acid
hybridization is a summation of all non-overlapping DNA motifs. (b) The
net reaction of strand displacement, which is kinetically accelerated by a
catalytic circuit. (c) A non-covalent catalytic circuit designed to kinetically
accelerate the strand displacement reaction toward equilibrium. Copyright
2016, Springer.
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Expanding their catalytic circuit methodology, Zhang and
colleagues created the toehold exchange energy measurement
(TEEM) platform for direct thermodynamic characterization of
nucleic acid interactions (Fig. 8a).107 By labeling the CP reporter
duplex with a fluorophore-quencher pair, they could quantita-
tively monitor reaction yields (Fig. 8b). Here, CP and CX helices
served as negative and positive controls, respectively. Once the
TEEM reaction yield was determined, the corresponding free
energy values were calculated (Fig. 8c):

DG
�
rxn ¼ �RT ln Keq

� �
¼ �RT ln

y � ½P�0 þ y
� �

½CP�0 � y
� �

� ½X�0 � y
� �

 !

(3)

where y is the concentration of CX formed.
To validate the robustness of their approach, the researchers

measured reaction free energies across a temperature range
from 25 1C to 67 1C (Fig. 8d). The free energy versus temperature
profile showed a curved pattern, indicating that the enthalpy
change (DH1) and entropy change (DS1) of the toehold-exchange
reaction varied with temperature—had they remained constant,
the relationship would have been linear according to eqn (2).
For structural motifs such as bulges, free energy values were
obtained by subtracting the DG1 of the motif-containing
reaction from that of a reference system (Fig. 8e). To ensure
accuracy, the strands Xref and Xmotif were designed to avoid
significant secondary structure formation. Using a cTa bulge as
a model, the measured free energy remained nearly constant
over a wide temperature range (Fig. 8f), consistent with high-
resolution melting (HRM) data collected near the melting

temperature where HRM is most accurate.

DG
�
rxn;motif � DG

�
rxn;ref

¼ DG
�
CX;motif þ DG

�
P � DG

�
CP � DG

�
X;motif

� �

� DG
�
CX;ref þ DG

�
P � DG

�
CP � DG

�
X;ref

� �
� DG

�
CX;ref � DG

�
CX;ref

¼ DDG
�
motif

(4)

As noted, positioning the reaction yield near 50% minimizes
errors in free energy estimation for a given yield variation.
However, simultaneously optimizing both motif and reference

reactions is challenging. Larger values of DDG
�
motif increase

measurement error, limiting accurate quantification to
approximately 4 kcal mol�1.

Concurrently, Li’s group recognized the potential of toehold
exchange as a measurement platform and introduced the DNA
balance method.108 The core reaction resembled TEEM but
employed a set of invader strands with systematically varied
toehold designs, termed Weight strands, to drive the reaction
(Fig. 9a). This panel generated a range of reaction yields

corresponding to different DG
�
rxn values. The same weight panel

was applied to both reference and motif-containing reporters,
and the free energy was determined by comparing the Yield-

DG
�
rxn standard curves (Fig. 9b). The process for the reference

reporter was described as ‘‘taring’’, similar to zeroing a balance,
while that for the motif reporter was termed ‘‘weighing’’.

Fig. 8 The mechanism of TEEM and calculation process of free energy values from observed reaction yields.107 Copyright 2020, Oxford University Press.
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This strategy eliminates the need to fine-tune the yield to
50% and does not require prior estimation of free energies.
To demonstrate utility, the authors measured thermodynamic
parameters of a thermally responsive cyclic azobenzene mod-
ification, which conventional melting-based methods cannot
accurately characterize. Using the DNA balance, these parameters
were determined for the first time under native conditions.

In the methods described above, measurements rely on

direct quantification of DDG
�
rxn between analyte and reference

reactions. This works well for simple motifs like bulges but not
for complex systems such as non-canonical structure folding,
where folding energy does not have a simple linear relationship
with observed yield. To address this limitation, Wu et al.
developed the free energy shift assay (FESA), which enables
characterization using eqn (5) and (6):109

e
�
DDGbalance

RT ¼ e
�
DG

�
fold

RT þ 1
(5)

e
�
DDGbalance

RT � Ligand½ �0
K
�
d

� e
�
DG

�
fold

RT þ e
�
DG

�
fold

RT þ 1 (6)

where DDGbalance represents the observed free energy differ-

ence; DG
�
fold and K

�
d denote the folding energy and binding

constant, respectively. This approach allows accurate charac-
terization of non-canonical structures including DNA triplexes,
G-quadruplexes, and aptamers under native conditions.

To further demonstrate the capability of native characteriza-
tion, Wu et al. used FESA to systematically study the folding

and binding energies (DG
�
fold and DG

�
bind) of the thrombin-

binding aptamer (TBA) under various conditions, including
different cations, molecular crowding, and cell-mimicking
environments.110 Na+, NH4

+, and Mg2+ had minimal effects,
whereas K+ and Sr2+ enhanced stability by up to �1.60 kcal mol�1.
Under molecular crowding (simulated using 20–40 wt% PEG200),

crowding alone induced a stabilization of up to �1.48 kcal mol�1

in DG
�
fold, which was further enhanced to �4.57 kcal mol�1 in the

presence of potassium. Similarly, the binding free energy strength-
ened from �9.34 to �10.86 kcal mol�1 under cell-mimicking
conditions.

Beyond toehold exchange, conventional strand displace-
ment reactions can also be engineered into actuation-
responsive tools with reversible behavior. Traditionally, Mg2+ is
required to screen electrostatic repulsion, guiding displacement
through an SN2-like pathway (Fig. 10a and b). However, Xu et al.
showed that replacing Mg2+ with double-stranded DNA binders
enables programmable control through an SN1 type mechanism,
in which the protecting strand is released first (Fig. 10c).111 This
binder-induced nucleic acid strand displacement (BIND) pro-
duces a ‘‘pseudo-reversible’’ signal pattern: an initial moderate
signal from spontaneous denaturation (domain I), suppression at
low binder concentrations due to duplex stabilization (domain II),
and promotion of the SN2 pathway at high binder concentrations
(domains III and IV). By analyzing binding curves, it is possible to
determine affinities, binding site sizes, cooperativity, and thermo-
dynamic parameters (via the van’t Hoff equation), demonstrating
the potential of DNA nanotechnology for high-throughput screen-
ing of nucleic acid interactions.112

In summary, interactions involving nucleic acid–nucleic
acid, aptamer–protein, and dsDNA-binder molecules can be
effectively studied using DNA reaction-based molecular tools.
A key step is constructing a reversible cycle that links the
parameter of interest with a quantifiable strand displacement
reaction. Both catalytic circuits and toehold-exchange systems
can serve this purpose with fast kinetics. Another essential step
is careful design of the reference system so that the reversible
cycle responds specifically to the intended stimulus. Experi-
mental parameters such as toehold length, GC content, and
reactant stoichiometry can be finely adjusted to optimize the
dynamic range.

Fig. 9 (a) Schematic representation of the concept of DNA balance with a library of weigh strands.108 (b) Schematic representation of the concept of
free energy shift assay (FESA) for characterizing the folding thermodynamics of noncanonical nucleic acid structures.109 Copyright 2021, American
Chemical Society.
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3.3. Direct hybridization-based molecular tools

In addition to constructing molecular tools through DNA-based
reaction networks, a more direct though less versatile approach
involves using well-designed strand hybridization systems.
A representative example is the characterization of base-
stacking energetics. Base-stacking interactions serve as the
primary stabilizing force in double-stranded DNA, making their
precise thermodynamic quantification a long-standing goal in
nucleic acid research. Although extensive efforts were made
through the 1990s to measure stacking free energies, signifi-
cant discrepancies persisted between different experimental
datasets.113 This challenge arises from the difficulty of isolating
individual base-stacking contributions from their struc-
tural context within the DNA helix. Early methods analyzed
stabilization effects from flanking strands on duplexes with

single-stranded overhangs (Fig. 11a),114 but these measure-
ments inherently combined stacking energies with dangling-
end contributions. A major advance came in 2004 when Frank-
Kamenetskii’s research group developed a strategy to directly
quantify stacking forces at DNA ‘‘nick’’ sites (Fig. 11b).115,116

This method exploits the thermodynamic equilibrium
between two states in nicked DNA helices: an open conforma-
tion without base-stacking and a closed conformation with
coaxial stacking across the nick (Fig. 11b). According to the
Boltzmann distribution, the free energy can be determined
from the population ratio of these two states.

Nclosed

Nopen
¼ exp �DGstack

RT

� �
(7)

where T is the absolute temperature and R is the gas constant.

Fig. 10 (a) Schematic illustration of two possible reaction pathways (SN1 and SN2) for a typical toehold-mediated strand displacement reaction. (b) The
conventional strand displacement reaction is dominated by the SN2 reaction pathway, where metal cations help stabilize the triplex intermediate.
(c) Activation of the SN1 reaction pathway by preparing the displacement reaction in a buffer containing no or very low concentrations of metal ions,
which is labeled as domain I in the BIND curve. (d) Inhibition of both reaction pathways in response to low concentrations of DNA binders in BIND, which
is labeled as domain II in the BIND curve. Activation of the SN2 reaction pathway in response to high concentrations of DNA binders in BIND, which is
labeled as domain III in the BIND curve. Copyright 2023, Springer.
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To resolve these conformational populations experimen-
tally, the team used polyacrylamide gel electrophoresis (PAGE)
to distinguish stacked versus unstacked states. The structural
discontinuity at the nick introduces a localized kink that alters
electrophoretic mobility due to differences in helix rigidity.
Fully double-stranded DNA and a gapped complex served as
positive and negative controls, respectively, with at least two
nucleotides required in the gap to ensure effective structure
formation.117

Since conformational exchange occurs rapidly relative to
equilibration in the gel matrix, only a single band was observed
during electrophoresis. The overall mobility (m) represented a
population-weighted average of the absolute mobilities of the
open (mopen) and closed (mclosed) conformations. Quantitative
analysis was enhanced through urea-enhanced PAGE, where
varying denaturant concentrations altered the mobility of the
conformational mixture. Stacking free energies under physio-
logical conditions (0 M urea) were then determined by linear
extrapolation of the urea-dependent profiles.

m ¼ Nclosed

Nclosed þNopen
mclosed þ

Nopen

Nclosed þNopen
mopen (8)

Regrouping the above equation produced the relationship
between population ratio and mobilities.

Nclosed

Nopen
¼

m� mopen
mclosed � m

(9)

Using this approach, the researchers found the following
order of stacking affinity: TG o AG o GA o GT. Additionally,
for the same base pair combination, the stacking strength was
largely independent of whether the nick was located on the
forward (sense) or reverse (antisense) strand. For example,
the free energy for 50-G|A-30 stacking was similar to that for
30-C|T-50. This method also enabled isothermal measurement
of stacking free energies across a temperature range of
10–50 1C.

In subsequent studies, Frank-Kamenetskii and colleagues
systematically characterized how DNA base-stacking free ener-
gies depend on temperature and ionic strength.117 Their
approach allowed the first experimental determination of
stacking parameters through isothermal measurements over a
broad temperature range without requiring extrapolation. The
results confirmed that DNA stability is predominantly deter-
mined by stacking forces, which vary with both temperature
and sodium ion concentration. Base pairing contributions were
minimal: G:C pairs provided almost no stabilization, while A:T
pairs even showed slight destabilization.

Beyond adjusting sequence length or temperature to fine-
tune equilibrium, chemicals such as urea are commonly used
to modulate duplex stability. Accurate thermodynamic charac-
terization of DNA systems—particularly those involving non-
canonical structures like G-quadruplexes, triplexes, or aptamer-
ligand complexes—remains challenging due to limitations in
prediction tools such as NUPACK and Mfold, which often fail to
account for chemical modifications, environmental conditions,
or complex tertiary structures. Traditional experimental meth-
ods like thermal melting curves, isothermal titration calorime-
try, and binding assays also face limitations in sensitivity, cost,
and applicability to weak interactions. To address these gaps,
Vallée-Bélisle’s group introduced urea titration as a versatile
and precise method for determining folding and binding free
energies of diverse DNA-based systems under native conditions
(Fig. 12).118

This approach used DNA constructs including unimolecular
structures (e.g., stem-loop switches, G-quadruplexes, triplexes
(Fig. 12a)) and bimolecular complexes (e.g., DNA–DNA hybrids
(Fig. 12b), aptamer-target pairs (Fig. 12c)), labeled with
fluorophore-quencher pairs for fluorescence monitoring. Urea
titration experiments involved gradually increasing urea
concentration (0–10 M) in buffered solutions while tracking
fluorescence changes. The resulting curves were fitted using
two-state or three-state denaturation models to extract DG1,
m-values (cooperativity parameters), and Kd. As a proof of concept,
the authors determined folding free energies of unimolecular
DNA structures assuming a two-state model (Fig. 12a). The
cocaine-binding aptamer showed a folding free energy �1.7 �
0.1 kcal mol�1 alone, which shifted to �4.8 � 0.4 kcal mol�1

(Kd E 302 mM) upon cocaine saturation. This aligned with values
from binding curves (�5.5 � 0.3 kcal mol�1), confirming the
utility of urea titration for characterizing aptamer–ligand interac-
tions. For stem-loop-based switches such as molecular beacons,
urea curves revealed two transitions: target dissociation and
switch unfolding (Fig. 12d). Binding free energies ranged
from �11.5 to �14.5 kcal mol�1 depending on stem stability. A
three-state model (eqn (7)) was used to fit the data, highlighting
the competition between target binding and switch folding.
Values derived from urea titration showed better accuracy than
NUPACK predictions, which overestimated energies by approxi-
mately 6 kcal mol�1.

Thus, this approach offers improved accuracy and applic-
ability compared to traditional methods like thermal melting or
binding curves. Although potential urea-ion interactions and

Fig. 11 Schematic demonstration of two approaches to measure the
energetics of dinucleotide base-stacking.
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fitting assumptions require careful consideration, urea titra-
tion effectively bridges computational predictions and experi-
mental validation, supporting the optimization of DNA-based
nanodevices for sensing, computing, and drug delivery.

Another paradigm for using intramolecular conformational
switching to measure thermodynamic parameters is the mole-
cular clamp approach developed by Tom Soh and colleagues
(Fig. 13a).119 The DNA molecular clamp technique uses the
mechanical properties of double-stranded DNA to apply con-
trolled tension to target structures. In the initial study, a short
dsDNA clamp was used to unfold aptamers under equilibrium
conditions, enabling direct measurement of DGfold through

time-lapse gel electrophoresis and monomer–dimer equilibrium
analysis. This method successfully determined the folding energy
of the thrombin-binding aptamer HD22 (�10.40 kJ mol�1) and a
model hairpin structure (�9.05 kJ mol�1), consistent with com-
putational predictions and earlier estimates. In a subsequent
study, Chung et al. extended this strategy to proteins, using
a convertible ssDNA/dsDNA bridge to apply piconewton-scale
forces on talin rod domains, inducing conformational changes
that exposed cryptic binding sites for vinculin and ARPC5L
(Fig. 13b).120

Key advantages of the DNA molecular clamp include operational
simplicity, compatibility with standard laboratory equipment such

Fig. 12 Measuring the folding and binding free energies of DNA-based nanodevices and nanoswitches using urea titration curves.118 (a) Determination
of the folding free energy of DNA unimolecular structures (e.g., stem–loop motifs). (b) Measurement of the binding free energy for DNA–DNA duplex
formation. (c) Evaluation of the binding free energy between DNA aptamers and their non-DNA targets. (d) Determination of the binding free energy
between DNA conformational nanoswitches and their DNA targets. Copyright 2017, Oxford University Press.

Fig. 13 Schematic illustrations of DNA-based molecular clamp strategies for quantifying molecular energetics and studying mechanobiology. (a) The
folding energy measurement by molecular clamping (FE-MC) method for determining aptamer folding energy, where a short dsDNA clamp applies
tension to unfold the nucleic acid structure.119 Copyright 2020, American Chemical Society. (b) Application of a programmable DNA clamp to exert
piconewton-scale forces on the Talin R1–R2 protein, enabling investigation of its force-dependent interactions with ligands such as vinculin D1 and
ARPC5L.120 Copyright 2024, American Chemical Society.
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as gel electrophoresis, and applicability to diverse targets including
nucleic acids and proteins. It enables direct, model-free quantifica-
tion of thermodynamic parameters and offers tunability through
variable clamp lengths. Limitations include force restrictions due
to DNA buckling at extensions beyond B30 nm, structural hetero-
geneity at higher tensions, and the need for empirical optimization
of clamp length for different targets. Although the method accesses
physiological force ranges (1–7 pN), its precision depends on
accurate fitting of reaction-diffusion models and assumes minimal
nonspecific interactions. Despite these challenges, the DNA mole-
cular clamp represents a versatile and accessible tool for probing
mechanobiology and biomolecular stability.

Recently, Lyu’s group introduced an equilibrium-based
Metastable DNA Reference Calorimetry (MDRC) method for
precise thermodynamic characterization of aptamer-target
interactions. This approach uses metastable DNA hybridization
probes to reduce measurement deviations that have historically
affected fluorescence-based methods.121 By converting the
aptamer binding equilibrium into a DNA hybridization refer-
ence system, MDRC enables direct calculation of key thermo-
dynamic parameters—including Kd, DG1, DH1, and DS1,
through high-throughput fluorescence detection. The authors
developed tailored algorithms for various binding models and
successfully applied MDRC to aptamers with one or multiple
binding sites for small molecules (e.g., ATP), proteins (e.g.,
thrombin), and whole cells. A key finding was that for the
ATP aptamer with two binding sites, binding of the first
molecule negatively influences affinity for the second, an effect
that is temperature-dependent and leads to complete loss of
secondary binding at higher temperatures.

The main advantage of MDRC is its ability to minimize
quantification errors inherent in ITC or SPR, providing more
reliable and comparable thermodynamic data across different
aptamer systems. Its compatibility with standard laboratory
equipment and capacity for high-throughput analysis enhance
its accessibility. However, the method’s effectiveness depends
on careful design of metastable DNA probes, as deviations can
occur if hybridization is either too stable or too unstable.
Additionally, while MDRC shows broad applicability, its perfor-
mance in complex biological matrices may require further
optimization to account for nonspecific interactions. Despite
these limitations, MDRC represents a significant advance for
standardized evaluation of aptamer binding energetics, sup-
porting improved design of aptamer-based probes, therapeu-
tics, and nanodevices.

In summary, direct hybridization-based molecular tools
offer a versatile strategy for investigating molecular interac-
tions. Rather than designing reversible circuits that directly
respond to biochemical stimuli, hybridization tools function
as molecular rulers with well-defined thermodynamic refer-
ences. These approaches leverage the predictable base-pairing
properties of nucleic acids to generate reproducible, sequence-
dependent energy landscapes, making them particularly
suitable for measuring aptamer stability, protein-DNA interac-
tions, and allosteric switching behaviors under equilibrium
conditions.

3.4. DNA origami-based molecular tools

DNA origami is an innovative nanotechnology that enables the
precise folding of DNA into customized two- or three-
dimensional nanostructures through programmable Watson–
Crick base pairing. First introduced by Paul Rothemund in
2006, this method uses a long single-stranded DNA scaffold
(typically derived from the M13 bacteriophage) along with
hundreds of short synthetic ‘‘staple’’ strands. These staples
bind to specific regions of the scaffold, guiding its folding into
defined shapes such as geometric patterns, tubes, or complex
nanoscale devices. The assembly occurs autonomously under
controlled thermodynamic conditions, producing structures
with high precision and addressable functional sites.

Recent progress in single-molecule biophysics has utilized
structural DNA nanotechnology to study intermolecular inter-
actions. In a notable study by Kilchherr et al.,122 researchers
constructed nanoscale DNA beam assemblies connected by a
flexible polymer tether to quantitatively measure blunt-end
stacking forces. To improve detection sensitivity for these weak
interactions, the design incorporated multivalent parallel helix
bundles that amplified stacking through cooperative effects
(Fig. 14). Structural analysis revealed different thermodynamic
behaviors between nick-site and blunt-end stacking, attributed
to the structural constraints imposed by nicks in the DNA helix.
The programmed assembly of aligned DNA beams was con-
firmed using transmission electron microscopy (TEM) and gel
electrophoresis. The team further characterized stacking inter-
action kinetics via single-molecule fluorescence lifetime mea-
surements, establishing a systematic profile for all 16 possible
nucleobase stacking combinations.

DNA-based points accumulation for imaging in nanoscale
topography (DNA-PAINT) offers another approach for determin-
ing fundamental thermodynamic parameters of nucleic
acids.123 In a study by Banerjee et al., base-stacking energetics
were quantified at high-throughput single-molecule resolution
using multiplexed DNA-PAINT microscopy.124 This technique
uses transient hybridization between dye-labeled imager

Fig. 14 Schematic illustration of the design of DNA origami beams and
interaction of blunt-ends.122 Copyright 2016, The American Association for
the Advancement of Science.
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strands and surface-anchored docking strands, where terminal
base-stacking interactions extend the binding dwell time and
reflect complex stability (Fig. 15a and b). DNA origami nano-
arrays served as programmable platforms, with spatially
arranged docking strands enabling systematic analysis of all
canonical base-stacking variants (Fig. 15c). Thermodynamic
parameters were obtained by comparing binding kinetics
between stacked (nick-imager) and unstacked (gap-imager)
configurations (eqn (10)–(13)).

The observed apparent dissociation rate from the bound
state (koff,app) can be written as:

koff ;app ¼
Nst

Nst þNunst

� �
� koff ;st þ

Nunst

Nst þNunst

� �
� koff ;unst

(10)

where koff,st and koff,unst are the dissociation rates for stacked
and unstacked states, respectively. Nst and Nunst are the
occupancies of stacked and unstacked states during the
bound state.

By regrouping the equation and assuming koff,st was very
slow compared to koff,app, the relationship between observed
configuration occupancies and kinetic rates was:

Nst

Nunst
¼ koff ;unst � koff ;app

koff ;app
(11)

where the koff,unst can be measured by using a gapped imager
strand, hence:

Nst

Nunst
¼ koff ;gap � koff ;app

koff ;app
(12)

According to the equilibrium equation, the stacking free
energy can be derived as:

DGstack ¼ �kT ln
Nst

Nunst

� �
¼ kT ln

koff ;gap � koff ;app

koff ;app

� �
(13)

As such, all 16 possible dinucleotide stacking energetics
were systematically determined according to above equation.

In summary, DNA origami has become a powerful platform
for quantitatively studying molecular interactions with nano-
scale precision. Its programmable design allows accurate

placement of biological ligands and probes with controlled
geometry and valency. The ability to engineer spatial organiza-
tion and multivalency further enables investigation of complex
mechanisms such as receptor activation thresholds and enzy-
matic cascade efficiency, which are essential for understanding
signaling pathways and designing therapeutic nanodevices.
Recent improvements in purification and characterization
methods (including electrophoresis, microscopy, and spectro-
scopy) ensure the reliability and reproducibility of functionalized
nanostructures, offering robust systems for high-resolution map-
ping of molecular binding events. These features establish DNA
origami as a versatile tool in nanobiotechnology, providing
unique insights into interaction dynamics relevant to biological
function and disease.

4. Challenges & future perspectives

This review briefly surveys diverse methodologies for quantita-
tively characterizing interactions between nucleic acids and
other molecules. Conventional methods such as ITC directly
measure thermodynamic parameters of binding processes, yet
impose relatively high demands on sample concentration and
quantity, while offering limited resolution in complex systems.
Surface-based methods including SPR and BLI enable real-time
monitoring of binding kinetics; however, the required immo-
bilization steps may alter the native conformation and activity
of the molecules. Although these established methods have
provided a crucial foundation for studying nucleic acid inter-
actions, recently developed programmable nucleic acid-based
strategies offer distinct advantages. Leveraging the program-
mable nature of nucleic acids, these approaches enable precise
control and quantitative analysis of reaction driving forces,
rates, and competitive pathways at the molecular level.125–127

They effectively address limitations of conventional methods in
mimicking physiological conditions and characterizing weak
interactions, thereby offering new experimental pathways to
elucidate nucleic acid interaction mechanisms under near-
native biological conditions and to establish accurate kinetic
models. Looking ahead, nucleic acid based molecular tools are
expected to move beyond the study of nucleic acid interactions

Fig. 15 (a) Two imager strands that form nick (stacking) and gap (unstack) configurations with the docking strand. (b) Representative free-energy
diagram of the bound and unbound states. (c) Graphical representation of the origami layout, where the L-shaped grid with cyan-colour labels is used for
identifying the locations of origami structures, and the docking site with magenta colour label is for probing base-stacking interactions.124 Copyright
2023, Springer.
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themselves. Due to their structural programmability and bio-
compatibility, DNA and RNA nanostructures have the potential
to serve as universal quantitative probes for studying protein–
protein interactions, protein small molecule interactions, and
complex system interactions. However, this field still faces
many challenges. First, the quantitative relationship between
structural design and thermodynamic output has not been fully
established. Second, the strong sensitivity of the system to
environmental factors such as ionic strength, molecular crowd-
ing, and temperature can affect measurement accuracy. If these
problems can be solved, nucleic acid molecular tools will evolve
from theoretical models into experimental platforms that can
be used to quantitatively describe intracellular interaction net-
works, providing key support for cross scale research from the
molecular level to systems biology.
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FP Fluorescence polarization
FA Fluorescence anisotropy
FRET Förster resonance energy transfer
BRET Bioluminescence resonance energy transfer
FCS Fluorescence correlation spectroscopy
CD Circular dichroism
MS Mass spectrometry
NMR Nuclear magnetic resonance
Kd Dissociation constant
trFRET Time-resolved FRET
smFRET Single-molecule FRET
kinFRET Kinetics FRET
SpS Spectral shift
EMSA Electrophoretic mobility shift assay
ACE Affinity capillary electrophoresis
KCE Kinetic capillary electrophoresis
MST Microscale thermophoresis
FFF Field-flow fractionation
BANC-seq Binding Affinities to Native Chromatin by

Sequencing
CE-SELEX Capillary electrophoresis-based systematic

evolution of ligands by exponential enrichment
kon Rates of association
koff Rates of dissociation
T Temperature
DH Enthalpy change
DS Entropy change
ITC Isothermal titration calorimetry
DSC Differential scanning calorimetry
n Stoichiometry
N Occupancy
Tm Melting temperature
SPR Surface plasmon resonance

BLI Bio-layer interferometry
QCM Quartz crystal microbalance
FAIVE Functional Aptamers in vitro Evolution
FACS Fluorescence-activated cell sorting
Df Frequency shift
OT Optical tweezers
MT Magnetic tweezers
AFM Atomic force microscopy
TPM Tethered particle motion
SNVs Single nucleotide variants
DG1 Standard Gibbs free energy change
DH1 Standard enthalpy change
DS1 Standard entropy change
TEEM Toehold exchange energy measurement
HRM High-resolution melting
FESA Free energy shift assay
TBA Thrombin-binding aptamer
BIND Binder-induced nucleic acid strand displacement
PAGE Polyacrylamide gel electrophoresis
m Mobility
FE-MC The folding energy measurement by molecular

clamping
MDRC Metastable DNA Reference Calorimetry
TEM Transmission electron microscopy
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