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ABSTRACT

DNA, the most iconic molecular architecture, is not only the carrier of genetic information but also a programmable, biocompati-
ble scaffold for nanoscale design. Its structural and physicochemical versatility makes it uniquely suited for self-assembly,
biomedical applications, and the development of dynamic devices and advanced materials. A key determinant of DNA behavior
across organizational levels is its interaction with ions, which governs hydration, stability, and compaction from the molecular to
the supramolecular scale. Beyond their biological roles, ion-DNA interactions underpin a variety of technologies: in nanostructure
assembly, cations stabilize DNA origami and multihelix constructs; in biosensing, ions enable aptamer folding, DNAzyme catal-
ysis, and metal-mediated base pairing; in nanomedicine, polyvalent cations drive DNA condensation into polyplexes for gene
delivery and stabilize nanorobots for logic-gated release; and in nanoelectronics and molecular computing, ions enhance
DNA conductivity and act as molecular inputs in ion-responsive logic gates. Ion-induced condensation, a form of nanoscale
confinement driven by electrostatics, remains a central phenomenon, linking biological function to material design. This review
emphasizes the technological potential of ion-driven DNA nanomechanics, integrating experimental evidence with multiscale
modeling, and highlights the emerging predictive role of computational tools in guiding the design of next-generation DNA-based
nanomaterials.

1 | Introduction

More than 70 years after its discovery [1-4], the DNA double
helix remains an emblematic molecular architecture, bridging

predictable self-assembly [5-7], enable biomedical applications
[8, 9], drive the design of dynamic nanodevices [10, 11], and
inspire innovative material applications [12-14].

biology and nanoscience. While the central biological role of
DNA in encoding and transmitting genetic information is well
established, DNA is increasingly recognized as a structurally
and functionally designable bionanoscale material. Its unique
physicochemical features support programmability and largely

At different organizational levels, from electronic and atomic to
nano and mesoscale, DNA exhibits distinct structural and
dynamic characteristics. These can range from local base-stack-
ing and ion hydration effects [15-17] to persistence length and
large-scale compaction [18, 19], offering a multiscale platform
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for applications in nanotechnology, materials design, and bioe-
lectronics. Importantly, while each level presents features
exploitable for different applications, confinement effects are par-
ticularly intricate at the nanoscale, where both structural and
electrostatic properties of DNA govern its response to ions and
hydration environments [20-25]. Confinement can arise in a
variety of environments: nanopores [26], surface-supported
assemblies [27], DNA origami constructs [28], and, most promi-
nently, ion-induced condensation [29]. Beyond condensation,
ion-DNA interactions are architects of a wide spectrum of nano-
technological applications. The range of DNA-based applications
enabled by ion-DNA interactions, and the underlying multiscale
mechanisms that support them, is summarized schematically in
Figure 1.

In structure-based DNA nanotechnology, DNA origami folding
and stability rely on cation-mediated screening of backbone
repulsion. Mg”* is the canonical stabilizing cation, although in
some cases, high Na™ concentrations can substitute it to enable
magnesium-free conditions [30, 31]. A careful design of the ionic
environment is thus a prerequisite for reliable assembly and
long-term stability of DNA nanostructures, intended for biomed-
ical or nanofabrication applications.

In biosensing, nucleic acid aptamers and DNAzymes require
specific ions for folding or catalytic activity. For instance, G-
quadruplex aptamers fold only in the presence of K* or Na*, while
metal-mediated base pairs such as C-Ag-C or T-Hg-T enable
selective ion sensing [32, 33]. These examples demonstrate how
ions stabilize nucleic acid structures while acting as conditional
structural and recognition elements in functional devices.
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In nanomedicine, polyvalent cations and polycations
(spermidine®*, spermine**) compact DNA and RNA into poly-
plexes, protecting them from degradation and facilitating cellular
uptake [34, 35]. Similarly, ion-stabilized DNA nanostructures
have been engineered as nanorobots for logic-gated cargo deliv-
ery, where structural integrity is maintained until triggered
release [31]. Ion-induced compaction is therefore central to gene
delivery systems as well as to the emerging field of logic-gated
DNA nanodevices.

In nanoelectronics and molecular computing, ions modulate
DNA conductivity and act as molecular inputs. The complexes
of metal ions with DNA have established a new field of research
related to metallized DNA (“M-DNA”), where the ions impart
new electronic properties to the system [36]. Ni**-bound DNA
enhances charge transport that can be used in energy devices
[37], while Gd**, Ag", or Hg** can switch DNA conformations
and thereby serve as logical inputs in strand-displacement cir-
cuits [32]. Together, these examples highlight that ions are not
merely species for electrostatic screening but active enablers of
structural stability, recognition, catalysis, and signal transduction
in DNA-based nanotechnology.

Ion-mediated DNA condensation is a phenomenon due to nano-
scale confinement driven by complex electrostatics. Counterions
screen the strong negative charge of the DNA backbone and
concurrently modulate hydration and interhelical interactions
[22, 38-42], thereby directing the transition from extended to
compact states. These processes are essential for genome packag-
ing in vivo [43] and serve as design principles for DNA-based
nanostructures in vitro [17, 44].
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FIGURE1 | Schematic overview of ion-DNA interactions across length scales. Ions modulate DNA structure from local hydration and groove bind-

ing to large-scale condensation and nanostructure assembly, enabling applications ranging from DNA origami and metallized nanowires to biosensing

and nanomedicine.
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A very recent review [45] has summarized the biological aspects
of ion-driven DNA condensation, combining experimental evi-
dence and computational models and showing how ion speci-
ficity, pH and dielectric effects, and charge inversion govern
processes from chromatin folding to viral genome packaging.
While ion-induced DNA condensation has long been studied
for its biological implications, here we emphasize its role as a
controllable confinement mechanism with direct technological
relevance. By examining both theoretical and computational
studies across scales, from atomistic to coarse-grained models,
and selected experimental studies, we show how ions act as active
determinants of structural organization beyond simple DNA
charge neutralization. These insights are crucial for translating
DNA condensation principles into nanoscale applications,
including conductive nanowires, energy-storage devices, nano-
pores, and programmable DNA-based carriers.

Recent reviews have addressed the physics of DNA self-assembly,
with Cumberworth and Reinhardt [5] providing an in-depth
analysis of origami, bricks, and related nanostructures. Their
emphasis is on cooperativity, nucleation barriers, and free-energy
landscapes obtained from simulations, but ionic effects and the
role of counterions are not explicitly addressed. In our current
review, we intend to show that the ionic environment is not
merely a background medium but a central regulator of DNA
behavior under confinement and during its condensation in tech-
nological applications. We will focus on ion-driven DNA conden-
sation as a model confined molecular system, highlighting the
structural principles and simulation strategies that enable nano-
scale design. By integrating results from experimental studies
with multiscale modeling studies [23, 46, 47], we aim to bridge
fundamental understanding with technological prospects and
position DNA-ion systems as versatile building blocks for future
bio-nanomaterials [36, 48]. We emphasize the essential role of
computational tools, from atomistic molecular dynamics to
coarse-grained and continuum models, in revealing and design-
ing ion-mediated confinement. Looking ahead, these tools are
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expected to have a transformative role in viewing ions as active
regulators of DNA behavior and to guide the creation of next-
generation DNA-based nanomaterials.

2 | The Structure and Dynamics of the DNA
Double Helix Hydration Shell

The DNA double helix consists of two antiparallel strands stabi-
lized by base stacking and hydrogen bonding. Its surface is not
uniform: two grooves of different widths and atomic composition
are separated by the sugar-phosphate backbone, which carries the
negative charges (Figure 2a). In the nucleus, the backbone nega-
tive charges are neutralized by counterions, which can be metal
ions (e.g., Mg**, K*, and Na™) or molecular ions such as poly-
amines (e.g, putrescine®®, spermidine®*, and spermine**).
These electrostatic and topological features make DNA an ion-
responsive nanostructure rather than a passive biopolymer.

The anionic backbone attracts positively charged ions along with
water molecules, forming a structured solvating ionic atmosphere
that is an integral part of the double helix [15, 16, 49-52] and being
crucial for stabilizing the DNA double helix, as demonstrated in
pioneering studies [1-4]. Changes in the hydration state can
induce conformational transitions in the DNA double helix [53].
The canonical B-DNA form is stabilized by approximately 40 water
molecules per base pair, whereas under reduced hydration, the
shorter A-DNA form is favored [52, 54, 55]. Besides relative humid-
ity, the B-A transition depends on the nucleotide sequence
[55, 56], type [54, 57, 58] and concentration of the salts
[59, 60]. Experimental studies [54, 61] have further shown that
larger ionic radii generally correlate with reduced hydration
requirements for the stabilization of the double helix.

As solvation affects DNA structure, so DNA in turn affects the
organization of the surrounding solvent. Using dielectric spectros-
copy and molecular dynamics (MD) simulations, Singh et al. [62]
showed that DNA influences the orientational dynamics of water
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FIGURE 2 | (a) DNA double helix fragment with major and minor grooves indicated. The zoomed-in view highlights adenine-thymine and gua-

nine-cytosine base pairs. Selected atoms are labeled to indicate preferential ion-binding sites, including phosphate oxygens and base heteroatoms. Atoms

are color-coded as follows: carbon (gray), nitrogen (blue), oxygen (red), phosphorus (orange), and hydrogen (white). (b) Schematic representation of the

DNA hydration shell based on computational and experimental data. Highly ordered water molecules (red) occupy the first solvation layer, while ions

(green) form an ion atmosphere around the double helix, approximately 7 A thick. The ordered water structure extends up to 18 A from the DNA surface.

Yellow arrows indicate the dynamical behavior of the solvation shell.
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up to ~18 A from its surface. Water and ions form a hydration
shell around DNA that comprises multiple layers, distinguishable
by the spatial distributions and residence times of water molecules
and ions around the double helix (see Figure 2b). The outermost
layer exhibits bulk-like behavior [62, 63]. Closer to the DNA, the
second solvation layer is formed by loosely bound water molecules
that do not directly interact with the macromolecular surface
but still exhibit structural order and slowed dynamics due to
long-range electrostatic interactions induced by DNA [62, 64].
Within this region, ion accumulation is also observed as a ~7 A
thick shell surrounding the double helix. Ion accumulation was
predicted theoretically in early studies [65, 66] and later confirmed
experimentally using small-angle X-ray scattering [67-69], buffer
equilibration with atomic emission spectroscopy [70], as well as
MD simulations [71, 72].

The innermost, first solvation layer consists of water molecules
and ions directly interacting with the DNA surface (i.e., with the
oxygen or nitrogen atoms of phosphate groups and nucleobases),
which exhibit structural and dynamical properties that differ
markedly from those of bulk solution. The particular structural
pattern of ions [73, 74] and water molecules [49, 75-77] is influ-
enced by the nucleotide sequence, while groove width also plays
a role [78]. X-ray [79, 80], NMR [81-83], chiral nonlinear spec-
troscopy [84], Monte Carlo [85], and MD studies [73, 75, 77, 78]
have shown that in the minor groove water molecules can bridge
bases on opposite strands, forming an ordered “spine of hydra-
tion”—a dynamic, chiral structure induced by the confined
groove. Recent work combining chiral vibrational spectroscopy
and MD simulations [64] further demonstrates that water ordering
also occurs in the major groove and around the phosphate groups.
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FIGURE 3 |

Near the DNA surface, water dynamics slow down nearly fivefold
compared to bulk [86, 87].The slowest molecules can be found in
the most confined regions [77], where water can reside for over
200 ps [81, 88-90]. Water reorientation and hydrogen-bond rear-
rangements occur on picosecond timescales, extending up to
~100 ps in confined regions, especially in the minor groove
[91-93].

Similarly to water molecules, counterions associate with phos-
phate oxygens and the nitrogen or oxygen atoms of the bases,
with preferential binding at the N7 site in the major groove
[16, 94-96] (see Figure 2a). Certain cations, such as Cs* [97],
Rb* [80], and Na*t [74], can also occupy the hydration spine
of the minor groove without disturbing its structure. MD simu-
lations further revealed that the distributions and binding pat-
terns of mono- and divalent counterions differ markedly
between DNA and RNA [98].

The hydration behavior of counterions governs their interaction
with DNA and their effect on water structure. They are classified
as kosmotropes or chaotropes depending on their ability to struc-
ture water [99-101]. Kosmotropes (Na*, Li*, Ca**, and Mg**)
bind water strongly and stabilize the hydrogen-bond network,
whereas chaotropes (K*, Rb*, Cs*, and NH,*) weaken it. MD
studies show longer water residence times around kosmotropes
[102], influenced by ion position near DNA [103]. Thus, kosmo-
tropes interact mainly through their hydration shells, while
weakly hydrated chaotropes can penetrate DNA grooves
[25, 103, 104]. Both MD simulations [15, 25, 104, 105], including
microsecond-scale studies [106-108], and experimental techni-
ques (see, for example, NMR studies on Na*> [109, 110]) further
show that counterion residence times at DNA binding sites span

Multivalent and molecular ions
NHY putrescine?® Co(NHs)s"
+
+¥ P > b )
7Y B-GH-0e.

spermidine®*

w““ u"/&f ¢ '

spermine**

Typical examples of DNA counterions, including condensation agents. Hydration shells are represented by circles: a solid light-blue

circle with gradient fill for kosmotropic ions, a dashed circle for chaotropic ions, and a solid light-blue empty circle for the ion with borderline hydration

character. (a) Monovalent ions. (b) Divalent ions. (c) Multivalent and molecular ions. (d) Typical binding sites of counterions on DNA nucleotides (based

on refs. [50, 95]). Red asterisks denote characteristic binding sites common to all kinds of metal ions, while green asterisks indicate sites specific to

divalent ions.
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from tens of picoseconds to several nanoseconds, depending on
the DNA sequence, compartment, and ion type.

Together, water and counterion interactions govern the struc-
tural integrity of the DNA double helix, differing between the
grooves and backbone. These interactions underlie ion-mediated
DNA organization, compaction, and stability, which are funda-
mental to nanotechnology applications ranging from program-
mable assemblies to DNA-based devices.

3 | DNA Condensation

DNA condensation is a well-established phenomenon observed in
numerous experiments and strongly influenced by the counterions
surrounding the DNA double helix. The process may follow
distinct pathways depending on the charge, size, and hydration
properties of the ions, as well as on the DNA concentration, nucle-
otide sequence, and other molecular or environmental factors. It
occurs both in vivo and in vitro and underlies a wide range of
applications from gene delivery to nanomaterials design. Several
comprehensive reviews have addressed this topic, ranging from
classical works of Bloomfield [20, 111] to more recent analyses
[45, 112, 113]. In this section, we discuss the ionic specificity of
DNA condensation and how ion-specific effects can be exploited
in various technological applications.

Experimental studies show that DNA condenses at sufficiently
high ion concentrations [20]. This effect strengthens with
increasing ion charge. Typically, condensation occurs with ions
of charge 3+ or higher, can occur under some conditions with
divalent ions, but does not occur with monovalent ions. In prac-
tice, all charged species in solution influence the condensation of
DNA. Common condensing agents include organic polycations
such as spermidine®* and spermine** or inorganic complexes
like [Co(NH;)s]** (Figure 3).

At the microscopic level, counterions interact with specific bind-
ing sites on DNA, including the oxygen atoms of the phosphate
groups, as well as oxygen and nitrogen atoms in the minor and
major grooves of the DNA double helix. These characteristic
binding sites are indicated by asterisks in Figure 3d.

DNA condensation can proceed through several pathways,
classified as all-or-none compaction, progressive compaction,
adsorption, and wrapping around a core particle [113]. In the
all-or-none mechanism, DNA molecules collapse into a compact
form without intermediate states; as a result, some chains remain
elongated, while others are fully collapsed. In progressive com-
paction, all DNA chains gradually adopt the compact form. Both
modes involve DNA-DNA contacts mediated by counterions.
The third pathway occurs when DNA interacts with a charged
nanoparticle, such as a nucleosome core particle containing his-
tone proteins.

Depending on specific conditions, such as the type and concen-
tration of the condensing agent and other environmental factors,
DNA condensation can give rise to diverse morphologies, includ-
ing globular, rod-like, and toroidal forms. To elucidate the mech-
anisms underlying these structural transitions, the following
subsections examine the effects of ions with different valencies:
multivalent, divalent, and monovalent. The section concludes
with an overview of the physical models developed to describe
the fundamental principles governing DNA condensation.

3.1 | Effect of Multivalent Ions and Polycations

DNA condensation induced by multivalent ions and polycations
can be described as a coil-globule transition. Fluorescence
microscopy studies of individual bacteriophage T4dC DNA mol-
ecules (166 kbp) revealed that this transition occurs abruptly and
discretely, following an “all-or-none” mechanism rather than a
gradual process as inferred from bulk measurements [114, 115].
At a critical concentration of a condensing agent such as
spermidine®* or spermine**, DNA molecules switch sharply
from an extended coil to a compact globule. Increasing the poly-
amine charge by one unit lowers the threshold concentration for
condensation by roughly an order of magnitude, from about 1 to
0.01 mM.

Deng and Bloomfield [116] compared the effects of three trivalent
cobalt-amine complexes on DNA condensation using light scat-
tering and electron microscopy. The studied complexes, hexam-
mine [Co(NH;)s]** (Cohex), tris(ethylenediamine) cobalt(III)

(a)
RandB

(b)

Polyamine cross-links
DNA1

FIGURE4 | Polyamine-mediated cross-links between DNA molecules. (a) Snapshot of a complex formed by two DNA oligomers with the nucleotide
sequence d(CGCGATATCGCGCGAATTCGCG). This system is referred to as R and B in ref. [118]. (b) Schematic representation of the complex,
highlighting how polyamines are coordinated by the phosphate groups of different DNA strands, schematically represented by red springs.
Adapted with permission [118]. Copyright 2022, Springer Nature Switzerland AG.
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(Coen), and cobalt(IIT) sepulchrate (Cosep), share similar coor-
dination geometries but differ in size and hydrophobicity, in
the order Cosep > Coen > Cohex. All three condense DNA effec-
tively at sufficient concentrations; however, Cosep was roughly
twice as efficient as Cohex or Coen in inducing DNA precipita-
tion. The condensation of DNA by [Co(NH;)s|** was also studied
by Conwell et al. [117] who investigated how intrinsic DNA cur-
vature and ionic strength influence the morphology of DNA con-
densates. Two linear DNA fragments were used: a 3 kb plasmid
(2961 bp) without curvature and Atract60 (3681 bp), a DNA frag-
ment containing phased A-tracts that generate a sequence-
directed curved region, which serves as a static nucleation loop
for condensation. The loop size, determined by the intrinsic cur-
vature of the DNA, set the toroid diameter, whereas the toroid
thickness depended solely on salt concentration (NaCl or
MgClI?). This decoupling of nucleation and growth demonstrates
their independence and provides a powerful framework for con-
trolling nanoscale DNA architectures.

DNA-DNA contact formation mediated by elongated polyamine
ions, an essential step preceding full condensation, has been
extensively studied both theoretically and experimentally
[17, 118]. Yoo et al. [17] investigated how DNA sequence and
methylation influence inter-duplex attraction in the presence
of spermine** using all-atom MD simulations and single-mole-
cule fluorescence resonance energy transfer (FRET) experiments.
Methyl groups on thymine or methylated cytosine sterically hin-
der spermine** binding to the major groove (especially at purine
N), forcing relocation toward the backbone and interhelical
regions, where bridging between duplexes enhances attraction.
Increasing NaCl concentration reduces spermine** binding
and weakens inter-duplex attraction, highlighting the competi-
tive role of monovalent ions. Similar to spermine**, the trica-
tionic polyamine spermidine®* also promotes DNA-DNA
association by linking adjacent helices, as shown by MD simu-
lations from our group [118, 119]. This polyamine can localize
in the minor groove of one DNA molecule while simultaneously
interacting with the phosphate groups of another (Figure 4a).
Through these interactions, spermidine®* forms cross-links
between macromolecules (Figure 4b). Conformational flexibility
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FIGURE6 | Positioning of spermidine®* in the minor groove of an A-

tract region. The upper panel shows a snapshot of the spermidine-DNA
complex, while the lower panel depicts the dependence of the minor
groove width on the nucleotide sequence. The figure is based on data
from ref. [40].

plays a crucial role in this process [120, 121]. Within DNA-DNA
contacts, the polyamine can adopt a strongly bent conformation,
in which its three amino groups interact with DNA phosphate
groups on the minor groove side (Figure 5a). The dihedral angles
accessible to the polyamine backbone resemble those in cyclo-
hexane and cycloheptane (Figure 5b).

DNA condensation can exhibit sequence specificity because poly-
amine positioning along the double helix depends on the nucle-
otide sequence [40, 121]. MD simulations have shown that
polyamines preferentially occupy the narrowest region of the
double helix, the minor groove, where their localization reflects
sequence-dependent variations in groove width [40]. As a result,
polyamines show a clear propensity for A-tract regions, where
the minor groove is particularly narrow (Figure 6). The formation
of anomalous bent conformations of spermine** is likewise

(b) Spermidine®* with POs Cyclohexane-like part
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FIGURE 5 | Structure of the anomalous bent conformation of spermidine®* in complex with a DNA oligomer with the nucleotide sequence

d(CGCGAATTCGCGCGAATTCGCG). (a) Snapshot of a spermidine-DNA complex, with the polyamine localized in the minor groove in the
AATT nucleotide region, linking two phosphate groups of opposite strands. The structures on the left and in the middle depict the DNA double helix
with the polyamine molecule from different perspectives. Detailed views of spermidine®* are shown on the right. (b) Representative conformations of
spermidine®* in the anomalous bent state. The left panel illustrates the association of bent spermidine®* with oxygen atoms of DNA phosphate groups.
The upper right panel shows the (N1-C4-C5-C6-N2) segment of spermidine®*, forming a six-membered cyclic motif that includes the OP1 oxygen atom of
a DNA phosphate group. The lower right panel shows the coordination involving the (N-C-C1-C2-C3-N1) segment of spermidine®* forming a seven-
membered ring with the OP1 phosphate oxygen. Adapted with permission [121]. Copyright 2024, AIP Publishing.
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Textures of DNA films with salts

DNA + KCI DNA + RbCl

DNA + CsCl

() |

(11D

ho

FIGURE7 | DNA texturesand liquid crystalline phases formed under the influence of counterions. Left panel (top): Textures of DNA films formed
with CsCl (30 mM), KCI (5 mM), and RbCl (5 mM) excess salts in the initial solution (DNA concentration in initial solution: 0.2 mg/mL). Left panel
(bottom): Schematic illustrating (I) initial saturated solution of DNA, (II) saturated DNA solution, (IIT) dried DNA film. Adapted with permission [122].
Copyright 2013, Wiley Periodicals, Inc. Right panel: Polarizing microscopy images showing the textures of the large-pitch cholesteric phase formed by
spermidine®* -condensed DNA. (a) Cholesteric droplets coexisting with a dilute isotropic phase; droplets may trap bubbles (arrows) (16 mM NaCl, 4 mM
spermidine®*). (b) Nematic textures characterized by black brush defects (10.7 mM NaCl, 7.9 mM spermidine®*). (c) Cholesteric texture with a large-
pitch and a few embedded isotropic droplets (arrows). (d) Tear-shaped defect line indicative of cholesteric organization. (e) Likely cholesteric birefrin-
gent texture with many isotropic bubbles (10.7 mM NaCl, 7.9 mM spermidine**). (f,g) Fingerprint textures characteristic of the cholesteric phase,
observed under different thermal and ionic conditions: (f) 25 mM NaCl, 30 mM spermidine** and (g) 5.7 mM NaCl, 10 mM MgCl,, 7.8 mM spermidine®*.

Adapted with permission [123]. Copyright 1996, The Biophysical Society. Published by Elsevier Inc.

favored in specific sequences [121]. These sequence-dependent
interactions play a crucial role in regulating the formation of
polyamine-mediated DNA-DNA cross-links and, consequently,
in controlling DNA aggregation processes that can be exploited
for diverse technological applications.

Through their interactions with DNA, counterions can induce
the formation of large DNA aggregates and ordered structures
(Figure 7). These organized DNA-counterion assemblies have
been observed both as surface textures formed after solvent evap-
oration [122, 124, 125] and as liquid—crystalline phases [123, 126].
For alkali metal ions, evaporation of the solution produces frac-
tal-like surface patterns that arise from salt crystallization on
DNA and the formation of DNA-salt complexes (Figure 7).
The presence of DNA strongly enhances salt crystallization
compared to pure salt solutions. The tendency of excess salt to
form crystalline structures decreases in the following order:
KCl > NaCl > RbCl > CsCl > LiCl [122]. Multivalent ions
can also induce structural ordering of short DNA fragments into
distinct liquid-crystalline phases. For instance, the polyamine
spermidine®* promotes two structurally distinct DNA meso-
phases: cholesteric and columnar hexagonal [123]. The phase
behavior depends critically on spermidine and salt concentra-
tions, as well as on the length of the DNA fragment. As an illus-
tration, see the textures of the cholesteric phase of DNA with
spermidine®* (Figure 7 right panel). A distinct type of liquid crys-
talline organization has been observed for short DNA fragments
that assemble into columnar structures [126]. MD simulations
later showed that the formation of these columnar structures

arises from interactions between the terminal base pairs of the
double helix [118, 127]. The ability of counterions to induce such
ordered DNA architectures can be exploited in technological
applications.

3.2 | Effect of Divalent Ions

The effects of divalent ions on DNA condensation are less pro-
nounced than those of multivalent counterions and depend
strongly on the specific ion involved. Raman studies have shown
that transition metal ions (Mn**, Co**, Ni**, Cu®**, Pd**, and
Cd**) perturb the double helix structure through strong interac-
tions between cations and nucleotide base atoms [128]. DNA
aggregates form upon heating to temperatures near the melting
temperature and subsequently dissociate [129]. This aggregation
behavior can be explained by the formation of ion-mediated
cross-links that arise after partial DNA melting, as described in
the model proposed by Shibata and Schurr [130].

The formation of DNA-DNA contacts mediated by Mn?" ions is
much more pronounced compared to Mg>* ions [131]. The dif-
ferent efficiencies of these ions as condensation agents are attrib-
uted to the specific interactions with the DNA double helix. X-ray
analysis of DNA in the presence of Mg>* shows that these ions
bind primarily to the phosphate groups of the backbone, with
water molecules from the ion’s hydration shell playing an essen-
tial role [80]. In contrast, NMR experiments show that Mn>* ions
bind to atoms of the nucleobases from the minor groove side
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[132]. The formation of DNA-DNA contacts induced by divalent
metal ions has been observed in rheology experiments on .-DNA
solutions [44]. In these experiments, monovalent cations were
found to slightly enhance viscoelasticity, whereas divalent cati-
ons such as Mg>* caused more complex structural changes by
promoting DNA-DNA crosslinks.

The nucleotide sequence is a key factor in DNA condensation
induced by divalent metal ions. Sequence-dependent condensa-
tion of DNA has been observed with Ni** ions [133]. In particu-
lar, GC-rich motifs exhibit DNA condensation at millimolar ion
concentrations, whereas AT-rich sequences do not condense
even at ten times higher ion concentrations. This behavior is
explained by the B-Z transition of the GC nucleotide sequence,
which facilitates the localization of counterions in configurations
favorable for the formation of DNA-DNA contacts. More gener-
ally, DNA condensation under these conditions can be described
within the framework of the electrostatic “zipper” model by
Kornyshev and Leikin [134].

Not all divalent ions are capable to induce DNA aggregation.
Vibrational Raman spectroscopic studies of DNA in the presence
of Zn** show no aggregation [135]. In general, the ability of diva-
lent metal ions to promote DNA aggregation decreases in the fol-
lowing order: Cd** > Ni** > Co®* > Mn** ~ Ca** > Mg®* [129].

3.3 | Effect of Monovalent Ions

In contrast to multivalent counterions, monovalent ions interact
only weakly with the DNA backbone and do not induce conden-
sation. Their limited electrostatic correlations are insufficient to
reverse the DNA charge; consequently, charge inversion and
aggregation observed with polyamines such as spermidine®*
are absent [111]

Among monovalent ions, Li* interacts most strongly with the
phosphate groups of the DNA backbone, with interaction
strengths reported to be significantly stronger than those of other
monovalent ions [22, 98, 104]. This behavior arises from the
unique hydration properties of Li*, which stabilize its association
with the oxygen atoms of the phosphate groups [104]. The for-
mation of such ion-phosphate complexes contributes to the
development of gel-like structures in DNA solutions at high
LiCl concentrations, where ion-mediated DNA-DNA contacts
can occur [136, 137]. DNA condensation induced by monovalent
ions has also been reported for organic tetraphenylchloridearsine
ions [138], whose hydrophobic tetrahedral structure promotes
DNA aggregation even at very low concentrations. However,
whether monovalent ions alone can induce DNA condensation
remains controversial.

3.4 | Effect of Organic Salts and
Small-Molecule Drugs

Organic salts (including ionic liquids and cationic surfactants), as
well as small-molecule drugs, can modulate DNA compaction,
aggregation, and mechanical response through a combination
of mechanisms that involve not only electrostatic interactions with
charged functional groups but also hydrophobic and/or aromatic
moieties and directional hydrogen bonding. A representative
example is provided by ionic liquids (ILs), whose tunable

cation-anion chemistry can stabilize duplex DNA, modify hydra-
tion structure, and reshape DNA mechanical properties. These
effects depend sensitively on alkyl-chain length, aromaticity,
and ion pairing. A comprehensive review by Egorova et al. [139]
summarizes how IL micro-heterogeneity and specific ion-
groove interactions control nucleic-acid stabilization. These
mechanistic insights also underpin emerging applications in
nucleic-acid handling and delivery. Single-molecule and bulk
measurements further show that imidazolium-based ILs can
measurably alter dsSDNA elasticity and conformational transitions,
consistent with a mixed electrostatic-hydrophobic binding sce-
nario coupled with solvent reorganization [140]. Cationic surfac-
tants and related amphiphilic organic salts constitute another
important class of compounds capable of inducing DNA collapse,
with a pronounced dependence on hydrophobic chain length and
cooperative surfactant aggregation on the DNA surface. Single-
molecule optical-tweezer experiments demonstrated clear signa-
tures of surfactant-induced DNA compaction when hydrophobic
tails exceed a critical length, consistent with the formation of a
condensed DNA-surfactant phase [141]. Related single-molecule
force spectroscopy studies further showed that DNA compaction
by monovalent cationic surfactants can be driven predominantly
by cooperative hydrophobic aggregation of bound molecules, rather
than by classical multivalent charge neutralization [142] Small-
molecule drugs can also modulate DNA condensation indirectly
by altering DNA structure, mechanics, and intermolecular
recognition. Drug-DNA interactions can be cooperative and
environment-dependent, such that ligand binding modifies
DNA-DNA association propensities without relying solely on clas-
sical multivalent ‘condensing counterions’ [143]. In this context,
Lima et al. [144] demonstrated that the intercalating anticancer
drug mitoxantrone induces DNA condensation only above a thresh-
old concentration, coinciding with the onset of strongly cooperative
binding and a collapse of DNA mechanical stiffness. These results
indicate that condensation emerges from collective, higher-order
effects of ligand binding rather than from simple charge neutrali-
zation by multivalent ions. Related biophysical studies on prot-
amine-induced DNA condensation further demonstrate that
small-molecule DNA binders can also modulate condensation path-
ways in a binding-mode-dependent manner. In particular, interca-
lators and minor-groove binders were shown to suppress DNA
condensation through distinct mechanisms: intercalators directly
compete with condensing agents, whereas minor-groove binders
act allosterically by altering DNA stiffness and groove geometry
[145]. More generally, different classes of DNA binders can induce
changes in groove geometry, hydration, and local electrostatics,
often in a sequence-dependent manner, which in turn reweight
DNA-DNA interactions and the surrounding ion atmosphere.
High-resolution structural surveys document such ligand-induced
DNA deformations, including groove widening, bending, base
flip-out, and hydration rearrangements, depending on binding
mode and sequence context [146], while recent structure-based
and structure-property studies highlight how specific chemical
features and conformational flexibility of minor-groove binders
tune binding modes, specificity, and functional performances
[147, 148]. Beyond canonical binding, small-molecule DNA binders
can programmably regulate DNA reaction pathways by coopera-
tively modulating DNA structure and accessibility, supporting
the idea that small molecules can exert indirect, higher-order con-
trol over DNA-DNA interactions and nucleicacid behavior at meso-
scopic scales [149]. Consistent with this picture, a recent review [45]
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explicitly emphasizes hydrophobic contributions from organic cat-
ions as key drivers of DNA compaction and charge regulation,
underscoring why organic salts and amphiphilic drugs can produce
condensation phenomenology that differs qualitatively from that
observed in purely inorganic electrolytes.

3.5 | Models of DNA Condensation

Several widely used theoretical models describe DNA condensa-
tion. Among them, Ray and Manning investigated how two neg-
atively charged rod-like polyions, such as DNA or similar
polyelectrolytes, can attract each other despite their like charges
[150]. In their model, the rods are treated as rigid, infinitely long,
and uniformly charged (Figure 8a). Positive counterions con-
dense onto the rods according to Manning’s counterion conden-
sation theory [153]. When the rods approach each other closely,
some of the condensed counterions can be shared between them,
generating an attractive force that overcomes electrostatic repul-
sion within a limited separation range. The model predicts that
this attraction can exceed the thermal energy in the presence of
multivalent ions, whereas for monovalent ions, it remains very
weak. It should be noted that this model accounts only for elec-
trostatic interactions, while hydration and other ion-specific
effects may also play important roles in DNA condensation.

Rouzina and Bloomfield developed a model describing two mac-
roion surfaces with identical high surface charge immersed in an
electrolyte containing multivalent counterions [151]. The coun-
terions are divided into two populations: adsorbed ions that form
a mobile quasi-2D layer near the surfaces and a diffuse ion cloud
farther away in the bulk solution (Figure 8b). The model dem-
onstrates that electrostatic correlation among counterions can
lead to attraction between like-charged surfaces, with the
pseudo-2D layer of adsorbed ions being particularly effective
in generating this attraction. This model helps explain why
DNA condenses in the presence of multivalent ions.

An elegant model proposed by Shklovskii describes DNA conden-
sation as driven by the formation of a Wigner crystal phase [152].
In this theory, DNA macromolecules are treated as infinitely long,
uniformly charged rods surrounded by counterions. The central

(a)

‘g -9

idea is that counterions condense on the rods and form an ordered
lattice of charges, a Wigner crystal, that mediates attractive inter-
actions between them. This ordering is governed by a single
dimensionless parameter that combines charge density, ion spac-
ing, and geometry. For DNA, the ordering effectively reduces to
one dimension along the helix. The model predicts regimes in
which attraction becomes energetically favorable, depending on
ion valence, surface charge density, and geometry.It also shows
how the counterion ordering can overcome the repulsion pre-
dicted by mean-field theories. The concept of counterion ordering
has also been extended to studies modeling DNA with counterions
as an ionic lattice [24, 41, 154-158], enabling the description of
ion-phosphate vibrations observed in the low-frequency spectral
range (Figure 8c). These approaches, which conceptualize DNA
with its counterions as an ordered system, provide a mechanistic
and unifying framework for understanding the phenomenon of
DNA condensation.

Kornyshev and Leikin [134] introduced a model describing the for-
mation of stabilizing complexes between two DNA molecules. The
core concept is the electrostatic zipper motif. In this model, DNA
helices having a helical charge distribution arising from phos-
phates and counterions bound in grooves can approach each other
in specific orientations and separations such that the charges along
the grooves of one helix align with oppositely charged groups on
the other (Figure 8d). When counterions bind in the grooves in
particular configurations, they create an axial charge separation
in which positive charges distributed along the axis through bound
ions can “fasten” the two helices together by maximizing opposite-
charge contact. In this analogy, the grooves act as the “teeth” in a
zipper; when they interlock in favorable orientation, attraction is
enhanced and repulsion minimized. The predictions of this theory
quantitatively agree with many experimental observations.

4 | Modeling Challenges and Computational
Advances

Modeling nucleic acid-ion interactions is a challenging task in
computational chemistry due to the complex, multiscale nature
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FIGURE 8 | Models of DNA-DNA attraction. (a) A model based on the simple polyelectrolyte approach: two chains of charges g in parallel orien-
tation with separation distance p. Adapted with permission [150]. Copyright 1994, American Chemical Society. (b) A model of surface-surface interac-

tion between charged planes. o is the charge density, & is the separation distance, and z is the valency of counterions. Adapted with permission [151].

Copyright 1996, American Chemical Society. (c) Models of ionic ordering: schematic representation of counterion arrangement around DNA according
to the Wigner crystal model [152] and the ion-phosphate lattice model [24]. (d) Electrostatic zipper "motif' model [134]. The structure of canonical B-
DNA is shown on the left. Simplified representation of attracting DNA helices is shown on the right: negatively charged phosphate groups of the

macromolecule backbone and positively charged counterions localized in the grooves of the double helix are arranged next to each other, creating
a "zipper” of electrostatic attraction between macromolecules. Adapted with permission [134]. Copyright 1999, American Physical Society.
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of these interactions. Some key challenges are discussed in the
following.

4.1 | Force Field Limitations

Standard biomolecular force fields, which assume fixed atomic
charges and pairwise-additive interactions, may not always be
able to accurately reproduce metal ion binding affinities and
geometries. While fixed-charge force fields reliably reproduce
global DNA structure in simple electrolyte environments, their
limitations can affect functional nanostructures. For instance,
specific ion-DNA interactions can cause clustering of local ionic
concentration in the region where DNA molecules make direct
contact [159]. Inaccurate ion coordination to certain DNA sites
leads to discrepancies with experimentally observed ion selectiv-
ity [72], and overestimated binding to phosphates [160] further
exemplifies these shortcomings. These fixed-charge limitations
have clear implications for the modeling of systems such as
DNA origami, DNAzymes, or metallized DNA. Metal cations
can exhibit diverse coordination numbers and geometries, and
induce polarization of nearby atoms, effects that simple nonpo-
larizable models cannot capture well. For example, divalent ions
such as Mg>* or Zn>* may coordinate directly to nucleic acid
functional groups or to water molecules in the first hydration
shell. A fixed-charge force field with a point-charge ion may
either over-stabilize or under-stabilize such contacts. This limi-
tation means that simulations can have difficulty distinguishing a
fine ion specificity. For example, explaining why K* and Na*
have different stabilizing effects on a G-quadruplex [161, 162]
or predicting the structural effects of replacing one ion with
another. Benchmarking studies and critical assessments of ion
force fields have shown that ion-DNA interactions are highly
sensitive to ion parameterization [163, 164]. Large-scale atomistic
simulations of DNA condensates have demonstrated that quan-
titative agreement with experimentally measured DNA-DNA
forces requires careful calibration of ion-phosphate interactions;
simulations employing unrefined ion parameters favor a direct
ion-bridging mechanism, whereas calibrated models support a
noncontact ion-mediated condensation mechanism [160]. More
sophisticated ion models incorporating a 12-6-4 Lennard-Jones
potential have been proposed to partially account for charge-
induced polarization effects and have been subjected to prelim-
inary tests on Mg®>*-DNA systems, showing improved local
ion-phosphate coordination relative to standard force-field
parameters [164]. However, such approaches have not yet been
adopted for large-scale DNA assemblies or collective ionic
environments.

4.2 | Ion Hydration and Dynamics

Correctly modeling the hydration shell of ions is critical for accu-
rate DNA simulations. Ions such as Mg”" carry a tightly bound
first shell of water molecules that mediate interactions with
DNA. Experimental properties such as catalytic rates, folding
yields, and mechanical stiffness are often ultimately governed by
subtle differences in ion hydration structure and water-exchange
dynamics, which control water residence times, orientational
ordering, and the effective electrostatic environment surround-
ing DNA [62, 102]. Conventional fixed-charge force fields may

inadequately capture ion hydration, binding energetics, and resi-
dence times, leading to inaccuracies in ion localization and inter-
molecular forces that hinder quantitative comparison with
experimentally measured structural and mechanical properties
in ion-responsive DNA nanostructures [106, 160, 164]. In simu-
lations, if an ion’s hydration free energy or exchange kinetics are
not well described, the residence times and strength of DNA-ion
contacts will be inaccurate. Moreover, many-body effects, such as
ions polarizing water, which in turn influences DNA, mean that
any purely additive model can misinterpret how an ion “sees” the
nucleic acid. Polarizable force fields provide a state-of-the-art
solution. For instance, the AMOEBA and Drude oscillator mod-
els include inducible dipoles, allowing the ion’s electric field to
polarize the DNA and water molecules and vice versa. These
advanced force fields have been developed for nucleic acids
and their ions and validated in long simulations of DNA and
RNA that show improved agreement with experimental observ-
ables [165]. By accounting for electronic polarization, such mod-
els may better reproduce ion residence times and coordination
geometries around nucleic acids than conventional force fields.

4.3 | Sampling and Ion Atmosphere

The ion atmosphere around DNA and RNA, a diffuse cloud com-
prising hundreds of ions even for short oligonucleotides, is chal-
lenging to sample computationally. Ions may temporarily bind
in the grooves or at specific sites. Capturing the equilibrium dis-
tribution of multiple ions requires extensive sampling. Several
studies show that ion distributions, especially near subtle
sequence-dependent features such as AT-rich versus GC-rich
regions or narrow minor grooves, converge very slowly in sim-
ulations [106]. Enhancing sampling via techniques like replica
exchange, grand-canonical Monte Carlo moves for ions, or long
time-scale MD simulations is often necessary to achieve con-
verged ion populations around nucleic acids. Insufficient sam-
pling can lead to artifacts, e.g., a simulation might get a
spuriously “stuck” ion in a site, skewing the results. Thus,
computational models must carefully address the stochastic,
dynamic nature of ion association with nucleic acids.

4.4 | Reactive Chemistry and QM/MM

In nucleic acid catalysts such as ribozymes and DNAzymes,
metal ions often participate directly in phosphodiester bond
cleavage, acting beyond simple electrostatic screening and ren-
dering purely classical molecular dynamics intrinsically insuffi-
cient. In such cases, quantum mechanics/molecular mechanics
(QM/MM) methods provide a natural framework to describe
the reactive chemistry. A localized region containing the reacting
groups and the catalytic metal ion is treated quantum mechani-
cally, typically using density functional theory (DFT), while the
remainder of the system is described by a classical force field.
This framework, originally formulated by Warshel and Levitt
[166] and later systematized for biomolecular systems [167],
enables an explicit description of polarization, charge transfer,
and electronic rearrangements associated with metal-assisted
catalysis in nucleic acids [168]. QM/MM therefore enables sim-
ulation of bond-breaking and bond-forming events and metal-
ion-assisted catalytic mechanisms in nucleic acids, including

10 of 37

Small Structures, 2026

85UB017 SUOWILIOD BA11E81D) 8]qeo! [dde au) Aq peusenob ale Se[ole YO ‘8Sn J0 S8|ni o} Akeid18UlIUQ A8]1M UO (SUONIPUOD-PUe-SWB) 00" A3 1M AleIq Ul juo//Sdny) SUORIPUOD pue swe | 841 89S *[9202/50/52] Uo Ariqiauluo A8 |im * 1e1BeD 1 ISIBAIUN - 1900 B0S3ouRlS Aq 987005202 11SS/200T 0T/I0p/W00" A8 | AReiq 1 put|uo//sciy Wwo.j pepeojumod ‘€ ‘9202 ‘290v8892



RNA-cleaving DNAzymes [169]. For example, QM/MM simula-
tions have been used to resolve metal-assisted phosphoryl transfer
mechanisms in nucleic-acid chemistry, as demonstrated in studies
of human DNA polymerase A [170]. In that work, Mg+ and Mn**
ions play direct catalytic roles that cannot be captured by classical
molecular dynamics. In a DNAzyme-specific context, Aranda et al.
[171] combined classical MD and QM/MM free-energy simula-
tions to resolve the full catalytic mechanism of the 9DB1
DNAzyme, showing that explicit treatment of Mg?" ions is essen-
tial to reproduce experimentally observed RNA ligation activity. A
key challenge in such simulations is the choice of an accurate
quantum description, as different DFT functionals can yield sub-
stantially different reaction energetics. Nevertheless, QM/MM,
when complemented by ab initio fragment calculations and
DFT benchmarks on model complexes, provides critical insight
into the reactive roles of ions bound to nucleic acids.

4.5 | Multiscale Approaches

The behavior of nucleic acids in ionic environments spans
multiple spatial and temporal scales, from the femtosecond fluc-
tuations of hydration water to mesoscale DNA condensation
and chromatin organization. Capturing this hierarchy requires
multiscale modeling, where atomistic accuracy is systematically
transferred to coarse-grained (CG) and continuum descriptions.
Among the most physically grounded techniques developed for
this purpose is the inverse Monte Carlo (IMC) method introduced
by Lyubartsev and Laaksonen [172] and further advanced in col-
laborative works with Nordenskifld and Korolev. The IMC
approach inverts the radial distribution functions (RDFs) obtained
from fully atomistic molecular dynamics or Monte Carlo simula-
tions to derive effective pairwise interaction potentials between
coarse-grained sites. These potentials are iteratively refined until
the CG model reproduces the target RDFs with statistical fidelity,
ensuring thermodynamic consistency between scales. Within the
broader theoretical context of predictive coarse-graining and
multiscale modeling [173, 174], these approaches provide a quan-
titative link between microscopic ion-DNA interactions and exper-
imentally measurable macroscopic properties.

The IMC method has proven particularly powerful for modeling
DNA-ion systems, where explicit solvent and ion correlations
play essential roles. Lyubartsev and Nordenskiold [175, 176]
demonstrated that CG models derived via IMC reproduce the
experimentally observed counterion condensation and DNA-
DNA attraction mediated by multivalent cations. Later, Korolev
et al. [177-180] extended the framework to describe the sequence
dependence of DNA flexibility, DNA aggregation induced by
multivalent and molecular ions, and electrostatic interactions
in chromatin fibers. These studies established a bridge between
atomistic electrostatics and mesoscale DNA mechanics, allowing
quantitative exploration of how specific ionic conditions trans-
late into macroscopic condensation forces.

Recent developments have combined IMC-derived potentials
with coarse-grained molecular dynamics, Brownian dynamics,
and Poisson-Boltzmann or density-functional models, enabling
direct simulation of DNA arrays, chromatin compaction, and
polyelectrolyte complexation under experimentally relevant salt
concentrations. This multiscale paradigm provides not only
computational efficiency but also transferability across ionic

conditions and molecular topologies, which is difficult to achieve
with purely empirical CG models.

By integrating atomistic accuracy with mesoscale statistics, mul-
tiscale approaches such as IMC constitute a cornerstone of con-
temporary computational biophysics. They make it possible to
interpret the microscopic origin of ion-mediated forces and pre-
dict emergent behaviors such as bundle formation, elasticity
changes, and phase transitions. As such, these models comple-
ment the higher-resolution methods described in Sections 4.1-
4.4, forming a coherent computational hierarchy that connects
electronic-scale polarization to mesoscopic DNA organization
—an essential framework for understanding and designing
DNA-based nanomaterials.

In summary, modeling nucleic acid-ion interactions requires
balancing electrostatic accuracy, ion specificity, and adequate
sampling. Progress is being made through improved force fields
(including polarizable and refined ion models) [165] and hybrid
quantum-classical techniques for reactivity. These computa-
tional advances, often validated against experimental data and
high-level quantum calculations, are gradually overcoming the
limitations of earlier models. As a result, simulations are
becoming increasingly reliable in capturing how ions stabilize
DNA/RNA structures, modulate their flexibility, and mediate
the nanotechnological functions described above. In a broader
sense, multiscale modeling serves as a conceptual bridge linking
chemistry, physics, and materials science, allowing quantitative
predictions that span from molecular interactions to experimen-
tally measurable macroscopic properties. This synergy of exper-
iment and computation is driving a deeper understanding of
nucleic acid-ion systems, which is essential for rational design
in DNA nanotechnology, biosensor development, and molecu-
lar device engineering.

5 | Confined DNA as a Platform for
Materials Design

5.1 | Metallized DNA

DNA metallization is an important technological application of
DNA-ion interactions under confinement [181]. In this process,
DNA acts not only as a biological polyelectrolyte but also as a
molecular scaffold for binding and organizing metallic ions, such
as Ag®, Cu**, Au**, and Ni**, which can then be reduced to form
ordered metallic structures along or within the DNA [182, 183].
The resulting hybrid architectures retain the programmability of
nucleic acids while gaining the conductivity, magnetism, and cat-
alytic activity typical of metals. Such systems exhibit unique
physicochemical properties and are promising for nanoscale elec-
tronic and photonic applications. Comprehensive reviews on this
topic are available (e.g [36, 183, 184]). A form of DNA metalliza-
tion involves the formation of metal-mediated base pairs, in
which a metal ion bridges two nucleobases as a coordination cen-
ter. Complexes of this type, typically involving heavy metals such
as Agt, P**, Au®Y, and Hg?", display strong relativistic effects
that alter their bonding and electronic structure. In this section,
we examine the key structural and spectroscopic features of such
metallized DNA systems and how metal incorporation between
nucleotides influences their stability, conductivity, and func-
tional behavior.
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In pioneering work, the structural and physical characteristics of
Cu*"-mediated DNA complexes demonstrated that DNA can act
both as a scaffold and as a coordinating ligand. Atwell et al. [185]
reported the first high-resolution crystal structure of a DNA
duplex containing a Cu**-mediated base pair, where two artifi-
cial ligand bases coordinate a Cu®* ion to form a metallo “base
pair”. The metal ion bridges the ligand bases, stabilizing a non-
canonical base-pair geometry and inducing a local Z-DNA con-
formation. The duplex can accommodate metal-mediated pairing
without losing helical integrity, remaining structurally compati-
ble with both B- and Z-forms.

Building upon this concept, Tanaka et al. [186] achieved the self-
assembly of discrete 1D metal arrays within artificial DNA
duplexes (Figure 9). Oligonucleotides containing hydroxypyri-
done bases coordinated Cu®* ions along the helical axis, produc-
ing a right-handed helix with an average Cu**-Cu** spacing of
~3.7 A. Magnetic characterization revealed ferromagnetic cou-
pling between adjacent unpaired d-electrons of Cu**, effectively
transforming the duplex into a molecular magnetic chain.

In a subsequent study, Tanaka et al. [187] extended this approach
to achieve programmable self-assembly of metal ions within
DNA duplexes, showing that the number, type, and arrangement
of metal ions can be precisely controlled by the DNA sequence
design. Spectroscopic analyses (UV, CD, ESI-MS, and EPR) con-
firmed that the Cu®* and Ag®* ions incorporated inside the DNA
double helix between the nucleotide bases can form a highly
ordered heterogeneous structure maintaining intermetallic dis-
tances conducive to electronic and magnetic coupling.
Collectively, these studies established the structural framework
and physical principles of Cu**-mediated DNA metallization,
revealing that DNA can act not only as a passive template but
as an integral component of hybrid molecular systems exhibiting
metallic, magnetic, or conductive properties.

Silver atoms and clusters form highly stable and structurally
unique complexes with DNA, yielding hybrid materials with
potential electronic and photonic functionality. Buceta et al. [188]
electrochemically generated ligand-free Ag, and Ag; clusters and
characterized their interactions with DNA. Thermodynamic,
kinetic, and QM/MM analyses revealed that Ag; clusters interca-
late between base pairs, locally distorting the double helix

FIGURE 9 | Scheme illustrating the metallization of the artificial
DNA by Cu®* ions coordinated to hydroxypyridone nucleobases inside
the double helix. Reproduced with permission [186]. Copyright 2003,
The American Association for the Advancement of Science.

(ATATATATAT),/Ag,

(GCGCGCGCGC),/Ag,

FIGURE 10 | Intercalation of Ag; clusters between base pairs of
d(ATATATATAT), and d(GCGCGCGCGC), DNA duplexes [188]. The
structures were obtained using QM/MM calculations. Reproduced with
permission [188]. Copyright 2015, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

(Figure 10). The resulting Ags;~DNA complexes exhibit extraordi-
nary kinetic stability, with lifetimes two to three orders of magni-
tude longer than those of classical organic intercalators such as
ethidium bromide and proflavine. QM/MM modeling clarified
the energetics underlying this long-lived binding, explaining the
exceptional stability observed experimentally. These findings dem-
onstrated that small silver clusters behave as active intercalating
species rather than passive counterions, capable of modulating
DNA conformation and electronic characteristics.

Besides the intercalative binding observed for Ags clusters, Ag*
ions can engage in distinct coordination modes with DNA, lead-
ing to well-defined metal-mediated base pairs. Kondo et al. [189]
provided crystallographic and spectroscopic evidence for Ag*-
mediated base pairing where Ag" bridges opposing nucleotide
bases, replacing conventional hydrogen bonds while maintaining
the helical framework (Figure 11). X-ray, NMR, and mass spec-
trometry revealed selective binding at cytosine-cytosine mis-
matches, generating ordered 1D arrays of Ag* along the
helical axis. These metallo-base pairs confer enhanced rigidity
and altered electronic characteristics compared to canonical
Watson-Crick duplexes.

A technological development was introduced by Vecchioni et al.
[190], who embedded metal-mediated base pairs (mmDNA) into
3D DNA nanostructures. Ag™ and Hg*" ions were incorporated
between engineered pyrimidine-pyrimidine mismatches to pro-
duce programmable mmDNA helices assembled into crystals via
tensegrity triangle motifs. X-ray diffraction revealed two coordi-
nation modes (N3-dominant centrosymmetric pairing and major-
groove binding) tunable through chemical modification at the 5-
position of the bases. Electronic structure calculations showed
that mmDNA introduce additional LUMO levels, imparting elec-
tronic properties favorable for molecular electronics. Notably, the
formation of mmDNA-containing crystals up to 500 pm in size
illustrates that DNA scaffolds can guide both chemical precision
and structural order.
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FIGURE 11 | Structure of DNA metallized with Ag™ ions. (a) Crystal structure of the DNA double helix with Ag* ions inside. Coloring scheme:
nucleosides G—blue, C—green, T—pink, A—orange; atoms N—blue, O—red, P—orange, Ag—silver. Hydrogen atoms are not shown for clarity. (b) The
secondary structure of an extended nanowire, illustrated by three representative dodecamer duplexes. (c-h) Detailed structure of Ag*-mediated base
pairs. Reproduced with permission [189]. Copyright 2017, Springer Nature Limited.

These studies demonstrate that DNA can act as both a scaffold
and an active component in the formation of metallized struc-
tures, accommodating a wide variety of metal ions (Cu?*,
Ag*, and Hg*") and intercalating clusters. Copper-mediated base
pairs show that DNA can host discrete metal arrays, forming lin-
ear chains capable of electronic and magnetic coupling, while
retaining helical integrity and allowing programmable assembly
[185-187]. Silver atoms and clusters, on the other hand, can
intercalate into the duplex or coordinate the nucleotides inside
the base pairs, stabilizing DNA and conferring unique electronic
and structural properties [188, 189]. The integration of metal-
mediated base pairs into 3D DNA nanostructures further illus-
trates the versatility of DNA as a template, enabling the design
of highly ordered, programmable, and electronically functional
materials [190]. These results highlight that metal ions in

DNA are not merely passive counterions but can serve as intrin-
sic structural and functional units, directly influencing duplex
geometry, stability, electronic states, and potential nanotechno-
logical applications. Overall, metallized DNA represents a robust
platform for combining molecular architecture with electronic,
magnetic, and photonic functionalities, bridging the gap between
biological macromolecules and functional nanomaterials.

5.2 | DNA Nanowire and Stretched n-Stacked
Configurations

As discussed in Section 5.1, metallized DNA demonstrates how
metal ions can provide the double helix with conductive and
magnetic properties. An equally intriguing route explores
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whether DNA itself, in modified or mechanically stretched
forms, can act as an intrinsic molecular wire. MD simulations
by Lohikoski et al. [191] revealed that when double-stranded
DNA is elongated to roughly twice its native length under tor-
sion-free conditions, the canonical base-pair hydrogen bonds
break and the molecule reorganizes into a remarkable base-
stacked zipper-like structure. In this conformation, the nucleo-
bases become tilted and stacked directly on top of one another
along the major-groove side, forming a continuous z-stack stabi-
lized by hydration and counter-ion interactions. The authors
showed that water and nearby ions are essential for maintaining
this stretched configuration, preventing strand separation and
minimizing electrostatic repulsion between phosphate groups.
This simulation, later correlated with single-molecule stretching
experiments, introduced a new structural motif, often referred to
as “zip-DNA” or “z-stacked stretched DNA”, that opened a con-
ceptual route toward DNA-based nanoelectronics.

Subsequent theoretical and computational studies have extended
this idea to explore the electronic properties of the stretched z-
stacked state. Balaeff et al. [192] demonstrated via steered molec-
ular dynamics that tension-induced base interdigitation between
opposite strands forms a single column of overlapping z-orbitals
capable of supporting long-range charge migration. Density-
functional and tight-binding calculations indicated that such
all-purine “zip-DNA” exhibits significantly enhanced electronic
coupling compared with B-DNA, suggesting that mechanical
deformation could convert an insulating biopolymer into a semi-
conducting or quasi-metallic nanowire. Sathe et al. [193] further
examined stretched DNA confined in graphene nanopores and
predicted characteristic shifts in transverse-current spectra that
could be used to identify the stretched configuration experimen-
tally. Complementary work by Bruot et al. [194] provided direct
evidence of piezoresistivity in DNA, showing that elongation
strengthens nearest-neighbor z-stacking and increases conduc-
tance consistently with the structural and theoretical predictions.

An essential factor governing electron transport in these
stretched configurations is the ionic environment. Ions in close
vicinity to the z-stacked backbone play a dual role: they stabilize
the conformation by screening the strong phosphate repulsion,
and they electrostatically gate the z-stacked conduction chan-
nels. Both simulations and experiments indicate that altering cat-
ion identity and concentration (e.g., Na* — K* — Mg®") shifts
energy-level alignment between neighboring bases and modifies
the charge-transfer rate. Hydration layers and bound counter-
ions thus act as dynamic tuners of DNA conductance, while
excessive ionic strength can, conversely, disrupt the delicate
stacking geometry. These findings collectively emphasize that
electronic transport through DNA is not solely a property of
its base sequence or mechanical state but arises from a synergistic
interplay between molecular structure, solvent, and ionic atmo-
sphere. The stretched z-stacked state therefore represents a dis-
tinct paradigm for DNA-based electronics, one in which
mechanical strain and ionic control together create conductive
pathways without requiring metallization.

The question of electrical conductance in DNA has attracted sus-
tained attention since the earliest days following the discovery of
the double-helical structure [195]. To date, experimental studies
have demonstrated that the intrinsic electrical conductivity of
DNA is typically very low, with measured currents in the nano-
ampere range under most experimental conditions [196-199]. To

measure the electrical properties of DNA, a field-effect transistor-
based device can be used. Importantly, DNA conductivity is not a
universal material constant but instead depends sensitively on a
wide range of factors, such as temperature, base-pair composi-
tion, and sequence, structural integrity of the double helix, hydra-
tion level, and the presence and type of surrounding metal ions.

A variety of physical models have been proposed to describe
charge transport in DNA. At present, two main mechanisms
are widely considered to govern intrinsic charge transport: on
the one hand, thermally activated hopping of charge carriers
(electrons or holes) between neighboring nucleobases, facilitated
by #-z stacking interactions along the helix, and on the other
hand, quantum tunneling, which becomes relevant at shorter
distances or in well-ordered DNA segments [200]. In recent
years, these models have been complemented by advanced
computational studies employing hybrid quantum-classical
simulations, which allow for a more realistic description of elec-
tronic states coupled to the molecular dynamics of the DNA
backbone and surrounding solvent [201, 202]. In addition,
machine-learning techniques have been introduced as powerful
tools to explore complex structure-property relationships and to
accelerate the prediction of charge-transport parameters in
large DNA datasets [203].

When compared to conventional metals, the intrinsic electrical
conductivity of DNA is several orders of magnitude lower and
may even approach that of an insulating material [197]. From
this perspective, the intrinsically low electronic conductivity of
native DNA prevents its direct use as an efficient nanoscale wire.
One strategy to overcome this limitation is DNA metallization,
discussed in Section 5.1, where metal-like conduction pathways
can be formed along the double helix through controlled ion
incorporation. This ion-engineering approach has emerged as
a distinct and active research direction. At the same time, it is
important to note that electrical transport in DNA-based systems
arises not only from electronic conduction along the DNA but
also from the motion of counterions surrounding the macromol-
ecule. In this conductivity mechanism, ions are explicitly
involved in charge transport through their motion within the
DNA-electrolyte environment. This type of transport already
underpins the operation of several bioelectronic and nanofluidic
devices. A detailed discussion of DNA-based devices exploiting
ionic conductivity is presented in Section 5.3.

5.3 | DNA Battery

The DNA macromolecule can be used as an electrolyte for the
construction of energy devices [136, 137, 204, 205]. Gel electro-
lytes from various polymers are commonly used in batteries and
supercapacitors, offering sustainable and high-performance
charging-discharging processes. However, the existing gel-based
electrolytes often suffer from limited flexibility, instability, crys-
tallinity, lower electrochemical performance, short lifetimes, tox-
icity, and complex synthesis. To overcome these limitations,
Mitta et al. [136] introduced a pure DNA gel as a new electrolyte
material for the construction of a supercapacitor. DNA, a natu-
rally abundant biopolymer, is biodegradable, nontoxic, nonflam-
mable, ion-compatible, and mechanically flexible. The gel forms
a stable amorphous, porous network facilitating ion transport.
Leveraging its intrinsic properties, the authors fabricated and
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demonstrated a flexible supercapacitor powered by a DNA gel
electrolyte (D-gel-SC).

The DNA gel was synthesized from salmon-sperm DNA dis-
solved in water with excess lithium chloride (LiCl). Heating to
90°C dissociates double-stranded DNA into single-stranded,
which then physically entangle upon cooling, forming a stable
amorphous gel without the need for toxic crosslinkers. Unlike
commonly used PVA (polyvinyl alcohol) or PVA/DNA gels, pure
DNA gel maintains a stable amorphous phase after temperature
changes (Figure 12a).

A range of experimental techniques, including differential
scanning calorimetry (DSC) (Figure 12b,c), wide angle X-ray
scattering (WAXS) (Figure 12d), scanning electron microscopy
(SEM) (Figure 12¢), and Raman and Fourier transform infrared
(FTIR) spectroscopies (Figure 12f), were used to study the prop-
erties of the DNA-gel in great details [136]. The results reveal the
amorphous nature of the DNA-gel with a porous network that sup-
ports ion diffusion. Analysis of the solvation structure of the DNA
gel shows that Li* ions bind preferentially to the oxygen atoms of
the phosphate groups. This provided evidence of preferential inter-
actions between phosphate groups of the DNA gel network chains
and Li* ions, which resulted in high ionic conductivity. This amor-
phous, porous, and ion-friendly structure makes such DNA
gel ideal for use as an electrolyte. The mechanical properties of
the DNA gel electrolyte, important for the construction of batteries
and supercapacitors, were shown to depend on concentrations,
reaction conditions, and reaction time. The DNA gel exhibited
favorable mechanical properties: no cracks were observed after
elongation, and energy was dissipated effectively at the entangle-
ments. The use of higher ion concentration and DNA with high
polymer chain density allowed the formation of hydrogel networks
with many physical entanglements and metal-ion complexes.

Electrochemical performance of DNA gel was also tested by plac-
ing it into symmetric supercapacitors (D-gel-SC) with activated
carbon electrodes. When compared directly to liquid electrolytes
and PVA gels, the DNA gel showed superior capacitance, faster
ion transport, and lower resistance. The D-gel-SC was success-
fully used to power a green LED for more than 6 min after just
20s of charging. The device maintained performance under
bending and folding, demonstrating its potential for flexible
and wearable electronics. Tests in extreme environments showed
the device could operate from 0°C (in ice) up to 75°C without
significant performance loss, highlighting its robustness.

To enhance mechanical strength, Mitta et al. [137] introduced
DNA hybrid hydrogels incorporating natural polysaccharides
(agarose, alginate, and lignin) and the chemical crosslinker poly
(ethylene glycol) dimethacrylate (PEGDA). DNA gel electrolytes
were prepared with LiCl concentrations ranging from 10 to
800 mM, and their ionic conductivity, ion transport behavior, and
Li-DNA interactions were evaluated using electrochemical imped-
ance spectroscopy (EIS) and temperature-dependent conductivity
measurements. Conductivity increased with LiCl concentration up
to ~200 mM and then decreased at higher concentrations due to
ion aggregation. The study of the mechanical properties of DNA
hybrid gels without and with PEGDA crosslinkers showed that
the tensile strength of DNA hybrid gels depends on the choice
of polysaccharides and their combinations, as well as on DNA con-
centration. Adding PEGDA crosslinkers substantially improved
mechanical strength.

FT-IR and Raman spectroscopy showed that, as in pristine DNA
systems, Li" ions bind strongly to the oxygen atoms of the phos-
phate groups of the double helix. The presence of PEGDA indu-
ces two additional peaks in the vibrational spectra, indicating the
formation of crosslinks between DNA. The interaction between
negatively charged groups in polymers and solvated metal ions
can modulate the solvation structure, which in turn promotes ion
migration and facilitates effective ion transfer.

The hybrid gel electrolytes were integrated into supercapacitor
devices and tested in realistic settings: powering LED lights
and small vehicles, operating toy cars, fans, and digital clocks,
even supporting flexible solar cell setups. Exceptional flexibility
and strength of DNA hybrid gels support robust device interfaces.

Biopolymer-based hydrogel electrolytes can be sustainable alter-
natives to conventional liquid electrolytes in energy storage devi-
ces [206-209]. Systems based on cellulose, chitosan, alginate,
gelatin [210], and other natural polymers have demonstrated
good flexibility, safety, and interfacial contact with electrodes,
at the same time enabling ion transport through hydrated poly-
mer networks [206-208]. In these materials, ion conduction is
typically governed by solvation and hopping mechanisms facili-
tated by hydroxyl or amine functional groups within largely ran-
dom polymer networks. In contrast, DNA gel electrolytes possess
a uniquely high and regular linear charge density arising from
the phosphate backbone, providing well-defined and strongly
interacting coordination sites for metal ions. Moreover, the
molecular structure of DNA is intrinsically ordered and program-
mable, allowing control over chain length, sequence, and hybrid-
ization, which offers additional tunability of the gel structure and
ion-transport environment. These characteristics distinguish
DNA-based gel electrolytes from other biopolymer hydrogels
and highlight their potential as a structurally and chemically ver-
satile electrolyte platform for energy storage applications.

Conventional liquid electrolytes used in lithium-ion batteries
exhibit high ionic conductivities of approximatelyl-10 mS/cm
at room temperature but suffer from flammability, leakage,
and interfacial instability [211, 212]. Synthetic polymer gel elec-
trolytes improve safety and mechanical stability; however, their
ionic conductivities are typically lower, in the range of 0.1-1 mS/
cm, due to restricted polymer segmental motion [211, 213].
Biopolymer-based hydrogel electrolytes, including cellulose-, chi-
tosan-, and alginate-based systems, can reach ionic conductivities
of approximately 1-100 mS/cm in aqueous or highly solvated
environments, although their performance is often limited by
environmental sensitivity and scalability challenges [209, 214].
DNA hydrogel electrolytes occupy an intermediate position, typ-
ically exhibiting ionic conductivities of approximately 0.1-10 mS/
cm (73.27 mS/cm in [137]), depending on hydration level, salt
concentration, and counterion identity [136, 137]. While their
conductivities remain lower and less stable than those of liquid
electrolytes, DNA hydrogels offer distinct advantages in safety,
mechanical integrity, and conformal electrode-electrolyte con-
tact. Current limitations include sensitivity to environmental
conditions, long-term conductivity stability, and scalability of
DNA-based materials. Recent studies demonstrate that ion engi-
neering (through controlled selection of counterions, salt concen-
tration, and multivalent ion coordination) can partially mitigate
these bottlenecks by enhancing charge carrier density, stabilizing
the hydrogel network, and reducing ion pairing via specific inter-
actions with the DNA phosphate backbone [136, 137].
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FIGURE12 | Physicochemical characteristics of DNA-based gel electrolyte. (a) Preparation of DNA gel electrolyte. The photographic image of free-
standing (left) and a schematic illustration of the 3D polymeric network (right) of the DNA gel electrolyte are shown in the bottom row. (b) DSC heating
and cooling curves of DNA gel. (c) Enlarged view of the portion of the heating curve highlighted in (b) by a blue rectangular box, demonstrating the glass
transition temperature indicated by a blue line. (d,e) WAXS spectra and SEM morphologies of DNA gel. The inset in (d) shows the WAXS spectrum of
PVA gel. The scale bar in (e) is 10 pm. (f) FTIR spectra of DNA gel. Reproduced under the terms of the CC-BY-NC-ND license [136]. Copyright 2022,
Progeneer Incorporation. Advanced Materials Interfaces published by Wiley-VCH GmbH.
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From a scalability perspective, conventional liquid electrolytes
remain the most industrially viable due to established manufactur-
ing and low-cost raw materials [211, 212]. Synthetic polymer gels
are moderately scalable but require controlled casting and cross-
linking processes [140, 211]. Biopolymer hydrogels, including cel-
lulose- and chitosan-based systems, are renewable but face
challenges in uniform gel formation and consistent mechanical
properties at scale [209, 214]. DNA hydrogel electrolytes currently
have the lowest scalability due to cost, extraction/purification
complexity, and difficulties in producing uniform gels at high
throughput [136, 137], although advances in synthetic DNA
and gel fabrication may partially address these constraints.

Kumar et al. [205] constructed energy cells based on a composite
material combining DNA-CTMA (deoxyribonucleic acid com-
plexed with cetyltrimethylammonium) and PVDF (polyvinylidene
fluoride) as a host matrix and separator for lithium battery electro-
lytes containing LiAsF6. Comprehensive characterization using
impedance spectroscopy, TGA, FTIR, and mechanical tests dem-
onstrated that DNA-CTMA/PVDF films exhibit Arrhenius-type
ionic conductivity, behaving as solid electrolytes at low tempera-
tures (<15°C) and as gel-like electrolytes at higher temperatures
(>15°C), with thinner films showing superior conductivity. The
composite also displayed excellent thermal stability, as the degra-
dation temperature remained nearly unchanged upon electrolyte
addition, and FTIR spectra revealed Li* coordination with C=0
groups of DNA-CTMA, suggesting its role in ion transport. The
inclusion of DNA significantly enhanced flexibility, elasticity,
and resistance to folding or stretching compared to pure PVDF
films. DNA-CTMA/PVDF-LiAsF6 composite shows promise as
a flexible and thermally stable electrolyte or separator for Li-ion
batteries, though further optimization and full-cell testing are
needed for practical applications.

Hur et al. [204] developed a novel approach in which the
polyelectrolyte multilayers (PEM) DNA hydrogels (Dgel) were
used to construct supercapacitors based on a DNA hydrogel
scaffold coated via layer-by-layer assembly of conductive poly-
electrolytes (PEDOT:PSS (poly (3,4-ethylenedioxythiophene):
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poly(styrenesulfonate)) and PDADMAC (polydiallydimethyl-
ammonium chloride)). These devices are designed for direct
operation in physiological fluids without cytotoxic effects and
improved cycling stability compared to conventional supercapa-
citors. The PEM-Dgel supercapacitors were tested in phosphate-
buffered saline (PBS), artificial urine, and cell culture medium,
mimicking physiological conditions. Cyclic voltammetry results
showed that the devices maintain stable and symmetric behav-
ior across varying scan rates, demonstrating reliable capacitive
performance. The multilayer PEM coatings exhibit strong dura-
bility, with higher layer counts providing better capacitance
retention over repeated cycles. The devices perform consistently
in physiological environments such as PBS, artificial urine, and
cell culture medium, confirming their robustness and biocom-
patibility. Incorporation of manganese oxide further enhances
their energy storage capacity. Importantly, cell culture tests
reveal minimal cytotoxicity, confirming the suitability of these
supercapacitors for biomedical implant applications. Moreover,
their structural and functional properties suggest strong poten-
tial for seamless integration into fluid-rich tissues or organs,
including vascular, ocular, and bladder environments.

5.4 | DNA in Nanopore

Understanding the behavior of DNA in nanopores is of high rel-
evance for physics, biology, and nanotechnology. It is not only a
way to understand DNA behavior under extreme confinement,
but it also has important implications that drive innovations
in genome sequencing, biosensing, and nanoscale devices.

Experimental and computational research on DNA in nanopores
reveal how the ionic environment, together with other variables
such as temperature and geometry, governs the behavior of this
charged biopolymer in a confined environment. Indeed, the ionic
environment is not just a background condition, but a central
regulator of DNA behavior under confinement. Already in early
atomistic simulations of DNA inside protein pores such as a-
hemolysin [215], Na* and Cl~ ions were observed to be the
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FIGURE13 | MD simulations of temperature effects on ionic current blockade for the DNA with Li* and K*. (a) Simulation setup with a 22-bp DNA
double helix in electrolyte under a constant electric field (35 mV/nm); harmonic restraints prevent DNA drift. (b,c) Temperature dependence of absolute

and relative conductance blockades. (d,e) Radial profiles of normalized ion mobility relative to bulk values (r > R * =22 A); solid lines show smooth-

step fits. Absolute (f) and relative (g) conductance blockades computed from ion density and mobility profiles. Open symbols correspond to MD data;

filled symbols show results assuming temperature-independent ion mobility. Lines are linear fits. Reproduced with permission [217]. Copyright 2016,

American Chemical Society.
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carriers of the measurable current and reporters of conforma-
tional changes in single-stranded DNA. Experiments in solid-
state pores [216] reinforced this picture by showing that capture
statistics depend on ionic strength, with K* and CI~ controlling
how DNA enters the pore. Later, hybrid plasmonic pores [217]
highlighted how the identity of the counterion matters: Li*
reduces the effective DNA charge more strongly than K*, thereby
slowing translocation, while simulations revealed how heating
and ion mobility alter capture dynamics (Figure 13).
Experiments with asymmetric conical pores [218] confirmed that
geometry and ions combine to dictate kinetics, with high concen-
trations of Li* enabling slower and more resolvable events, criti-
cal for sequencing.

A parallel line of development has focused on DNA-based nano-
pores. DNA origami structures acting as hybrid gatekeepers
[219, 220] rely on Mg** to stabilize their geometry, while mono-
valent ions fine-tune their conductance and dwell times. Shi et al.
[221] designed DNA origami turbines that autonomously rotate
upon docking into solid-state nanopores, powered by ion gradients
(Na*/CI™) or transmembrane voltages, with Mg** stabilizing the
origami structure. Interestingly, the ions drive hydrodynamic
water flow through nanopores, which directly rotate the DNA
blades, and high salt conditions reverse the rotation direction
by altering ion distributions and solvent flow patterns.

DNA nanopores have been broadly applied in functional con-
texts. A recent review [222] provides a detailed overview of
DNA-nanopore design strategies and their diverse biosensing
and transport applications, offering broader context for these
developments. Among these studies, Xing et al. [223] demon-
strated that rationally designed DNA nanopores with tunable
geometry enable direct, label-free electrical detection of large bio-
molecules, including proteins, and can be integrated with porta-
ble devices such as the MinION platform. Similarly, Peng et al.
[224] showed that DNA nanopores can link lipid vesicles to form
controlled molecular pathways for the transport of small mole-
cules, while leakage is minimized through the use of removable
DNA nanocaps.

Theoretical and computational models of these systems, from
coarse-grained Brownian dynamics to continuum electrostatics,
have been essential in rationalizing experimental observations,
for example by linking ion permeation through origami plates
to leakage currents or by predicting voltage-dependent deforma-
tions. Reviews on solid-state pores [5, 225] have emphasized that
surface counterions within the electrical double layer govern
selectivity, electroosmotic flow, and even reverse electrodialysis

(b)

phenomena, underscoring how ions turn nanopores into active
nanofluidic devices rather than passive channels. Zeng and
coworkers [226] demonstrated that DNA can be compacted
inside sub-attoliter cavities only in the presence of high Li* con-
centrations, directly linking counterion-mediated charge neutral-
ization to the onset of current fluctuations. Simulations of 2D
materials such as graphene and MoS, pores [227] also show that
ion specificity and pore-DNA interactions define signal resolu-
tion at the single-nucleotide scale.

Taken together, these studies highlight a consistent theme:
ions actively regulate DNA capture, translocation speed, compac-
tion, and the resulting ionic current signals in nanopores.
Experimental evidence provides measurable signatures, while
theoretical and computational approaches are indispensable to
interpret those signals in terms of molecular structure and elec-
trostatics. This synergy has not only deepened our understanding
of polymer physics under nanoscale confinement but has also
paved the way for transformative applications in DNA sequenc-
ing, biosensing, and nanofluidic energy harvesting.

5.5 | DNA Tweezers

DNA tweezers are programmable, dynamic nanodevices that are
typically made from two or more rigid double-stranded DNA seg-
ments that are connected by a flexible hinge that can switch
reversibly between open and closed states [33, 228]. Their move-
ment is based on strand displacement reactions mediated by
short complementary sequences (toeholds) and does not require
enzymes [33, 229]. The structure was first described in 2000 by
Bernard Yurke and his collaborators, representing one of the first
demonstrations of a molecular mechanism powered by DNA
“fuel” [228]. Although they are not naturally occurring, these
nanodevices represent valuable models for studying programma-
ble molecular interactions and for developing biosensors [230],
molecular logic systems as well as platforms to control enzymatic
reactions [230-232].

The literature that simulates explicitly Yurke-type tweezers is
surprisingly limited. There are essentially few works that actually
model tweezer devices and explicitly or implicitly deal with ions,
while the rest are “related” studies (hinges/joints, arm actuators)
that are not tweezers in the strict sense but use the same simu-
lation frameworks and the same assumptions about ions.

Early work from Ouldridge et al. [233] introduced a sequence-
independent CG model of DNA, later known as oxDNA [234],

FIGURE 14 | Simulation snapshots showing the sequential operation of DNA tweezers. (a) Tweezers in the open state. (b) Introduction of fuel strand

(f) leading to hybridization with one arm (f). (c) Fuel fhybridizes with the second arm (a), resulting in tweezer closure. (d) Antifuel strand f attaches to
the toehold region of the f. (e) f initiates strand displacement of the first arm. (f) Reopening of the tweezers occurs as the first arm is released, while
displacement of the second arm proceeds. (g) Complete hybridization between f and f yields the waste duplex. Reproduced with permission [233].
Copyright 2010, American Physical Society.
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in which each nucleotide is treated as a rigid body with one back-
bone site and anisotropic interaction sites representing base
repulsion, stacking and hydrogen bonding directions. These
interaction potentials collectively produce the B-DNA helix struc-
ture, stabilize the duplex and contribute to the dangling-end
effects, while finitely extensible nonlinear elastic (FENE) springs
connect the backbone sites. All bases are treated identically,
major and minor grooves are neglected, and the parameters were
adjusted based on experimental data obtained for just one salt of
concentration of 500 mM Na*, a regime in which the Debye
screening length is short (~4.5A). Despite this simplification,
the model quantitatively reproduces duplex melting, single-
strand stacking, and hairpin transitions, and it captures the
(weak) salt dependence consistent with experiments for a range
of concentrations of monovalent ions (e.g., 50-120 mM Na*),
though it does not take into account the specificity of ions or
divalent ions like Mg>*.

To demonstrate the utility of this CG approach for DNA tweezers,
the authors simulated a single device with one fuel (f ) and anti-
fuel (f) strand in a periodic cell using unbiased sampling at 300 K.
The tweezers consist of three strands forming two 10-bp duplex
arms connected by a 4-base single-stranded hinge, each bearing
8-base overhangs. A 24-base f strand complementary to both
overhangs closes the tweezers, while a complementary f strand
initiates toehold-mediated strand displacement to reopen them.
Using umbrella sampling and weighted histogram analysis
method (WHAM), the authors constructed the full free-energy
landscape for one operational cycle at 300 K, which is depicted
in Figure 14.

The results showed that the duplex formation is highly coopera-
tive, whereas the strand-displacement steps are nearly flat in free
energy. A small ~3 kT barrier was observed during the first dis-
placement due to transient hairpin formation in the antifuel and
steric restrictions in the tweezers’ geometry, leading to slower
kinetics for this step compared with the second displacement.
Removing the hairpin-forming bases or reducing steric clashes
eliminated the barrier. Thus, this study demonstrates for the first
time that a CG model can describe the entire operational cycle of
a DNA nanomachine and also how mechanical motion is directly
related to the thermodynamic aspects of strand exchange under
implicit ion conditions.

Dhakal et al. [235], on the other hand, combined experimental
techniques and explicit-ion MD to dissect the structural determi-
nants of tweezer actuation. In particular, they studied the
Holliday-junction hinge, known to adopt one of two principal
forms of coaxial stacking, iso-I and iso-II, whose equilibrium
is strongly influenced by the ionic conditions (e.g., Mg**).
These cations shield the negative charges on the phosphate
groups of the DNA backbone, thereby stabilizing the more com-
pact stacked configurations. Using single-molecule FRET, AFM,
and MD with explicit Na* and Mg>* ions, the authors were able
to demonstrate that the incomplete closure of the tweezers was a
consequence of flexible thymine spacers in the actuator and junc-
tion sequences that, under Mg** conditions, favored the less com-
pact iso-II state. Using shorter lengths for the actuator linkers
and a stronger hairpin stem resulted in an improved closing
mechanism, while the substitution of all junctions with the
Seeman J1 sequence [236] produced a more planar and homoge-
neous device since the J1 sequence creates a more favorable Mg>*

stabilized iso-I junction state than the junction states created by
the original sequence. These optimized constructs were shown to
greatly increase enzymatic activity when implemented in nano-
reactors, proving that Mg>* ion-mediated control over the stack-
ing of junctions is crucial for both reliability and efficiency in
mechanical properties. Dhakal et al. [235] related sequence-spe-
cific junction modification and ionic regulation to functional
behavior in DNA machines by demonstrating how simulations
involving explicit ions can complement the previously existing
implicit-ion CG model.

Sedeh et al. [237] developed a multiscale Brownian dynamics
framework that integrates finite-element (FE) mechanics with
implicit-solvent dynamics to model large nucleic-acid assemblies
far beyond atomistic timescales. The DNA duplexes were treated
as elastic beams with empirical stretching, bending, and twisting
stiffness, and the hydrodynamic drag was distributed via a Rotne-
Prager tensor. Three systems were analyzed: a DNA tweezer with
204 base pairs, a nine-layer DNA ring origami with 3600 base
pairs, and a pointer-shaped DNA origami figure with more than
7000 base pairs. The DNA tweezer was modeled with both
Brownian dynamics and MD to validate the Brownian dynamics
framework, while the ring and pointer origami structures were
simulated using only Brownian dynamics to test the ability of the
approach to analyze larger structures. All-atom MD simulations
of the DNA tweezer were performed only for the DNA tweezer in
explicit water (TIP3P) with Mg** and Cl™ ions to neutralize
charges and reproduce an ionic environment of 12.5mM
Mg**, Distributions of local dihedral angles (Juis) of four-way
junctions obtained from the MD data were used to provide
ground-state angles for the Brownian dynamics models. A quan-
titative correspondence between MD and Brownian dynamics was
established to map atomic coordinates to translational and rota-
tional degrees of freedom for every base pair. The results indicate
that the Brownian dynamics simulations using a CG representa-
tion successfully captured the major motion of DNA assemblies, as
observed by the all-atom MD simulations. CG simulations also
found similar major modes of the DNA tweezer, specifically the
cooperative motion of arm scissoring. Relaxation rates and fluctu-
ation patterns calculated using Brownian dynamics were similar to
those using MD; therefore, the reduced model used to perform
these simulations was able to reproduce key mechanical and
dynamical properties of this system. To conclude, the Brownian
dynamics approach presented by Sedeh et al. [237] has proven
to be an effective method for simulating the out-of-equilibrium
conformational dynamics of very large nucleic acid assemblies
while maintaining consistency with atomistic results. The
Brownian dynamics methodology has been shown to be capable
of accurately modeling the large-scale and collective motion of
large DNA based structures, and therefore it presents itself as a
viable tool for studying the dynamic behavior of structures made
of nucleic acids in nucleic acid nanotechnology.

All of these research efforts on DNA tweezers have led to
considerable advances in understanding and simulating the
structure of DNA at the nanoscale, combining experimental tech-
niques with simulations ranging from CG to atomistic models,
accompanied by simulations of Brownian dynamics. These stud-
ies clearly demonstrate that DNA tweezers are not just models
but represent a basis for building functional nanomachines capa-
ble of implementing well-defined processes, with potential appli-
cations in biotechnology and molecular nanorobotics.
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5.6 | DNA as an Electromotor experienced by the DNA/RNA duplex, which occurs as follows.
The ionic species (K* and C17) move significantly faster than the
solvent (water), but when analyzing the angular-momentum flux
it appears that about 80% of the torque experienced by the DNA/
RNA duplex is generated by the movement of the solvent (water).

The possibility of using DNA as an electromotor is related to the
properties of charged, chiral molecules that could, in principle,
couple electrical or electrochemical energy to motion [221, 238].
For a conventional macroscopic electromotor, this process
depends on electromagnetic induction, where an electric current ~ The protocol for measuring the torque generated by the DNA/
interacts with a magnetic field to generate torque. However, for =~ RNA duplex is shown in Figure 15.

nanOSCﬂleS, the underlying phySiCS is quite different, such that To measure the torque generated by the DNA/RNA duplex’ one

instead of requiring magnetic fields for the production of torque,  end of the duplex was connected to itself through the use of a
the process depends instead on electrostatic and hydrodynamic  harmonic restraint connecting the phosphorous atoms, making
forces between the charged molecular surfaces and its ionic envi- the DNA/RNA duplex appear infinitely long. In addition,
ronment [239-241]. In this case, the term electromotor is used by Figure 15 (panels 15b-15f) show that the torque measured
analogy to define any nanoscale system that is capable of trans-  decreases linearly with increasing electric field strength and that
ducing electrical input into directed mechanical rotation via elec- the torque generated is directly proportional to the axial water

trochemical coupling. This system will require the presence of a  velocity (panel 15h), demonstrating that the rotation of the
stationary body, the stator, a movable one, the rotor, and a mech- DNA/RNA duplex is generated by the hydrodynamic coupling
anism for coupling energy from the applied potential or ionic flux between the DNA/RNA duplex and the solvent (water) and
into mechanical work. The inherent chirality of DNA creates a  pot by the direct effect of the electric field on the backbone.
breaking of the spatial symmetry, making it possible for directed 1y addition, the authors performed additional simulations where

rotation instead of Brownian motion to occur. In the following, the DNA/RNA duplex was subjected to pressure-driven flow in
we will review articles that are subject to this understanding of  the absence of an electric field and found the same level of torque
the meaning of electromotor. as seen in the previous studies. These studies provide further evi-
For example, Maffeo et al. [238] demonstrated via extensive all-  dence that the observed torque is a result of the fluid dynamic

atom MD simulations how DNA (or RNA) duplexes respond coupling between the DNA/RNA duplex and the solvent (water).
while subjected to an electric field applied along its axis: they Additionally, left-handed L-DNA rotates in the opposite direction
behave as nanoscale electromotors. 16-base-pair duplexes of  of right-handed B-DNA, and A-form RNA exhibits similar field-
B-DNA (right-handed), L-DNA (left-handed), and A-form RNA torque scaling. Furthermore, the authors also simulated how
were equilibrated in 1 M KCl using the CHARMM36 force field DNA behaves when inserted into charged carbon nanopores
with CUFIX ion corrections and TIP3P water. When applied the and observed the same principle generating mechanical torque
electric fields up to 100 mV/nm, the DNA/RNA duplex will expe- on attached nanostructures, indicating potential applications
rience a unidirectional torque at a speed of 10, rotations per min-  in the development of nanoscale electromechanical systems.
ute dependent on the handedness of the helix. In the absence of ~ The authors predict that the torques will be within the range that
the field, the rotation was random, determined only by Brownian could be detected in nanopore experiments. In summary, the
motion. The authors identified electro-osmosis as the primary authors have demonstrated that DNA can function as a purely
force behind the generation of the hydrodynamic torque  physical, electro-osmotic turbine that can convert electric-field
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FIGURE 15 | [Illustration of torque generation mechanism. (a) Simulation setup of an infinite DNA duplex. (b) Torque-measurement scheme. (c—e)

Field-dependent torque and rotation dynamics. (f-h) Hydrodynamic profiles showing how water motion transfers angular momentum. Reproduced with
permission [238]. Copyright 2022, Springer Nature Limited.
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energy into rotary motion via the coupling of ions and solvents,
thus providing a minimal model for chiral electromechanical
transduction at the nanoscale. Implicit-solvent simulations, in
which DNA was treated as a rigid body and ions as discrete par-
ticles governed by precomputed mean-force potentials [72],
reproduced the all-atom results, indicating that torque genera-
tion is dominated by ion-driven hydrodynamics.

The same research group constructed chiral DNA origami tur-
bines that can dock inside solid-state nanopores, spinning using
transmembrane electrochemical potentials [221]. With single-
molecule fluorescent imaging and cryo-electron microscopy,
Shi et al. were able to demonstrate the ability for continuous uni-
directional rotation, controlled by the handedness of the chiral
turbines. The motors were driven either by salt concentration
gradients or by applied voltages. Theoretical simulations for
the motors using Poisson-Nernst-Planck-Stokes equations, along
with molecular simulations in explicit water and ions analyzed
the process by which the anisotropy in electrophoretic mobility
and electroosmotic flow could produce rotors. The simulations
showed that varying the strength of the electrolyte has a consid-
erable effect on the aforementioned anisotropy, causing it to
reverse direction. The chiral DNA turbines were also found to
reach speeds of up to 10 rot/sec, requiring rotational torques that
were rated in the range of tens of pN-nm, thereby confirming the
electrohydrodynamic model.

The DNA origami rotary ratchet motor by Pumm et al. [242] is a
synthetic molecular machine, where the direction of the rotor’s
movement is determined through the interaction of the nonequi-
librium coupling between an alternating electric field and an
asymmetric free-energy landscape. Simulations were done using
the model of a Brownian particle moving within a time-depen-
dent potential for the rotor, which showed that the directional
bias for the rotor comes from field modulated energy barriers,
not a constant mechanical torque. Alternating electric fields were
used to induce oscillatory ion flow around the charged DNA
structure, which biased the rotational diffusion of the DNA to
create net unidirectional movement, while at equilibrium, there
was no net movement due to the randomness of the motion. The
experimental results for the rotational statistics of the DNA
correlated with both Brownian dynamics simulations and fluctu-
ation theorem relations and supported the ratchet based mecha-
nism of motion. Additionally, a torsional spring version of this
device was shown to store elastic energy through the action of
the springs, resulting in a mechanical work output.

5.7 | DNA Origami

The concept of DNA origami dates back to Nadrian Seeman’s
"immobile junctions” [7], which laid the groundwork for building
nanoscale frameworks from DNA strands. The field matured sig-
nificantly with Paul Rothemund’s introduction of DNA origami
[6], the technique of folding a long single-stranded DNA scaffold
into defined shapes using hundreds of complementary “staple”
strands. Various architectural strategies include 2D planar ori-
gami (rectangles, triangles, and even artistic shapes such as maps
and dolphins), 3D lattices such as honeycomb and square geom-
etries, and curved and wireframe models, which reduce cation
requirements and enhance biocompatibility. The hierarchical
assembly (the combination of multiple DNA origami units into

larger, functional complexes) represents a key direction for cre-
ating biologically relevant systems. Numerous features and prop-
erties of DNA origami are discussed in recent reviews [14], [243].

The use of DNA origami in biology and nanotechnology enables
the precise nanoscale organization of biomolecules, facilitating
studies of protein interactions, enzyme cascades, and cellular
architectures. By patterning ligands or antigens with nanometer
precision, DNA origami can modulate cellular signaling and
immune responses [243]. Moreover, it serves as a versatile tem-
plate for the organization of metals, semiconductors, and nano-
particles, advancing applications in plasmonics and photonic
circuits. Of particular importance is the interaction of metal ions
and clusters with the DNA framework incorporated into origami
structures, as it governs their stability, electronic properties, and
overall organization. In this section, we will highlight recent
results concerning the interactions between metals and DNA ori-
gami, which play a crucial role in determining their structural
integrity and functional potential.

In DNA origami, experimental folding efficiency, rigidity, and
long-term stability depend on ion valence, concentration, and
hydration properties. Fixed-charge force fields successfully repro-
duce global origami geometry but may underestimate ion-
specific effects that influence helix-helix interactions and local
stiffness. The use of computationally expensive polarizable force
fields is hindered, however, by the large size of DNA origami sys-
tems. Atomistic simulations employing refined ion parameters
have improved agreement with experimental measurements of
DNA mechanical response and ion localization, enabling quan-
titative reproduction of ion-dependent stiffness changes [244],
while more recent experimental and modeling studies of DNA
origami demonstrate that folding efficiency and structural stabil-
ity vary with Mg”** concentration and mixed-salt conditions
[245]. Some coarse-grained and continuum approaches, such
as the oxDNA framework as applied and refined for DNA ori-
gami by Snodin et al., treat ions as effective electrostatic fields
rather than explicit chemical species, yet still provide predictive
insight into DNA origami architecture by capturing global rigid-
ity, helix-helix spacing, and design-relevant mechanical con-
straints at the origami scale [246]. These ion-dependent
mechanical properties are directly relevant for applications of
DNA origami as functional nanodevices, where rigidity, helix-
helix spacing, and local flexibility determine structural integrity
under mechanical stress and operating conditions. In this con-
text, multiscale modeling enables the selection of ionic environ-
ments that support robust device performance.

Yoo and coworkers [244] performed the first all-atom MD sim-
ulations of complete DNA origami structures. Three models of
DNA origami were considered: HC (honeycomb) lattice—a
straight 6 x 3 pleated DNA bundle; SQ (square) lattice—a straight
4 x 4 pleated DNA bundle; HC-90°-a 6 x 3 pleated structure with a
programmed 90° bend. Each structure was immersed in a 10 mM
MgCl, solution, as magnesium ions are known to neutralize
DNA'’s negative charge and stabilize multihelix assemblies. The
results show that across all three systems, the simulated DNA ori-
gami objects retained their overall designed shapes throughout the
MD runs. However, local deviations from idealized geometries
were found. These deviations arose from steric crowding, electro-
static repulsion, and solvent-mediated interactions. Magnesium
ions (Mg>") are distributed nonuniformly within the origami bun-
dles, clustering near phosphate backbones to neutralize DNA’s
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negative charge. Their average distance from phosphorus atoms reduced inside the origami structures compared to the bulk solu-
was ~5.4A and their diffusion coefficients were significantly ~ tion, highlighting the restricted ion mobility within the dense
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FIGURE16 | Influence of various counterions on DNA origami studied by atomistic MD simulations [245]. (a) Simulated rectangular DNA origami

structure. The scaffold and staple strands are shown in gray and in color, respectively. (b-f) Top and side views of the DNA origami systems with sodium,
mixed, magnesium, PLL-10, and spermine counterions at the end of the simulation trajectories. Coloring scheme: DNA origami—in gray; water—in light
blue; the counterions Na*—blue; Mg**—red; K;;—yellow; spermine‘”—green. (g) Time dependence of the root-mean-square deviation (RMSD) of the
DNA double helix backbone atoms with respect to their initial positions. (h) Time dependence of the length-to-width aspect ratio of the DNA origamij;
the initial aspect ratio is shown in the inset. (i) Time dependence of the fraction of the DNA macromolecule’s electrostatic charge neutralized by
counterions. Counterions are considered to belong to the DNA atmosphere if they are within 5A of any DNA atom for all counterion types.
Reproduced under the terms of the CC-BY-NC-ND license [245]. Copyright 2019, American Chemical Society.
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DNA lattice. This work provided unprecedented insight into con-
formation, dynamics, and local mechanical properties
of DNA origami objects in solution, offering a microscopic com-
plement to experimental studies. Their findings show that DNA
origami is not a static lattice but a dynamic, fluctuating system,
whose stability arises from a balance of electrostatics, sterics,
and solvation effects.

Roodhuizen et al. [245] studied the molecular-level mechanisms
by which different cations stabilize (or destabilize) a representa-
tive DNA origami nanostructure, using atomistic MD simula-
tions for a 512-base-pair DNA origami rectangle immersed in
explicit water with different ionic environments: Mg®*, Na*,
Kjo (decameric oligolysine — PLL-10), and spermine**, and com-
binations of these species and concentrations (Figure 16a-f). The
results show that monovalent-only (Na*) environments exhib-
ited large deviations from the designed origami geometry, indi-
cating that Na™ alone poorly stabilizes the compact multihelix
architecture on the simulated timescale. Mg2+, spermine4+ and
Ko stabilized the structure (Figure 16g,h). These cations pre-
served global shape and limited helix repulsion mainly due to
effective electrostatic screening of the DNA phosphate groups
(Figure 16i). Mg>* frequently localized in close coordination to
phosphate groups and in grooves, forming well-defined inner-
sphere and outer-sphere complexes that screen local charge.
Multivalent polyamines (spermine) and oligolysines tended to
connect helices by simultaneous contacts to phosphates on adja-
cent helices, acting as inter-helix crosslinks. Thus the work [245]
delivers a careful, insightful atomistic study that advances mech-
anistic understanding of how different counterions stabilize DNA
origami.

Another important step in the computational analysis of DNA
nanotechnology was made in [246]. The 0xXDNA coarse-grained
model is used to analyze the properties of archetypal 2D and 3D
DNA origami. The results are compared with the experimental
data, including cryo-EM and SAXS, to validate the model’s pre-
dictive capabilities. The oxDNA model [234, 247, 248] is particu-
larly promising because it represents DNA at the nucleotide level,
with well balanced resolution and computational efficiency. The
0xDNA2 model was used, which is an improved version of the
0oxDNA model. Simulations were performed in 0.5M NaCl salt
solution and conducted on both isolated motifs (Holliday junc-
tions) and complete origami structures (2D and 3D designs). The
results showed that oxDNA favors a left-handed junction geom-
etry, whereas experimental studies indicate a right-handed pref-
erence. While this represents a limitation of the model, the
authors argue that it does not significantly hinder the ability
of oxDNA to capture origami structure. In practice, junctions
in origami are constrained near anti-parallel geometries, mean-
ing the deviations in chirality produce similar levels of stress in
both model and experiment. Importantly, oxDNA simulations
reproduced key features such as helix bending away from junc-
tions, a phenomenon central to the so-called “weave” pattern
observed in origami structures.

The article [249] presents a pioneering approach to the design of
dynamic DNA nanostructures whose assembly and disassembly
can be reversibly controlled by metal ions. The study integrates
G-quadruplex motifs into DNA origami tiles, creating ion-respon-
sive nanomaterials that undergo conformational changes depend-
ing on environmental conditions. G-quadruplexes are four-
stranded DNA structures formed from guanine-rich sequences.

In the presence of monovalent ions such as potassium (K*) or
sodium (Na™), guanine bases associate through Hoogsteen hydro-
gen bonding to form G-quartets, which stack to build G-quadru-
plexes. The stability and topology of these structures depend
strongly on the ion type and concentration, with K* typically pro-
ducing more stable complexes than Na™. The research [249] dem-
onstrated the reversible, ion-dependent self-assembly of DNA
origami dimers mediated by G-quadruplex interactions. Their
experiments showed that potassium ions induce folding of the
G-quadruplexes, leading to structural disassembly, while ion
removal reverses the process. This mechanism introduces a con-
trollable and repeatable form of dynamic behavior in DNA nano-
structures, which is an essential feature for designing intelligent
nanomaterials capable of multiple operational states. Further-
more, when the number of G-quadruplex-forming sequences
was reduced from four to one, the binding affinity decreased sig-
nificantly. Dimers containing only one G-quadruplex showed min-
imal responsiveness to K*, emphasizing that multiple sticky ends
are necessary to balance structural stability and responsiveness. To
the best of our knowledge, no computational modeling studies
of G-quadruplex-containing DNA origami systems have been
reported to date. We anticipate that such modeling will require
particularly careful treatment of ion-DNA interactions and solvent
effects, given their critical role in determining G-quadruplex sta-
bility and responsiveness, as highlighted in previous studies
[250, 251]. Hierarchical multiscale methods previously used for
both duplex and quadruplex DNA structures [252-254] could take
advantage of atomistic and even polarizable force field results at
smaller scales, which have been shown to provide the most accu-
rate description of G-quadruplex ion coordination [255], to inform
parameterization strategies and retain ion-specific effects in sim-
ulations of large origami systems.

5.8 | DNA Hydrogel

DNA hydrogels provide a clear illustration of why predictive
materials design in stimuli-responsive soft matter requires a mul-
tiscale modeling framework. Atomistic simulations are essential
for resolving local ion binding, hydration structure, and specific
ion-DNA interactions, but they are inherently insufficient to cap-
ture collective properties such as swelling, elasticity, and ion
transport observed experimentally. These macroscopic responses
emerge from mesoscale organization and network connectivity,
which must be described using coarse-grained or continuum
approaches. Such mesoscale models enable quantitative predic-
tion of hydrogel structure and mechanical behavior [256, 257].
However, the explicit incorporation of experimentally observed
[258] sensitivity to ionic strength, ion valence, and competitive
binding effects remains an open challenge. As discussed in the
preceding subsection on DNA origami, hierarchical multiscale
strategies that combine atomistic and mesoscale descriptions
offer a promising route to retain ion-specific effects in simula-
tions of large DNA-based assemblies.

DNA hydrogels represent a versatile class of programmable, bio-
compatible, and ion- and stimuli-responsive biomaterials formed
through the cross-linking of DNA strands into polymer networks
that mimic the physical properties of natural tissues [259]. Various
construction techniques, such as self-assembly based on sequence-
specific hybridization, enzymatic cross-linking using ligases,
hybridization chain reaction, and rolling circle amplification,
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enable precise control over their structure and functionality [260].
Hybrid DNA hydrogels, which integrate natural or synthetic poly-
mers, biomolecules, or nanomaterials with DNA, combine the
advantages of multiple components to enhance mechanical stabil-
ity, responsiveness, and biofunctionality [261]. Cross-linking can
occur through chemical (covalent) or physical (noncovalent) inter-
actions, with the chosen method determining the hydrogel’s sta-
bility, mechanical properties, and environmental sensitivity [259].
The sequence programmability of DNA allows for the design of
hydrogels with tunable stiffness, elasticity, and responsiveness
to external stimuli such as pH, temperature, and ionic strength.
These properties make DNA hydrogels particularly promising for
biomedical applications, including controlled and targeted drug
delivery, biosensing, tissue engineering, and cell culture [261]. By
encapsulating therapeutic agents and releasing them in response
to specific triggers, DNA hydrogels offer precise drug delivery sys-
tems, while their structural adaptability enables the creation of
sensitive biosensors and injectable therapeutic matrices. Further-
more, their ability to mimic the extracellular matrix provides a
favorable environment for cell attachment, proliferation, and dif-
ferentiation, facilitating tissue regeneration and serving as
advanced in vitro platforms for drug testing and discovery [260].

Li et al. [262] proposed a conceptual framework for the rational
design of DNA hydrogels linking polymer-level physical descrip-
tors to macroscopic material properties. Focusing on backbone
rigidity and cross-linking kinetics as key determinants, the
authors elucidate how molecular-level features govern mechani-
cal stiffness, diffusion, swelling, and dynamic responsiveness.
The review highlights that hydrogels with rigid dsSDNA networks
tend to exhibit greater stiffness and reduced swelling than flexi-
ble ssDNA networks, while flexibility enhances assembly effi-
ciency and adaptability, underscoring the need for a balance
between rigidity and functionality. The analysis of cross-linking
kinetics reveals that long-lived covalent bonds yield robust yet
less adaptable hydrogels, whereas transient supramolecular
cross-links enable self-healing, shear-thinning, and stimuli-
responsive behavior. From this synthesis, the concept of tuning
cross-linker lifetime emerges as a crucial but often overlooked
design principle. From these insights Li et al. outline how
DNA hydrogels may be tailored for specific biomedical purposes:
rigid scaffolds for bone or cartilage regeneration, permeable net-
works for cell culture, and dynamic matrices for controlled drug
delivery and biosensing.

Ion-mediated DNA condensation effects are particularly evident
in DNA hydrogels. Jeon et al. [258] demonstrate the use of poly-
cations (especially spermine**) to condense DNA hydrogels,
thereby making them highly resistant to enzymatic degradation.
Subsequent addition of NaCl expands the hydrogel back to its
original state, restoring degradability and enabling programmed
release. This balance between condensation (protection) and
expansion (release) provides a pathway for engineering DNA
hydrogels as versatile, tunable molecular carriers. Spermine**
was employed to condense the hydrogels through electrostatic
interactions with DNA backbones. This condensation reduced
hydrogel volume drastically, while protecting against nuclease
degradation. To trigger expansion, Na* ions were then added.
Because Na* competes with spermine** for DNA binding, it dis-
rupts the spermine-DNA interaction, restoring the hydrogel’s
uncondensed structure. Repeated condensation-expansion
cycles were achieved by alternately exposing hydrogels to sper-
mine and NaCl, demonstrating reversible programmability.
Hydrogels responded differently depending on cation valence.
Tri- and tetravalent cations (spermidine3+, cobalt hexam-
mine®*, spermine**) induced strong condensation at low con-
centrations, reducing hydrogel area by ~90%. Monovalent and
divalent cations (Na*, Mg®") were far less effective. This con-
firms that multivalent cations drive phase separation and con-
densation by binding strongly to DNA backbones. By adjusting
the DNA cross-link length and ratio, the condensation kinetics
can be controlled without altering the final condensation level
[258]. Shorter cross-links produced slower condensation, offer-
ing a design variable for tuning DNA hydrogel response kinetics
(see Figure 17). The expansion was tunable with salt concentra-
tion: higher NaCl induced faster expansion, while lower con-
centrations delayed it. Condensation and expansion cycles
were repeatable, demonstrating a reversible and programmable
system.

DNA-based hydrogels also offer important practical applications.
The paper [263] presents a novel strategy for converting biomass-
derived DNA directly into functional biodegradable materials—
such as gels, membranes, and plastics, without first breaking
DNA down into monomeric building blocks or conducting con-
ventional polymer syntheses. The authors show that DNA har-
vested from biomass can be processed into diverse materials
with useful and sometimes unexpected properties. They demon-
strate large-scale processing, cost-effectiveness, and several

buffer change Spermine
—_ »
State 1 State 2 State 3 State 1
Condensed Uncondensed Expanded Condensed
FIGURE 17 | Schematic illustrations of repetitive condensation and expansion of hydrogels under varying ionic conditions [258]. Adapted with

permission [258]. Copyright 2024, American Chemical Society.
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applications, including drug delivery, adhesion, composite mate-
rials, patterning, and even using DNA-based plastics for cell-free
protein production. The overall goal is to reduce dependence
on petrochemicals by offering an alternative based on renewable,
degradable biomass. The authors aim to use DNA as-is (in suffi-
ciently pure form) to make materials, by using physical process-
ing (cross-linking, casting, shaping) to create gels, membranes
and plastics. This could lower cost, energy, and synthetic
complexity.

To elucidate the physical and chemical properties of DNA hydro-
gels, coarse-grained molecular dynamics simulations at different
levels of molecular organization are widely used [256, 257]. Wang
et al. [256] present a computational study that clarifies the struc-
tural determinants of DNA-cross-linked PEG hydrogels and their
ability to function as drug carriers. The results demonstrate that
6-armed, high-molecular-weight PEG precursors at sufficiently
high concentrations produce percolated networks with narrow
pore distributions, enhancing drug retention. These findings
not only deepen the fundamental understanding of hydrogel
architecture but also provide a rational framework for designing
DNA-responsive biomaterials for therapeutic applications. By
combining coarse-grained MD simulations with structural and
diffusion analyses, the authors bridge the gap between nanoscale
hydrogel morphology and macroscopic drug delivery perfor-
mance. The work highlights the promise of DNA-mediated
hydrogels as customizable, biocompatible carriers in advanced
drug delivery systems. The study by Xing et al. [257] demon-
strates that coarse-grained modeling can successfully capture
the structural and mechanical properties of DNA hydrogels.
The model reproduces melting transitions, reveals 3D structural
features, and predicts linear elasticity consistent with experimen-
tal trends. Importantly, it highlights how the programmability of
DNA interactions can be exploited to control hydrogel mechanics
in ways not possible with conventional polymers. Despite limi-
tations in capturing dissipative rheology, the model sets the stage
for future studies of responsive, hierarchical, and multifunctional
DNA hydrogels. In these works [256, 257] counterions were not
modeled explicitly and their role was effectively implicit, entering
through coarse-grained interactions.

5.9 | DNA Walker

DNA walkers are DNA-based molecular machines that move
stepwise along a track through the programmable formation
and disruption of base pairs. At their core, the DNA walkers
use toehold-mediated strand displacement [264, 265] to attach
and detach their "feet” from specific footholds on a track, allow-
ing forward movement directed by fuel strands, enzymes, or dif-
ferences in binding energy [266-268]. The ability to engineer the
kinetic and mechanical properties of these nanoscale machines
has led to applications in signal amplification, cargo transport
[264], and even nascent nanorobotics [266]. However, because
DNA is a polyelectrolyte, the electrostatic repulsion among phos-
phates and the screening by monovalent or divalent ions strongly
influence both the thermodynamics and the kinetics of these sys-
tems. Experimental walkers typically operate in buffers with high
concentrations of Na* or Mg”" ions to stabilize duplexes and ori-
gami structures. Computational models used to design and opti-
mize DNA walkers must, therefore, capture the effects of ions on
base pairing, stacking, and the mechanical elasticity of DNA. The

earliest generation of coarse-grained models for DNA nanotech-
nology, such as the oxDNA model, treats each nucleotide as a
rigid body with interaction sites representing the backbone, base
stacking, and hydrogen bonding interactions. The parameteriza-
tion of the average-base version of 0cxDNA was performed at high
monovalent salt concentrations. The model used by Ouldridge
and coworkers [269] was fitted to reproduce the melting temper-
atures and mechanical properties of average DNA sequences at a
monovalent salt concentration of 0.5M, so that electrostatic
repulsion could be approximated by short-range excluded-vol-
ume interactions. This assumption allows the model to neglect
explicit Coulombic interactions and treat repulsion through
excluded volumes. The high-salt parameterization is justified
because most DNA nanotechnology experiments are performed
in buffers that suppress interstrand repulsion.

One of the earliest simulation studies to apply such a CG model
to a DNA walker was conducted by Ouldridge et al. [269], who
investigated the operation of a two-footed DNA walker designed
to step along a reusable track. Virtual Move Monte Carlo
(VMMC) simulation, Langevin dynamics, umbrella sampling,
and forward flux sampling were performed in order to investigate
the movement of the walker on tracks of different lengths and
tensions. The results of the simulations showed that increasing
the tension of the track caused an increase in the bias toward
moving the walker one base pair at a time, reduced mis-binding
of the walker to the track, and facilitated recovery of the walker
when it moved past a certain point by creating fraying of the
duplex. The study also examined the kinetics of release of the
fuel and the displacement of the strands of DNA. It was found
that the remaining pieces of fuel fragment influenced the path
the walker took when it reattached to the track.

Several subsequent studies have adopted similar coarse-grained
models using the framework of either oxXDNA or oxDNA2, vary-
ing mainly in either geometry or integration with experiments,
and without varying the ionic conditions. For example, a “burnt-
bridges” model for a molecular walker has been used by Sulc
et al. [270] to explore free energy landscapes for various distances
between the stators, and for different lengths of the toehold
domain, while Khara et al. [271] used a combination of sin-
gle-molecule FRET and simulations using the framework of
oxDNA in studying the kinetic properties of the molecular walk-
ing process on a DNA origami surface for various sizes and ori-
entations. An example using chemomechanical coupling for an
autonomous bipedal walking model has also been presented by
Tee et al. [272], and for a circular origami surface for autonomous
motion by Siti et al. [273], both using extensions of the frame-
work for oxDNA. However, in each of these studies, the ionic
conditions are also implicitly taken into account through the
salt-concentration-dependent parameters used for the model,
namely 0.5 M monovalent salt, without varying the ionic condi-
tions. Other studies, such as Wang et al. [274] or Li et al. [275]
and more recently Mou et al. [276] continued with implicit ion
models of salt, even in more complex functional systems such as
theranostic devices based on DNA walkers bound to nanopar-
ticles. In the latter work, for example, kinetics was optimized
with simulation-guided design, with ion interactions modeled
implicitly with the oxDNA model parameterization.

In contrast to these CG approaches, Xu et al. [277] introduced a
general analytical framework to describe the mechanics of
bipedal DNA-based nanomotors. The motor is modeled as an
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elastic dimer made up of two identical elastic legs that are cou-
pled to a symmetric periodic potential, representing the molecu-
lar track. By coupling leg elasticity to phase-shifted periodic
driving applied to each leg, the framework encapsulates transi-
tions between metastable mechanical configurations involving
single and double leg attachment. This analytical and numerical
study demonstrated multiple regimes, including hand over hand,
inch worm, and phase winding types of motion; it also demon-
strated a “superlubric” regime at a phase locked state in which
the effective friction experienced by the nanomotor is minimized.
Additionally, Xu et al. [277] showed that the model reproduced
the qualitative behaviors of synthetic and biological walkers, and
that elasticity and phase coupling were necessary for the low-
friction, low-dissipation operation of nanoscale transport.

A recent study by Ogieva et al. [278] investigated how geometric
confinement of DNA tracks can accelerate walker motion. The
authors combined CG oxDNA simulations with an analytical first-
passage framework describing tethered binding in the reaction-
limited regime. In this model, the walker-track pair is treated
as a tethered reactive system diffusing on an effective angular-
radial energy landscape, and the stepping rate is obtained using
Szabo’s relation for the effective surface rate constant. The authors
examined two different geometrical constraints: (i) the double-
stranded tails of the foothold bound to the walker, leading to a
pseudo-rotationally constrained motion process for the walker in
the substrate plane (pseudo-rotationally constrained system), and
(ii) the embedding of the substrate path for the walking process in
origami trenches, leading to lateral constraints for the walking pro-
cess (lateral or trenches-constrained system). The simulation and
kinetic analysis indicate that for pseudo-rotationally constrained
systems, it is possible to observe a four-fold reduction in the aver-
age walking time, and for lateral (in trenches) constraints, it is pos-
sible to observe a three-fold reduction in the average walking time,
along with an increase in its average lateral dimension leading to a
partial loss in walking speedup, since its average height increases.

5.10 | DNAzymes

DNAzymes, or deoxyribozymes, are single-stranded DNA mole-
cules that have enzymatic properties, first identified by in vitro
selection in the mid-1990s [279, 280]. Although DNA has no con-
firmed naturally evolved enzymatic role [281], its capacity to fold
into complex tertiary structures enables DNA to catalyze diverse
reactions, from RNA cleavage and ligation to phosphorylation
and peroxidase activity [282]. Among the numerous DNAzymes
discovered, the RNA-cleaving 8-17 and 10-23 motifs remain the
most extensively characterized, particularly as models for gene
manipulation and biosensing [283, 284]. Both require divalent
metal ions, notably Mg®* and Pb**, to promote catalysis through
electrostatic stabilization and activation of the scissile phosphate
[280]. Because intracellular metal-ion concentrations are tightly
regulated, understanding ion-enzyme interactions at the atomis-
tic level is critical for improving DNAzyme function in vivo.
Computational modeling has thus become indispensable for
uncovering the structural dynamics and catalytic mechanisms
of DNAzymes under varying ionic conditions, complementing
the sparse experimental structures available.

DNAzymes provide a clear example in which advances in molec-
ular modeling have helped reconcile discrepancies between

structural interpretations and experimental observations. Early
simulations based on fixed-charge force fields successfully cap-
tured global folding and prereactive conformational ensembles
but were inherently unable to account for experimentally
observed metal-ion specificity at the catalytic level or for chemi-
cal reaction rates. More recent studies combining explicit-ion
molecular dynamics with high-resolution structural data have
clarified how different metal ions organize the active site, stabi-
lize catalytically competent geometries, and modulate hydrogen-
bond networks, thereby resolving long-standing inconsistencies
between folding and activity measurements [169, 285]. In parallel,
multiscale simulations incorporating QM/MM approaches have
provided a DNAzyme-specific view of how metal ions participate
directly in catalysis, as demonstrated by Aranda et al., who
resolved the full reaction mechanism of the 9DB1 DNAzyme
and identified a two-metal-ion catalytic strategy [171]. At a more
general level, mechanistic and computational reviews have
emphasized that discrepancies in metal-ion selectivity cannot
be fully rationalized without explicitly accounting for polarization
effects and metal-ligand charge transfer within the catalytic
core, highlighting fundamental limitations of fixed-charge force
fields [168]. Early computational studies of DNAzymes began
with Kenward and Dorfman [286] who performed the first CG
Brownian dynamics simulations of the 10-23 DNAzyme to inves-
tigate its structural and conformational dynamics. Their model
reproduced the experimentally measured end-to-end distance of
the enzyme-substrate complex and was able to qualitatively
explain the effects of recognition-arm length and point mutations.
However, electrostatics and metal ions were not explicitly
included, as the authors assumed that such effects play a second-
ary role in determining the DNAzyme’s tertiary structure com-
pared with base pairing, stacking, excluded volume, and chain
semiflexibility. The study introduced a CG framework intended
as a starting point for more detailed atomistic simulations of
DNAzymes. A decade later, the field advanced dramatically with
classical MD simulations being able to provide refined molecular
insight into their catalytic behavior. Ekesan and York [169] inves-
tigated the 8-17 DNAzyme in explicit solvent using four idealized
molecular states: the standard, general-base-deprotonated, acti-
vated precursor, and transition-state mimic, all of them represent-
ing conceptual points along the proposed RNA cleavage pathway.
Simulations have shown how the changes in the system’s state
favor nucleophile activation and transition state formation. In
the initial state, the system is in a prereactive configuration, stable
but unproductive. As the general base is activated by deprotona-
tion, the ionic environment (particularly Pb** and Na* ions) con-
tributes to the correct alignment and polarization of the groups
involved in the reaction, facilitating the nucleophilic attack on
the phosphodiester bond. In the transition state, metal ions play
an essential role in stabilizing the accumulated negative charges,
although no energetic barriers were calculated within classical
MD. Therefore, simulations indicate that catalytic efficiency arises
from cooperative interactions between electrostatic effects and the
structural reorganization of the system. Importantly, the authors
emphasize that these models are idealized constructs which may
not correspond to real reaction intermediates and that the precise
catalytic mechanism cannot be resolved at the classical MD level.
The quantitative estimation of barrier energies or proton-transfer
steps will be achieved via quantum or QM/MM simulations, as
well as experimental verification of proposed binding modes of
metal ions.
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Ganguly et al. [287] employed MD and free energy simulations to
explore a possible hydrogen-bond-mediated catalytic mecha-
nism, termed tertiary y-hydrogen-bond network (3° y(HBN))
catalysis, in several RNA and DNA cleavage systems, including
the Pb**-dependent 8-17 DNAzyme. The simulations suggest
that divalent metal coordination to a nonbridging phosphate oxy-
gen can reorganize the active-site hydrogen-bond network, sup-
pressing unproductive 02 -phosphate interactions and favoring a
productive O2'-guanine contact that could promote nucleophile
activation. The effect was most pronounced in the 8-17
DNAzyme model. While these computational results highlight
a potentially metal-tunable feature of nucleic acid catalysis,
experimental validation is needed to assess whether 3°
y(HBN) interactions operate in real systems.

A completely different simulation-driven strategy for designing
DNAzyme-based nanomachines for the detection of single-nucle-
otide variants was proposed by Zhang et al. [288]. The authors
combined thermodynamic modeling and kinetic simulations to
optimize the system before experiments. Using NUPACK and
the SantaLucia internal-loop model, they calculated standard
Gibbs free energies (AG) for DNA hybridization and adjusted toe-
hold lengths so that the toehold-exchange reaction approached
thermodynamic equilibrium (AG =~ 0). Although there is no
mention of how ionic effects were modeled, the authors imply
that they were implicitly included through the thermodynamic
parameters used by NUPACK. Reaction kinetics were modeled
in MATLAB through ordinary differential equations solved with
the ode23s stiff solver, allowing simulation of the strand
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hydrated metal ions or
other nucleotides

8-17 DNAzyme C

displacement and noncovalent DNA catalysis reactions. These
simulations mapped the trade-off between sensitivity and speci-
ficity, guided the adjustment of toehold domains and reactant
ratios, and predicted dynamic trends later confirmed experimen-
tally. Through this combined computational-experimental
approach, the study demonstrates how the in silico modeling
can help guide DNAzyme design, leading to the improvement
of detection sensitivity and minimizing trial-and-error efforts
in the design of DNA biosensors.

A combined experimental-theoretical approach was used by
Borggrife et al. [168] in order to investigate the structural dynam-
ics of the precatalytic state of the 10-23 DNAzyme in complex
with its RNA substrate. The experimental investigation was per-
formed by employing high-resolution NMR-spectroscopic meas-
urements, which were supported by MD simulations. In the
simulations, Mg>* ions were modeled as fully solvated and able
to move freely, forming and breaking contacts with the nucleic
acid instead of being fixed at specific sites. The simulations pro-
duced a detailed, experimentally verified model of the 10-23
DNAzyme:RNA complex under nearly physiological conditions,
in which the substrate-binding arms are compact and well orga-
nized, while the catalytic loop stays flexible and samples confor-
mations compatible with catalysis.

Three metal-binding sites (MBS I-IIT) were identified for their
function in association with the 10-23 DNAzyme:RNA complex,
each serving a distinct role: MBS I, at the junction between the
DNAzyme’s two substrate-binding arms, acts mainly as a struc-
tural scaffold. Metal ions here neutralize the strong negative

Hammerhead ribozyme
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e 1
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Hairpin ribozyme

FIGURE 18 | Structural representations of RNA cleavage sites for (A) the 10-23 DNAzyme (PDB: 7PDU), (B) the 8-17 DNAzyme (PDB: 5XM8), (C)
the hammerhead (top, PDB: 3ZP8) and hairpin (bottom, PDB: 1M50) ribozymes. DNA strands are shown in blue, RNA substrates in orange, MgZJr ions
in green, and Pb>" in gray, and (D) a schematic of the reactive linkage arranged for in-line attack, with catalytic acid/base sites marked. Reproduced
under the terms of the CC-BY-NC license [168]. Copyright 2022, The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.
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charges of the DNA backbones, allowing the molecule to fold
into a compact active form. MBS II, closer to the 5" end of the
loop, is involved in activation: Mg>*-induces folding and stacking
between the substrate base rG, (the riboguanosine residue at the
cleavage site) and G6 that positions the reactive bond for in-line
cleavage. MBS III, near the loops 3 end, has a catalytic role.
Metal-ion coordination close to another guanine (G14) makes
that base more effective at removing a proton from the RNA
backbone at the reaction site, which is a key chemical step lead-
ing to bond cleavage. The MD simulations also showed that the
RNA-substrate is bent, such that the 02'-P-05' linkage of rGy, is
positioned in a manner that facilitates an in-line attack. This con-
figuration is shown in Figure 18D. Furthermore, the MD simu-
lations demonstrated the presence of a stacking interaction
between G6 and rG, that facilitates alignment of the reactive cen-
ter (Figure 18A). In addition, the MD simulations revealed the
existence of a z-r stacked interaction between G6 and rG,, that
favors the orientation of the reactive center and the formation of
the in-line attack conformation. However, the 8-17 DNAzyme
and the hairpin ribozyme (Figure 18B,C) use the L-platform strat-
egy—its characteristic structure in which the catalytic guanine
residue is found to be sandwiched between the neighboring bases
of the catalyst and the substrate at the cleavage point. Taken
together, the findings reported by Borggrife et al. [168] under-
score the structural diversity of catalytic DNA molecules, as well
as the role of metal ion interactions in modulating this structural
landscape.

Building on these structural and mechanistic insights, Nguyen
et al. [289] applied the knowledge of metal-ion-induced confor-
mational dynamics reported by Borggrife et al. [168] to guide the
chemical optimization of the 10-23 DNAzyme. Through iterative
‘design-build-test-learn’ cycles, the authors developed modified
variants with enhanced catalytic efficiency and reduced Mg**
dependence, demonstrating how structural understanding of
ionic effects can inform the rational engineering of more active
DNAzymes.

Complementary insights emerged from the work of Amini and
Bashirbanaem [290], who used classical MD simulations to clar-
ify the ambiguities in the reaction mechanism of the ligating
DNAzyme 9DBI. Starting from the post-catalytic crystal struc-
ture of the DNAzyme 9DBI, they developed an alternative pos-
sible pre-catalytic complex and simulated various structural and
sequence mutations to demonstrate how these mutations affect
the arrangement within the catalytically important site. These
simulations utilized both explicit solvation and a mixture of
the cations Na* and Mg®" in a mixed ion solution where the diva-
lent cations were allowed to diffuse and move throughout the
solution rather than being placed into predetermined locations.
The results show that the divalent Mg>* ions participate in the
stabilization of the phosphate and nucleobase groups by means of
an outer sphere electrostatic method, enabling the reactive geom-
etry to be maintained, while the Na* ions provide general elec-
trostatic screening and stabilize the base-pair product. The
conformational changes noted are interpreted in relation to
the experimental rate differences for the mutants constructed
and support previous experimental conclusions regarding metal
dependence. The authors highlighted that ignoring monovalent
ions can lead to misinterpretation of catalytic geometries, under-
scoring the necessity of modeling mixed-ion systems when sim-
ulating DNAzyme catalysis.

Recent high-resolution studies have consolidated this mechanis-
tic landscape. Wieruszewska et al. [285] used NMR spectroscopy
to determine the solution structure of the canonical 8-17
DNAzyme bound to Zn** and compared it with the Pb**-bound
crystal form. This solution structure was very similar to the Pb**
structure (the RMSD between the two structures is ~ 1.3 A)
which indicates Zn**, Mg®*, Na*, and even Pb** are all capable
of populating a single compact tertiary fold of the DNAzyme
rather than individual metal-specific folds. Subsequent NMR
experiments with Mg>* and Na™ revealed that all these cations
induce the same overall tertiary structure, though with differing
population weights of the active state. As a result of this study,
the authors were able to develop a unified model for the cleavage
kinetics of the 8-17 DNAzyme, separating the effects of metal
binding and folding from those involved in catalysis. Schmuck
et al. [291] further emphasized that this discovery reframes
the mechanistic paradigm: ion identity modulates dynamics
and occupancy rather than gross folding topology. The use of
NMR-derived restraints in MD ensemble refinement validated
that Zn** and Na™* reproduce the same conformational ensemble
observed experimentally, illustrating the power of combined
computational-experimental analysis.

Together, the works presented here illustrate the evolution of
computational work on DNAzymes. As systems have gone from
the simple coarse-graining of the underlying systems with
implicit ionic screening to the current time when models include
NMR restrained MD simulations and explicit treatment of ions,
the field has advanced towards a clearer answer to the ongoing
question of how metal ions control catalysis and structural sta-
bility. Divalent cations such as Mg**, Zn**, and Pb** act by
directly interacting with the oxygen atoms of the phosphate
groups leading to transition state stabilization and greater in-line
attack probability, while monovalent ions such as Na* modulate
the electrostatic landscape and aid in directing proper global fold-
ing. The interplay of the cationic species will serve to dictate the
available conformational ensemble of the catalytically active
core. With the continued improvement in the resolution of
computational studies, such models can be formulated that will
incorporate both the discrete binding event, as well as large scale
electrostatic modulation, allowing two aspects of a molecular
detail that are experimentally measurable in activity to be
combined.

6 | Conclusions and Future Perspectives

Despite being the central molecule of life, DNA is increasingly
recognized for its technological potential. This growing impor-
tance arises from its unique properties and its abundance in
nature. The uniqueness of DNA lies in its ability to self-assemble
through the complementarity of nucleotide bases and in the con-
formational flexibility of its structure, which can range from sin-
gle- and double-stranded forms to more complex architectures
such as G-quadruplexes, triplexes, H-motifs, and others. Among
its distinctive characteristics, the polyelectrolyte nature of DNA,
originating from the negatively charged phosphate groups of the
double helix backbone, is particularly significant. This feature
makes DNA-ion interactions, especially with metal and molecu-
lar counterions, a key factor underlying many of its structural
and dynamical effects.
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At the same time, ions themselves in biological systems are not
passive electrolytes. Besides being critical for a multitude of vital
functions, they are also active design variables. Ions stabilize
DNA structure in vivo and also shape, gate, and power DNA
nanostructures and devices in vitro and in technological settings.
The ionic environment governs both structure and function from
hydration-shell structuring and specific groove binding (Section 2),
through ion-driven condensation as nanoscale confinement
(Section 3), to modeling strategies that transmit atomistic ion phys-
ics up to mesoscales (Section 4), and finally to applications, met-
allized DNA, stretched z-stacked nanowires, nanopores, tweezers,
hydrogels, electromotors, walkers, and DNAzymes (Section 5).
What unifies them is their valence, identity, and hydration ther-
modynamics. Together with geometry and sequence of nucleotides
in the DNA macromolecule, they determine the free-energy land-
scape on which DNA-nanotechnology operates.

Among the key properties of ions, valence is one of the
most straightforward. Multivalent cations (e.g., polyamines,
[Co(NH3)s]*") create strong inter-helix attractions that enable
DNA condensation and the formation of ordered phases, while
divalent ions (Mg2+, Mn?") tune local mechanics, catalysis, and
junction stability. Monovalent ions (Na*, K*) primarily deter-
mine electrostatic screening and act as coordination elements
in structures such as G-quadruplexes. The charge and size of ions
are directly related to their hydration, which is a property of par-
amount importance for structuring the DNA hydration shell and,
consequently, for the mechanisms of water-mediated interac-
tions. Kosmotropic ions (e.g., Mg>*, Li"), structuring water mol-
ecule around, interact via hydration shells, whereas chaotropic
ions (e.g., K* and Cs"), disordering structure of the hydration
shell, penetrate the grooves of the DNA double helix more read-
ily. Ton hydration patterns thus serve as design handles for fold
stability, switching thresholds, and conductance. On the other
hand, the structural features of the DNA macromolecule are
equally essential for constructing molecular mechanisms at
the nanoscale. In the most common B-form of the double helix,
the structure of the macromolecule is modulated by the nucleo-
tide sequence, influencing groove width, conformational flexibil-
ity, and the structure of the ion-hydration shell, which is an
interrelated property. Base chemistry and methylation impose
barriers to ion occupancy in the major and minor grooves,
thereby affecting inter-duplex attraction, device hinge flexibility,
and catalytic cores.

To describe the properties of DNA-ion systems as materials for
nanotechnology, a bridge between experiments, theoretical mod-
els, and simulations is required. These simulations should be per-
formed at different levels of molecular organization, including (i)
quantum-chemical studies to elucidate the mechanisms of com-
plex formation between metal ions or clusters and DNA,; (ii) clas-
sical molecular dynamics (MD) with improved ion parameters
and polarizable force fields, as well as QM/MM simulations,
to capture hydration effects and the role of water molecules;
(iii) Inverse Monte Carlo and related coarse-grained models to
describe large-scale structures such as DNA gels; and (iv) contin-
uum and Brownian dynamics, along with other theoretical
approaches, to provide physical interpretation for experimental
observations. On the experimental side, ASAXS/SAXS, NMR,
chiral vibrational and sum-frequency spectroscopies, single-
molecule pulling, and ionic-current readouts provide comple-
mentary constraints on ion distributions and dynamics. The

near-term opportunity lies in developing data-assimilation work-
flows that fit coarse-grained potentials directly to measured
structure factors and dynamical data, validate them against spec-
troscopic and single-molecule experiments, and iteratively refine
designs until the targeted values (such as conductance, rate, and
stability windows) are achieved.

These insights pave the way for ion-controlled DNA nanotech-
nologies, where ionic composition and dynamics are not merely
background conditions but active design parameters. Important
directions include:

1. Metallized DNA, involving the selective binding and
reduction of metal ions (e.g., Ag* and Cu**) along the
phosphate backbone or within base-pair stacks to form
continuous conductive paths. This underpins DNA nano-
wires and stretched z-stacked configurations functioning
as a quasi-1D electronic material for nanoelectronic
applications.

2. DNA battery, in which ions such as Li* migrate through
DNA hydrogels, forming ion-conducting channels analo-
gous to those in solid electrolytes, offering routes toward
biocompatible energy-storage systems.

3. DNA in nanopore systems, where DNA acts as a sensor,
transducer, or selective filter. The ionic composition deter-
mines capture rates, translocation dynamics, and signal-to-
noise ratios, while specific ions (e.g., Na*, K*) modulate
electroosmotic flow and the hydration of pore walls.

4. DNA tweezers, switchable molecular devices that undergo
conformational transitions upon external stimuli. They are
highly sensitive to ionic strength and valence; multivalent
ions or pH-dependent counterions can trigger folding or
refolding, while metal-dependent aptamers enable selec-
tive actuation.

5. DNA-based electromotors, which exploit charge asymme-
try or ion-driven conformational changes to generate
mechanical motion. Ionic gradients can induce directional
twisting or bending through local electric fields.

6. DNA origami, where thousands of staple strands fold a long
scaffold strand into a predetermined shape. Ion valence
and hydration strongly influence folding pathways and
final stability: Mg®* and Na* balance backbone repulsion
differently, affecting yield and rigidity.

7. DNA hydrogels, formed through physical or chemical
crosslinking of DNA strands. Their mechanical strength,
swelling behavior, and ionic conductivity depend sensi-
tively on ionic concentration and type, enabling applica-
tions in soft electronics and biosensing.

8. DNA walkers, nanoscale machines that move along prede-
fined tracks via strand-displacement reactions or catalytic
cycles. In experimental studies, ions act as electrostatic
screening agents; therefore, this effect is accounted for
by the implicit coarse-grained simulation model, which
saves computational time.

9. DNAzymes, catalytic DNA sequences whose activity
depends on specific coordinating metal ions (e.g., Mg>*,
Zn**, and Pb**). Their structural dynamics and reactivity
are tightly coupled to ion coordination geometry and

Small Structures, 2026

29 of 37

85UB017 SUOWILIOD BA11E81D) 8]qeo! [dde au) Aq peusenob ale Se[ole YO ‘8Sn J0 S8|ni o} Akeid18UlIUQ A8]1M UO (SUONIPUOD-PUe-SWB) 00" A3 1M AleIq Ul juo//Sdny) SUORIPUOD pue swe | 841 89S *[9202/50/52] Uo Ariqiauluo A8 |im * 1e1BeD 1 ISIBAIUN - 1900 B0S3ouRlS Aq 987005202 11SS/200T 0T/I0p/W00" A8 | AReiq 1 put|uo//sciy Wwo.j pepeojumod ‘€ ‘9202 ‘290v8892



hydration, making them central to sensing and signal
transduction.

Together, these directions outline a coherent roadmap for ion-
controlled DNA nanotechnology, where predictive modeling at
different levels of DNA structure and experimental feedback con-
verge to achieve programmable function, structural adaptability,
and sustainable material design.
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