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Abstract

Research on biomolecular liquid-state condensates (droplets) in cells has sparked burgeoning interest among synthetic
biologists in programmable droplets assembled from synthetic nucleic acids—information-encoding biomolecules amenable to
facile synthesis, versatile sequence design, and molecular decoration. Analogous to biological condensates, well-engineered
nanostructures consisting of DNA or RNA strands, which are negatively charged, phase-separate into membrane-free droplets
via weak multivalent specific interactions or via electrostatic attraction with positively charged peptides. The membraneless
compartments of these droplets allow stimuli responsiveness to molecular cues (DNA/RNA, enzymes, etc.). Nucleic acid
droplets thus offer a powerful platform for programming their various features, including hierarchical structuring, molecular
recognition capabilities, droplet interactions, and physical properties. Specifically, we describe a DNA linker that serves as a
programmable surfactant bridging immiscible DNA phases, which, upon molecular inputs, alters their separation level from
mixed to divided states. Furthermore, a rational combination of these features can create intelligent liquid-state architectures
capable of naturally unachievable functions and dynamics, such as Boolean operations and directional motion. To predict how
molecular-level encoding leads to macroscopic characteristics, coarse-grained models, which treat nucleic acids as strings of
interacting rigid beads, are widely utilized. This emerging field represents a cross-disciplinary integration of various fields, from
biophysics to information science. This Focus Review highlights recent advances in synthetic nucleic-acid droplets and their
far-reaching potential, concluding with perspectives on their future directions and challenges.

Introduction potential applications [12—15]. In the cell nucleus, DNA

condensates play a critical role in organization and gene

In recent years, the liquid-liquid phase separation (LLPS) of
biomolecules has emerged as a pivotal concept in structural
and synthetic biology. Since the discovery of liquid-like
condensates, i.e., membraneless bodies of biomolecules
within living cells [1], numerous studies have focused on
unraveling their underlying mechanisms [2—7]. Their func-
tions as membraneless cell organizers offer various proper-
ties, such as compartmentalization [8, 9], spatiotemporally
isolated chemical reactions [10], DNA repair [11], and other
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expression. Their formation is based on multivalent interac-
tions with partner molecules, such as transcription factors,
DNA-repairing complexes or RNA [16-19]. These dynamic
condensates exhibit liquid-like behavior (e.g., coalescence)
and are often driven by n—n interactions among nucleic acids,
specific RNA and peptide recognition sequences, and chro-
matin marks [20, 21]. Their functions range from simple
DNA subcompartmentalization to reaction encapsulation and
enhancement and even genome accessibility regulation [11].
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Meanwhile, synthetic biomolecular condensates com-
posed of DNA [22-52] or RNA [53-55] have garnered
particular attention because of their physicochemical simi-
larity to biological condensates and their ability to form
programmable structures. First reported in the 2010s
[27, 56-59], these biocompatible programmable con-
densates show great promise across a range of studies, from
fundamental, such as synthetic cells, microreactors, and
molecular computations, to applied fields, including soft
robotics and biomedical engineering, as highlighted in
recent reviews [60-63].

Their formation involves a range of different mechan-
isms, from random multivalent electrostatic interactions of
oppositely charged molecules, e.g., DNA and peptides (as
in coacervates) [56, 58], to polymerization [58] with pro-
grammable multivalent Watson—Crick (WC) base-pairing
interactions, summarized in Fig. la—f. Specifically, DNA
junctions, which are frequently used in DNA origami
[64-70] as a step for the subunit (motif) formation, allow
precise tuning of the condensate properties as encoded in
the sequences. Typically, for ease of design, most previous
works consider one or a few types of junctions (each
assembled from up to a few strands) as modules well tai-
lored to specific research purposes. This modularity con-
trasts with that of biological condensates as crucibles of
diverse molecules.

Structurally, they are constructed hierarchically, similar to
peptide organizational levels: primary, secondary, tertiary,
and quaternary. (1) Primary structure: a DNA sequence
designed according to each system’s features. (2) Secondary
structure: the formation of motifs from single-stranded DNAs
(ssDNAs) with a sticky end (SE), a single-stranded overhang,
which is achieved via salt-dependent, thermally controlled
self-assembly [22]. (3) Tertiary structure: network assembly
from the motifs, driven by overhang recognition. The final
structure possesses base-sequence programmability in the
physical properties, such as fluidity (due to motif molecular
reshuffling), a non-gating boundary (free exchange of solutes
between inner and outer solutions), and internal molecular
diffusion [25, 26, 44, 46, 71, 72]. These properties depend on
parameters such as motif rigidity [26], solution ionic strength
[71, 72], and motif multivalency [25, 44, 46], as highlighted
in Fig. lh-k. (4) Quaternary structure: compartmentalized
condensates assembled from multiple immiscible DNA
phases. Some researchers have shown that condensate asso-
ciations [22, 24, 49, 73] and communication [39] are essential
features of highly complex artificial biological systems.

In this Focus Review, we briefly describe how the
properties and structures of these condensates can be con-
trolled and modulated, how to achieve dynamic regulation,
and a nascent but growing body of applications in this field,
concluding with some future perspectives. Specifically, this
review highlights the synthetic nucleic acid linker system
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proposed by our group to drive the dynamic behavior of
hierarchically structured DNA droplets in a sequence-
specific manner.

Programmable nucleic-acid droplets
Design of DNA/RNA droplets

The basic engineering procedures largely begin with
designing nanoscale building subunits (termed motifs or
nanostars), which self-assemble into microscale con-
densates, similar to existing DNA/RNA nanoengineering
methods. The subunits consist of multiple strands, which
self-assemble into multibranched structures, each terminat-
ing in an SE. In the design steps, the component strands are
carefully screened using numerical software (commonly,
NUPACK [74]) and well-established thermodynamic
models (e.g., nearest neighbor models [75]) to ensure high
specificity in the construction and interaction of the subunits
and suitable thermostability in SE hybridization. The design
of DNA/RNA droplet behaviors primarily leverages the
commonly accepted DNA/RNA nanoengineering methods.
To predict how the component design leads to the phase
behavior of the condensate level, coarse-grained models
have been proposed because of their ability to simulate
large-scale dynamics, as described later.

Programmability of physical properties on the basis
of sequence information

The rheological properties of phase-separated droplets are
essential for controlling droplet behavior. For example, the
viscosity and surface tension of droplets influence their
growth through coalescence [76] and the exchange rates of
molecules with the surrounding environment [77]. A
decrease in the internal dynamics of droplets, representing a
state change from liquid to solid, has been suggested to be
involved in neurodegenerative diseases [9, 78], such as
amyotrophic lateral sclerosis (ALS) [79] and Alzheimer’s
disease [80].

A significant advantage of DNA-based LLPS systems is
that their physical properties, including rheological char-
acteristics, can be controlled not only by external factors
(temperature [81, 82], salt concentration [27], and pH
[83]) but also by appropriate design of the DNA sequence.
DNA condensates assembled from multidomain DNA
strands exhibit programmable rheological properties
and melting temperatures, which can be engineered
by modifying the length and number of domains [59].
DNA nanostructures that undergo LLPS through SE
hybridization serve as programmable templates for 1)
valency, 2) flexibility, and 3) strength of SE interactions,
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which are involved in the networked structure of con-
densates. 1) Solutions of DNA motifs with multivalency
phase-separate into DNA-poor and DNA-rich phases that
behave as fluids (Fig. 2a-i). Notably, when the valency
was increased, the phase-separated state was more acces-
sible (Fig. 2a-ii, iii) [84]. As the valency increased, the
mobility of the motifs decreased, resulting in a hydrogel-
like state [22] and increased stiffness [25]. 2) The flex-
ibility of DNA motifs was augmented by adding unpaired
bases as spacers at joints and overhanging sections, which

increased the conformational entropy of the DNA motifs
(Fig. 2b-i) [33, 40]. Flexible SE enabled the formation of
phase-separated droplets with fluid-like behavior (Fig. 2b-
ii) [40]. 3) The strength of SE interactions is determined
by the sequence-dependent —AH (AH: binding—unbinding
enthalpy difference). At a constant temperature, large
—AH, i.e., stable SE hybridization, promotes droplet for-
mation, whereas a further increase in —AH leads to a state
change from droplet to gel (Fig. 2c-iii) [22]. Notably, the
thermally induced phase behavior and physical properties
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Fig. 1 Overview of DNA condensates: formation, functions, and
programmability. DNA-peptide multivalent interactions. a Liquid-
crystal condensates formed through peptide-DNA association medi-
ated by temperature and ionic strength (salt concentration). Fusion
events suggested that the condensates were in a liquid state, which
maintained their anisotropic properties (spatially oriented). Repro-
duced with permission [56]. Copyright 2020, American Chemical
Society. b, ¢ Liquid-like condensates formed via electrostatic inter-
actions of peptide-DNA complexes. Dynamic and multidomain
interactions lead to the formation of DNA-peptide condensates,
mediated by temperature and ionic strength, with ssDNA-peptide
complexes showing a greater tendency to form liquid—shaped con-
densates. In contrast, (b) double-stranded DNA—peptide (dsDNA-—
peptide) complexes tend to form irregularly shaped solid-like struc-
tures (c). Reproduced with permission [57]. Copyright 2018, American
Chemical Society. RNA-based. d Liquid—crystal condensates. Orien-
ted RNA strands formed through supramolecular nonenzymatic
polymerization self-assemble into spatially oriented (anisotropic)
condensates, which is mediated by temperature and crowding agents
such as polyethylene glycol (PEG). Reproduced with permission [58].
Copyright 2018, American Chemical Society. DNA base-paired
domains. e Liquid-like condensates formed by self-assembled multi-
domain DNA motifs, which are based on programmable com-
plementary sequences, create short dSDNA and ssDNA domains along
the motif. Each domain consists of complementary strands, orthogonal
to neighboring domains, and free sSDNA arms that are able to rapidly
bind/rebind with neighboring motifs, leading to condensate formation
mediated by temperature and ionic strength. Reproduced with per-
mission [59]. Copyright 2016, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. f Liquid-like condensates formed by self-
assembled ssDNA into nanostar-shaped motifs sed on programmable
complementary sequences, which, unlike in the previous example,
form monomers composed of DNA junctions through the formation of
structures named arms, which are orthogonal to each other and
increase the specificity of DNA binding. Each nanostar is formed
through simple WC base—pairing interactions, and each arm is com-
posed of complementary strands. Neighboring nanostars interact
through overhang interactions at their ends, which are mediated by
temperature and ionic strength. Reproduced with permission [27].
Copyright 2018, The Royal Society of Chemistry. Condensates.
g Illustration of droplet-like condensates, highlighting their anisotropic
and isotropic properties. Functions and programmability.
h Designability of interactions. DNA droplets are highly program-
mable structures that can recognize and interact/fuse through
sequence-specific interactions [22]. i Due to the specificity of DNA
and RNA recognition enzymes and base-pairing interactions, droplet
architecture, subcompartmentalization, and composition are designable
through multistep reactions. Reproduced with permission [23].
Copyright 2024, American Chemical Society. j DNA computing is one
of the possible functions within DNA droplets and is based on internal
reactions such as strand displacement reactions (SDRs) [43], enzy-
matic degradation [51], and enzymatic and nonenzymatic DNA
polymerization. k Molecular communication. Different DNA droplets
might mutually exchange solutes, DNA/RNA strands, enzymes/pro-
teins, and other molecules [149] on the basis of nonequilibrium dif-
fusion patterns, designed WC base-pairing interactions, aptamer
formation, etc. [34, 45]

(e.g., viscosity and surface tension) [30] are determined
by the SE sequence (Fig. 2c-iii). The driving force
behind the relaxation process of coalescing droplets is
surface tension, where viscosity slows down this process.
The surface tension was estimated from both the SE
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sequence-dependent relaxation process (Fig. 2d-i)
and viscosity. In a liquid state, the surface tension
depends more on the SE sequence than does the viscosity
(Fig. 2d-ii) [30].

DNA droplets as regulatory hosts for chemical
reactions

Intracellular biomolecular condensates, as phase-separated
droplets, selectively take up or exclude molecules
depending on their charge or size, acting as scaffolds for
downstream biochemical reactions [85]. This selectivity
has been reconstructed in synthetic LLPS droplets pri-
marily by modulating the physical parameters of the
droplets, including charges, mesh sizes, and the binding of
clients with molecules. DNA droplets can control mole-
cule uptake or exclusion by utilizing sequence-dependent
selectivity of molecules. This selective partitioning cap-
ability allows programmable control of chemical reactions
by spatial control of reactants by selectively localizing
client molecules, which is realized, e.g., accelerated
reactions due to selective enrichment of client molecules
[47] and spatially coupled enzymatic cascade reactions
[48, 86].

Design of dynamic behavior

Membraneless synthetic LLPS droplets can easily exhibit
dynamic behaviors in response to changes in external
conditions or signals, serving as models of dynamic
intracellular condensates to elucidate their functions and
dynamic behaviors. Previously, synthetic complex coa-
cervates, formed by the electrostatic assembly of poly-
anions and polycations, have demonstrated various
dynamic behaviors, including formation and dissolution,
growth, and division [8§7-90]. However, their electrostatic
interactions are regulated by enzymatic reactions and
environmental conditions, such as pH, temperature, and
salt concentration. In contrast, DNA droplets (DNA coa-
cervates) can dynamically behave as encoded by their
designed sequences. By harnessing their physical pro-
grammability, DNA droplets exhibit various dynamic
behaviors initiated by the external signals of nucleic acids
or enzymes.

DNA linkers as programmable surfactants

Droplets of immiscible DNA phases favor separation into
multiple compartments. Their spatial coupling is necessary
for their immediate interactions that enable their distinct
functions and behaviors to be associated. In biological
systems, RNA functions as a surfactant in the formation of
the nucleolus, which appears as a tripartite layered liquid
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Fig. 2 Sequence-dependent physical properties of DNA droplets.
a Phase behavior of DNA liquid condensates using multivalent DNA
motifs. (i) DNA motifs characterized by valency f =3 or f = 4 and
phase behaviors of the f = 4 motif contained within a capillary tube.
The DNA motif equilibrates in the dispersed phase at high tempera-
tures (left) and in the liquid state at low temperatures (right). The green
and pink frame colors correspond to the dots in (ii). (ii) Phase diagram
plotting the concentration of each state. Phase separation occurs when
the temperature decreases to the range within the curve on the plots.
Adapted with permission [84]. Copyright 2013, National Academy of
Sciences. b DNA droplets generated via the self-assembly of flexible
DNA motifs. (i) A DNA motif featuring unpaired bases (cyan and pink
letters) as spacers at joints or overhanging sections for flexibility. (ii)
Phase separation using DNA motifs with unpaired bases (cyan and
pink circles). The sodium chloride concentration is shown at the bot-
tom of the figure. (iii) Confocal microscopy images of fully stiff (left)
and fully flexible (right) DNA motif samples. Reproduced with per-
mission [40] from the Royal Society of Chemistry. ¢ SE sequence
control of the temperature-dependent phase behavior of the Y-shaped
DNA motif (Y-motif). (i) Schematic of the Y-motif. (ii) Temperature-
dependent phase behavior of the Y-motifs with a specific length of the
SE sequence. At high temperatures, Y-motifs are dispersed in the
solution. As the temperature decreases, they change to a liquid or gel
state. (iii) Each state diagram of Y-motifs with different lengths of SEs.
As the length of the SE sequence increases, the binding affinity, as
indicated by —AH (AH: the enthalpy difference between binding and
unbinding), also increases. Reproduced [22] under the terms of the
Creative Commons CC BY-NC 4.0 license. Copyright 2020, Amer-
ican Association for the Advancement of Science. d Coalescence
behavior of DNA droplets. (i) (Top) Representative sequential images
of the relaxation process for DNA droplets composed of the Y motif
with an SE length of 8 nt. Scale bar: 10 um. (Bottom) Time-dependent
representative aspect ratios of DNA droplets with various SE designs
at different droplet formation temperatures. (ii) The surface tension
was estimated from the relaxation process and viscosity. Reproduced
[30] with permission from the Royal Society of Chemistry

condensate concentrically composed of an immiscible
fibrillar center (FC), dense fibrillar center (DFC), and
granular component (GC) (Fig. 3a) [91, 92]. For dynamic
control of the cohesivity between immiscible DNA phases,
our group proposed a DNA linker system, a multibranched
DNA nanostructure, which binds to multiple orthogonal
DNAs [22, 31, 43, 53].

In the six-branched linker, L,g, three consecutive SEs
and the others bind exclusively to the orthogonal motifs Y 5
and Yg, respectively (Fig. 3c-i). In the absence of L,g, the
immiscible DNA liquid-state condensates prefer to coalesce
with the same-sequence droplets and remain segregated
with the other type (Fig. 3b). In the presence of Lg, Y and
Y3 favor the formation of single-phase droplets (Fig. 3c-ii),
which can fuse with each other (Fig. 3c-iii). Furthermore,
the concentration of Lag determines the compartmentalized
state of droplets: at a lower concentration, the two immis-
cible DNA phases favor adherence to the distinctly com-
partmentalized structure; at increased concentrations, the
Y A—Yg interface increases; and at a sufficiently high con-
centration, Y and Yp equilibrate in an entirely mixed state
[22, 24, 31].
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Conversely, well-mixed DNA droplets of multiple
orthogonal DNA motifs phase-separate into a demixed state
upon molecular input. This phase separation behavior can
be programmed by encoding an input-responsive cleavage
in the linker, which is triggered by, e.g., enzymes and DNA/
RNA strands. Our group designed a chimeric linker, which
includes RNA sequences in the junctions bridging the Y-
and Yg-binding domains (Fig. 3d-i). Upon the input of
ribonuclease A (RNase A), an RNA-degrading enzyme, the
chimeric linker undergoes cleavage. As a result, the mixed-
state droplets favor irreversible division into multiple dro-
plets of distinct phases (Fig. 3d-ii). The active control over
biomolecular condensates reported thus far has focused on
the switching formation (‘ON’) or dissolution (‘OFF’) of
condensate bodies [93]. In contrast, our linker system can
fine-tune the wetting property between the immiscible DNA
phases.

Thermodynamically, the linker breakup can be under-
stood as a fuel reshaping the energy landscape (Fig. 3e).
Now, we take as an example another design of a DNA
linker, L’ 5g, in which two strand displacement reactions
(SDRs) are encoded in the sequence design, which is a
widely used technique for dynamic nucleic acid molecular
restructuring [94]. In an SDR, one strand of double-
stranded DNA (dsDNA) is replaced by another ssDNA
[94]. The incoming ssDNA, called the input DNA,
hybridizes to a dangling single-stranded portion of the
dsDNA, called a toehold, and displaces the incumbent
strand via branch migration, releasing the single-stranded
displaced DNA, called the output DNA. Upon inputs of
two targeted sequences (DNA or RNA), the resulting
SDRs lead to a breakup of the L’ 5 into two substructures.
In the intermediate steps of one SDR, the branch migra-
tion assisted by toehold—input hybridization proceeds
like a random walk in the middle of a local minimum
in the energy landscape (Fig. 3e), finally reaching the
lowest minimum. Without the inputs, the energy barrier
thermodynamically prohibits the initial-state L’ sg from
reaching the final equilibrium. By lowering the energy
barrier, the inputs enable L’,p to transition to the lower
minimum. Furthermore, since the inputs drive the phase
dynamics by releasing the binding energy in L’ 43—Y o and
L’Ag—Yg binding, the inputs can be considered to be
fuel [61]. By encoding complementary sequences for
specific target sequences in the stem regions, the linker
can be provided with sequence-recognition capabilities,
serving molecular computing purposes, which we
describe later.

Division of DNA droplets

To elucidate the roles of coacervate-based protocells in
origin-of-life research, researchers have reconstructed cell-
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like growth and division, which are essential for cellular
sustainability and evolution [95], using synthetic LLPS
droplets as protocell models [96, 97]. The cell-like division
of DNA droplets has been achieved by inserting enzyma-
tically cleavable (Fig. 3d-ii) [22, 42] or photocleavable [42]
linkers within multibranched DNA surfactants.

Recently, our group demonstrated temporally controlled
DNA droplet division by regulating the cleavage rate of
linkers [43]. Input DNAs, which can cleave linkers by
SDRs, initially exist as RNA/DNA hybrids that bind with
protector RNAs. These input DNAs are gradually released
through RNA decomposition catalyzed by ribonuclease H
(RNase H), which selectively degrades RNA in RNA/DNA
hybrids. By adjusting the release rate via changes in the
concentration of protector RNAs or RNase H, the cleavage
rate of the linkers was regulated, enabling control over the
timing of DNA droplet division. Furthermore, controlling
the cleavage order of multiple linkers enabled multistep
droplet division, effectively achieving pathway control of
droplet division in a reaction landscape [43] (Fig. 4a, b).
Mixed DNA droplets, formed by the assembly of three
orthogonal motifs (A-, B-, and C-motifs) and two linkers
(AB- and AC-linkers), were divided into orthogonal dro-
plets (A-, B-, and C-droplets) through one of two pathways,
depending on the cleavage order of the two linkers. The
C-droplet divided first when the AC-linker was cleaved first
(Fig. 4a), whereas the B-droplet divided first when the AB-
linker was cleaved first (Fig. 4b). Regulating the cleavage
rate of these linkers by adjusting protector RNAs or RNase
H enabled control over their cleavage order and thus the
selection of division pathways.

Dynamic structural changes in DNA droplets

Dynamic structural changes, such as dynamic formation/
dissolution, hierarchical structure formation, or the pat-
terning of synthetic liquid condensates akin to intracellular
condensates, facilitate the sequestration of molecules and
the spatial regulation of chemical reactions [98, 99].
Dynamic control over the formation and dissolution of
DNA droplets has been achieved by changing the binding
ability of DNA motifs via protection control of the SE as a
binding site. The dissolution [44, 47, 50] and reassembly of
DNA droplets are facilitated by SDR [44, 47], light irra-
diation [46], and enzymes [50]. Additionally, time-
fluctuating protection through RNA binding and unprotec-
tion via ribonuclease reactions enables the transient for-
mation and dissolution of DNA droplets [50]. Enzymatic
reactions with motifs also permit control over formation and
dissolution. Hierarchical structures of DNA droplets have
been engineered by combining multiple motifs, e.g.,
core—shell structures [49], concentric multiphase structures
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[35], and the transient formation of reaction—diffusion pat-
terns [23].

Directional motion of DNA droplets

Membraneless LLPS droplets allow the free diffusion of
molecular components between the interior and exterior of
the droplet. This stimuli-responsive property allows the
dynamic motion of phase-separated droplets. Among LLPS
droplets, those utilizing aqueous two-phase systems have
been extensively studied, with several reports focusing on
combinations of polyethylene glycol (PEG) and dextran
(DEX). For example, PEG/DEX droplets have demon-
strated directional motion by forming concentration gra-
dients in their surroundings, enabling surface tension
differences that drive their motion through the Marangoni
effect [100, 101]. However, these LLPS droplets possess
low molecular programmability in their driving
mechanisms.

In contrast, nucleic acid-based droplets leverage the
base-sequence programmability of nucleic acids, enabling
programmable motion that is unattainable in conventional
LLPS droplets. By encoding the recognition site of the
restriction enzyme in the motif sequences, DNA droplets
were transiently yet directionally expelled by the resulting
vacuole formation [51].

Computational nucleic acid droplets
Boolean operation on DNA droplets

Since the fusion of DNA engineering and computer science by
Adleman [102], DNA has been recognized as a promising
material for molecular computing owing to its high specificity
and ease of massive parallelization. DNA computing and
DNA storage have been studied as emerging information
processing technologies exploiting DNA base sequence
complementarity. The field involves solving computational
problems [102—-104], constructing logic elements [105-107],
building neural networks [108—110] and storing information
[111-113]. Nucleic acid sequences are treated as inputs in
SDRs [105, 106, 114-116], enzyme reactions [107, 117-120],
or DNAzymes [104], which are accepted by various DNA
structures, including the i-motif for changes in pH [121, 122],
the G-quadruplex that detects ion concentrations [123], and
the aptamer that captures specific particles [124].

Recently, our group exploited the DNA linker system to
realize DNA-based computational architectures. We defined
the demixed state of droplets as the Boolean variable [1]
and the mixed state as [0]. This bit representation of the
phase state of DNA droplets was used to construct a DNA
droplet-based AND gate (Fig. 5a-i) [31]. A mixed droplet
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Fig. 4 Pathway control of
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was prepared by mixing two orthogonal DNAs and a linker
DNA. Upon inputs of two targeted DNA or RNA sequences
(input [1, 1]), this single-phase droplet phase-separated into
two distinct phases of orthogonal DNAs as a result of SDRs
at the linker binding sites (Fig. 5a-ii). This means that the
DNA droplet generated an output of [1] upon inputs of [,
1], corresponding to the AND operation (Fig. Sa-iii). A
further complex combination of AND and NOT gates was
demonstrated using triple DNA droplets for the detection of
early-stage breast cancer. The linker-based molecular
computing using DNA droplets has great potential for
broader implementation in more complex logic operations,
such as a neural network classifier and random access
memory.

After addition

(ll) AC-linker cleavage
Pathway 2 division
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o Pathway 2

Pathway N\
control % ;
: /
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Boolean operation on RNA droplets

Increasing evidence underscores the RNA-centric view that
intrinsic RNA self-assembly is the major contributor to the
formation and function of intracellular condensates
[125-130]. In protein-free environments, RNA homo-
polymers (e.g., poly(rU)) [130] and RNA polymers with
trinucleotide repeats (e.g., CAG repeats linked to neurode-
generative diseases) [130—132] can phase separate into
droplets in the presence of divalent Mg>" ions [133].
Recently, RNA base-sequence programmability has
been used to engender functional RNA droplets assembled
from designed RNA nanostructures. Our group has
demonstrated computational RNA droplets capable of the
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‘AND’ operation (Fig. 6a, b) [53]. The multibranched
nanostructure building block (‘computational motif”)
comprised six single-stranded RNAs of well-engineered
sequences base-paired in the stem regions. Each branch
terminating in a stem loop was designed to enable sig-
nificantly stable coaxial base stacking between two stem
loops [134], known as the kissing loop (KL) interaction
[135, 136]. The designed RNA motifs optimized for KL
interactions underwent phase separation into liquid-state
RNA droplets as a result of network-like structuring.
Notably, the computational motif possessed two exten-
sions terminating in a single-stranded toehold to perform
the ‘AND’ logic operation (Fig. 6¢); only upon the input
of two target microRNAs (miRNAs) (inputs [1, 1],
Fig. 6e) could the quadrivalent motif break up into two
divalent substructures through SDRs. The consequent
remodeling of the network-like structure into a linear
chain-like structure (Fig. 6d) led to a liquid-to-dispersed
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1,0 (Output 0) 0,1 (Output 0) 0,0 (Output = 0)
( ) .( ) 'g 2'

phase-state change in the condensates (output [1]). Con-
versely, the other combinations of inputs ([1, 0], [0, 1],
and [0, 0]) did not allow a reduction in the motif valency,
conserving the phase state as a liquid state (Fig. 6f, g).
Furthermore, by leveraging macroscopic phase-state
alterations, naked-eye-visible detection of the target
miRNAs was demonstrated without the use of costly
imaging setups (Fig. 6h).

The multistranded RNA motif adopted above is suitable
for SDR-mediated motif breakup. Other groups have
reported the cotranscriptional formation of RNA con-
densates, where the processes of transcription from a spe-
cific DNA template and the self-folding of the single-
stranded transcript into a prescribed motif cooccur [54, 55].
However, the single-stranded self-folded structure has lim-
ited flexibility in incorporating SDR sites, presumably
restricting the applicability of the resulting condensates to
computational use.
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Fig. 6 Computational RNA droplets capable of ‘AND’ logic operation
[53]. a Truth table of ‘AND’ logic operation. The input of a target
miRNA corresponds to ‘1°. b Illustration of the computational RNA
droplets that sequence-specifically favor a liquid-to-dispersed phase-
state change upon inputs of two target miRNAs via ¢ strand dis-
placement reactions at the toehold regions. d A reduction in the motif
valency from f =4 to f =2 enables a structural rearrangement of
liquid condensates from network-like to chain-like structures.
e Sequences of miRNAs linked to early-stage breast cancer [150] (m1,

Application in biomedical engineering

Carefully engineered bioapplications integrate cargo trans-
port, durability, selective targeting, and stimulus

2: targets; m3, 4: nontargets). f Schematics of motif structures before
and after various inputs. g Snapshots of the RNA droplets captured
before and after (+ 3.5h) the inputs. The dye used for staining was
SYBR Gold. Scale bars: 50 um. h Naked-eye detection of the ‘AND’
operation. A mixture of RNA droplets and inputs was centrifuged in
PCR tubes to yield pellets at the bottom. Methyl-green pyronin, as a
staining solution, can detect the phase state of the condensates. [0, 0]
refers to an input of a buffer. Scale bars: (zoomed-out; Rows 1, 3)
5 mm, (zoomed-in; Rows 2, 4) 2 mm

responsiveness, making them ideal for drug delivery and
imaging applications. For widespread implementation, these
biobased applications rely on precise molecular selectivity,
which can be effectively realized by DNA droplets [60].
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Previous work has demonstrated bacterial immobilization
[34, 122] via the dynamic aggregation of core—shell DNA
particles, enabled by input-triggered disruption of the outer
shell, and the recruitment and release of guest molecules
using DNA-RNA-aptamer hybrid condensates [45].

Additionally, the most recent work from our group
demonstrated that computational DNA droplets coupled
with a pathway-controlled division mechanism could be
used to compare miRNA concentrations [43] (Fig. 7). As
discussed earlier, the concentration of the protector RNA,
which delays linker cleavage, determined the cleavage order
of two linkers (AB- and AC-linkers) in ternary-mixed DNA
droplets, dictating the division pathway (Fig. 4a, b). For
example, when the concentration of protector RNA for the
AB-linker was greater than that for the AC-linker, the AC-
linker was cleaved first, leading to Pathway 1 division.
Thus, the observed division pathway indicated the relative
levels of protector RNA concentrations for the AB-linker
and AC-linker (Fig. 7), serving as a miRNA concentration
comparator. Thus, the programmable phase separation of
DNA droplets has great potential as a tailor-made diagnostic
tool.

Simulation modeling

The various behaviors of DNA droplets involve bottom-up
contributions from motif-level reactions. Owing to the
large number of motifs of interest, all-atom molecular
dynamics models are limited by current computational
capabilities. Instead, coarse-grained models are commonly
applied to simulate higher-order DNA structures. oxXDNA
[137] is the best-known coarse-grained model and effec-
tively reduces computational complexity by coarse-
graining nucleotides as rigid bodies with multiple inter-
action sites connected via strings. Owing to its accessi-
bility as a standalone package or as a module of LAMMPS
[138] and its track record in the field of DNA nano-
technology, oxDNA has been widely applied to simulate
DNA motif condensates (Fig. 8a) [33, 71, 72, 139, 140].
Using LAMMPS, a more advanced model coarse-grained
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a Y-shaped nanostar as a module consisting of seven rigid
particles and three specific patches at the arm tips, and was
used to evaluate the rheological properties of hydrogels
(Fig. 8b) [141-145]. These coarse-grained models are still
limited by computational power when modeling the
microscale droplet dynamics.

A complex of two orthogonal motifs and a splittable
linker [22] was coarse-grained as a two-dimensional X-
shaped particle (splitting into two L-shaped particles) to
model the segregation of the droplet by the splitting of the
linker [42] (Fig. 8c). The effect of motif size on the
aggregation process was investigated on 10,000 particles,
each represented by a three-branched motif of various sizes
(Fig. 8d) [41].

In addition to the coarse-grained model, coalescence-
driven droplet growth was modeled, starting with
40,000,000 particles 10nm in radius, confirming both
nucleation and spinodal dynamics (Fig. 8e) [146]. Further-
more, the phase separation behavior, involving monomers
and their activators/inhibitors, was continuously modeled
using the Cahn-Hilliard equation, which describes spinodal
dynamics (Fig. 8f) [44]. Nevertheless, there is a need for
cross-scale models that connect microscale phenomena with
the structural and thermodynamic properties of diverse
motifs. Such models will accelerate droplet dynamics
research.

Conclusions

This Focus Review highlights the key features of DNA
liquid condensates, such as their dynamic regulation, pro-
grammability, designability of chemical modifications, and
ability to host diverse reactions. These properties and their
programmability through information encoding via base-
sequence design enable a broad range of applications across
various fields.

Their dynamics are time-controllable, with kinetic
mechanisms tailored to specific inputs, such as SDRs and
enzymatic reactions. Our group has introduced the linker
system as an efficient means of programming the phase
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dynamics of multiple DNA phases, with a thermodynamic
description of the fueling roles of input molecules. These
tunable features make DNA condensates versatile tools for
applications ranging from nanotechnology to biomedicine.
SDRs enable different applications, such as DNA logic
operations (e.g., AND gates), nonenzymatic cascade reac-
tions, and biomedical uses, including HIV detection and
antimicrobial activity. However, interactions between living
cells and DNA condensates are still a new topic, awaiting
deeper investigation of in vivo applications and further
functionalization.

With respect to motif associations, condensates with
heterogeneous subcompartments are still limited to con-
centric multilayered architectures [23], patchwork sub-
compartmentalization via cross-linked motifs [22, 24], and
core—shell structures [34, 50]. To advance synthetic cell
development, more sophisticated architectures are essential
to create organelle-like molecular carriers for different
biomolecules, storage, reaction encapsulation, and biomi-
metic autophagy [147, 148]. These architectures would then
enable complex metabolism, fulfilling critical functions that
increase synthetic cell applicability.
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Fig. 8 Numerical simulation using the coarse-grained model and
continuum model. a (i) NDA nanostars with a valence of 2—4 modeled
by oxDNA. (ii) Simulation snapshot of a binary mixture composed of
50 trimers (violet) and 100 dimers (green). Reproduced [72] under the
terms of the Creative Commons CC BY 4.0 license. b (i) Y-shaped
nanostars modeled with 10 beads: one central bead, six structural
beads arranged in three arms (blue), and three patch beads (red and
yellow). The interactions of neighboring beads and angle constraints
are described by harmonic potentials, and the attraction between
complementary  patches representing SEs is described by
Lennard—Jones potentials. (ii) Simulation snapshots of the fully asso-
ciated system in the unsheared (left) and sheared states (right).
Reproduced with permission [145]. Copyright 2019, American Che-
mical Society. ¢ (i) Coarse-grained motifs with X-shaped particles can
diffuse in four directions on a two-dimensional plane. The system free
energy is reduced only for arm-to-arm configurations and is not
affected by any other contact. (ii) DNA droplet segregation dynamics
under confinement in simulation (top) and wet (bottom) experiments.
The time of the simulation experiment refers to the number of simu-
lation steps. Scale bars (wet experiments, bottom): 10 um. Reproduced
[42] under the terms of the Creative Commons CC BY 4.0 license.
d Snapshot of simulation of condensate formation by DNA subunits of
different sizes. The subunit size on the right is five times larger than
that on the left. Reproduced with permission [41]. Copyright 2022
American Chemical Society. e (i) Droplets are randomly displaced
with Stokes drag and coalesce probability when they overlap. The
amount of displacement and the probability of coalescence depend on
the size of the droplet, and the volume and center of mass are con-
served when they merge. (ii) Snapshots of droplet growth simulation.
Reproduced with permission [146]. f Snapshots of a simulation
combining the Cahn-Hilliard equation and a chemical reaction. An
inhibitor deactivates the phase-separating material, causing droplets to
shrink over time (left); droplets regrow after the addition of an acti-
vator (right). Reproduced [44] under the terms of the Creative Com-
mons CC BY 4.0 license
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