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Abstract. The confluence of recent discoveries of the roles of biomolecular liquids in

living systems, and modern abilities to precisely synthesize and modify nucleic acids

(NAs), has led to a surge of interest in liquid phases of NAs. These phases can

be formed primarily from NAs, and driven by basepairing interactions, or through

the electrostatic combination (coacervation) of negatively charged nucleic acids and

positively charged molecules. Generally, the use of sequence-engineered NAs provides

the means to tune microsopic particle properties, and thus imbue specific, customizable

behaviors into the resulting liquids. In this way, researchers have used NA liquids to

tackle fundamental problems in the physics of finite valence soft materials, and to create

liquids with novel, structured and/or multi-functional properties. Here, we review this

growing field, discussing the theoretical background of NA liquid phase separation,

quantitative understanding of liquid material properties, and the broad and growing

array of demonstrations of the potential functions of these materials. We close with a

few comments discussing remaining open questions and challenges in the field.

Submitted to: Rep. Prog. Phys.
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1. Introduction

Generally, mixtures of large molecules in solvent can exhibit equilibrium separation into

distinct regions (phases), that are, respectively, dilute and dense in the macromolecule.

The ubiquity of this behavior arises from: 1) The presence of chemical differences

between the solvent and the subunits of the macromolecule (e.g. in atomic composition,

polarity, bonding potential, etc.), which create an effective repulsion between the

solvent and the macromolecule under certain conditions; and 2) the small entropy

of mixing that results from the large size of the macromolecule, which limits the

stability of the fully dispersed state. It is further relatively common for the dense

macromolecular phase to display liquid-like properties over a broad range of conditions,

as the dynamic and disordered nature of a liquid permits the macromolecules to retain

internal conformational entropy that would typically be lost in a crystalline solid. Thus,

a primary area of physical study is on the features of liquid-liquid phase separation

(LLPS) of a solution into regions dense and dilute in macromolecules, with both phases

behaving as liquids.

Macromolecules are prevalent in biological matter, including nucleic acids, proteins,

and polysaccharides, and indeed, it has long been known that aqueous biomolecular

solutions can exhibit LLPS [1]. There has been immense recent interest in biomolecular

LLPS, sparked by suggestions that it is relevant for the formation of biologically-active

condensed structures, including, for example, dense adhesive liquids that are secreted by

certain organisms [2]; “membraneless organelles” that provide biochemical functionality

and compartmentalization to the interior of living cells [3, 4]; and protocells, which have

been postulated to have served as rudimentary compartments enabling the emergence of

evolution by natural selection in the origins of life [5, 6]. Further interest has arisen due

to the potential technological applications of condensed biomolecular phases as drug or

gene delivery vehicles, biochemical reactors, or as sensors [7, 8, 9].

Here, we discuss physical aspects of LLPS in systems where nucleic acids (NAs),

such as DNA or RNA, are major components of the solution. The study of such NA

liquids is a burgeoning field, due in large part to the ability to exploit methods of

NA nanotechnology to control key physical parameters of the constituent NA particles.

NA nanotechnology is itself an emerging field [10] which exploits the ease of modern

sequence-specific synthesis methods [11] to create custom-designed, nanoscale, self-

assembled particles. Sequence design permits exploration of the relation between

microscopic and macroscopic behaviors of an LLPS system through the control of

particle shape, size, flexibility, and binding interactions. Further, the formation of dense

NA phases poses intriguing electrostatic considerations, due to the large bare charge of

an NA (1 e− per base in the near-neutral pH conditions that are physiologically relevant);

thus formation of dense NA phases requires reduction of inter-NA electrostatic repulsion

through the use of salts and/or positively charged polymers. Given certain design

parameters and electrostatic conditions, NA liquids have been shown to have material

properties similar to those of biological liquids, making them insightful synthetic analogs.
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Figure 1. Two mechanisms of nucleic acid liquid-liquid phase separation. (A) (i)

Single-stranded DNA oligomers are designed such that they self-assemble into junction-

shaped particles (‘NAJs’). (ii) These particles then condense through palindromic,

sticky-end binding (i.e. hybridization of complementary single-stranded DNA regions),

forming (iii) dense, disordered and dynamic meshes with liquid-like properties. (iv)

Epifluorescent image of droplets composed of NAJs, adapted with permission from [13].

(B) (i) Electrostatic coacervates can be formed from negatively-charged, single-

stranded NAs and positively-charge polymers. (ii) In low-salt conditions, oppositely-

charged flexible polymers condense and entangle to form liquids (iii). (iv) Confocal

fluorescence image of droplets composed of negatively-charged polyuracil RNA and

positively-charged arginine-rich polypeptides, reprinted with permission from [14],

excerpted from a larger figure.

Finally, by taking advantage of the broad array of enzymes that act on nucleic acids,

NA liquids can act as models of biologically-relevant active, non-equilibrium matter.

Here, we discuss the physical principles underlying the NA phase separation

process, and explore how various authors have exploited those principles to create

a range of NA liquids. While most of this review focuses on dense phases formed

due to base-pairing interactions between branched NA structures (Fig. 1A), we also

discuss NA-based “coacervates,” which are dense liquid phases induced by electrostatic

interactions (Fig. 1B). Throughout, we include both historical context and theoretical

perspectives, the latter inspired by both colloidal and polymeric analyses, as well

as experimental results on phase and material behavior. Lastly, we review recent

compelling demonstrations of the structures and functionalities of NA liquids, and

conclude by discussing notable future challenges in the field. For an alternate

perspective, we point the reader to a recent insightful review of phase-separated DNA

liquid droplets [12].
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2. Development of NA junction liquids

NA particles containing branched junctions are a common motif in the study of

biomolecular LLPS. Indeed, there are naturally-occurring RNA sequences that fold into

branched particles, and that are known to associate and undergo phase separation in

vitro; there is also evidence that interactions between such branched RNAs contribute

to in vivo LLPS [15]. In synthetic (non-biological) contexts, NA junctions are typically

composed of several NA oligomers whose sequence causes them to self-assemble, via

Watson-Crick base-pairing, into a branched structure consisting of double-stranded

“arms”, each decorated with a single-stranded “sticky-end” [16] (Fig. 1A). These

structures resemble Holliday junctions, transient branched structures that occur in

biology during genetic recombination [17]. A key difference is that Holliday junctions

are typically ’homologous’, with matched sequences between pairs of NA arms, which

enables migration of the branch point[18]. In contrast, most synthetic NA junctions

are ’heterologous’, lacking such sequence symmetry, and thus have a fixed branch point.

Synthetic NA junctions have been given various names in the literature, including “X-

DNA” [19] and “nanostars” [16]. Here, we call them nucleic acid junctions (NAJs).

Creating materials out of NAJs was initially proposed by Seeman, who was inspired

by M. C. Escher’s artwork Depth to create DNA particles that would self-assemble into

3-dimensional ordered lattices [20]. Seeman and colleagues created 4-armed NAJs, but

concluded that such designs were too flexible to create the crystalline DNA structures

that were their primary aim [21, 22]. This internal flexibility, when combined with strong

(covalent) inter-particle attractions, promotes formation of static disordered networks

(i.e. NAJ hydrogels), a material pioneered by Luo and colleagues [19] whose behavior

and potential applications have since been investigated by a variety of authors [23, 24].

Liquids composed of NAJs were first explicitly demonstrated by Biffi et al. in

2013, in a study of 3- and 4-armed NAJs [16]. Their investigation was motivated

by a desire to mimic, at larger length scales, the posited hidden LLPS behavior

of supercooled water [25], whose unique features have been attributed to water’s

tetrahedrally coordinated ‘network liquid’ structure [26, 27, 28]. Biffi et al. first

quantified the basic upper-critical-temperature phase behavior of NAJ liquids, and its

dependence on valence, along with carrying out initial studies on dynamics [16]; these

topics are discussed further below.

2.1. NAJ liquid phase behavior

Modeling of long single- or double-stranded NAs is typically done from a polymeric

perspective, due to their linear nature. However, the compact and branched nature

of NAJs demands an alternate approach. Indeed, significant theoretical progress in

predicting NAJ phase behavior has been made by approximating them as hard spheres

with highly-directional attractive patches, i.e. as “patchy colloids” (Fig. 2A). For such

particles, Wertheim developed a thermodynamic perturbation theory that modified a

reference fluid, with spherically symmetric particle interactions, through the addition
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of an anisotropic perturbing pair-potential [29]. This theory, and extensions thereof

(in particular, the Statistical Associating Fluid Theory [30]), has been successful

in describing phase equilibria of molecular fluids with hydrogen bonding associative

interactions [31] and the assembly of patchy colloidal particles [32].

To capture the phase behavior of NAJ systems, Rovigatti et al. extended the

Wertheim theory to incorporate the thermodynamics of DNA hybridization [33]. They

gave the following form of the free energy per particle, in units of kBT , as a function of

the NAJ number density (cNAJ), including terms associated with the ideal gas entropy

(Log[cNAJ ] − 1) and the NAJ excluded volume (BcNAJ), where B is the second virial

coefficient:

F̄ = Log(cNAJ)− 1 +BcNAJ

+ f

[
Log

(
−1 +

√
1 + 4∆fcNAJ

2∆fcNAJ

)
+

1

2

(
1− −1 +

√
1 + 4∆fcNAJ

2∆fcNAJ

)]
(1)

The final term encompasses the effect of multivalent DNA hybridization, where f is

valence, or the number of sticky ends per NAJ, and ∆ is related to a Boltzmann

factor of the sticky-end binding free energy, ∆G: ∆ = (1.66 nm3)e−∆G/kBT [34]. ∆G

can be calculated from the sticky-end sequence using established methods of DNA

thermodynamics [35]. Equilibrium phase boundaries are calculated from Eq. 1 by the

common tangent construction, such that the chemical potential (µ = F̄ + ρ ∂F̄
∂cNAJ

) and

the pressure (P = c2NAJ
∂F̄

∂cNAJ
) are equal in the dense and dilute phases.

The resulting coexistence phase diagram is predicted to depend strongly on the

valence, f [36, 34] (Fig. 2A). Indeed, Conrad et al., carried out phase diagram

measurements of NAJs of various valence, finding quantitative agreement of measured

Tc with the predictions of Eq. 1(Fig. 2B) [37]. For sufficiently low temperatures, all

valences displayed vanishingly small dilute phase density [34, 37], indicating almost all

NAJ particles accumulate in the dense phase.

In contrast to the electrostatic coacervates discussed below, NAJ concentration

in the dense phase is remarkably low, with a DNA volume fraction of ϕ ≈ 1% for

f = 4 NAJs with 20 basepair arms [16, 38]. Further, both prediction (Eq. 1) and

experiment indicate that liquid density increases with valence [34, 37], making NAJs a

physical realization of so-called “empty” liquids predicted by Bianchi et al. (Fig. 2) [36].

These low densities are due, first, to the small number of neighbors of each particle, as

enforced by their finite valence, meaning the NAJ networks tend to be quite open [39].

Further, the rigid nature of the NAJ’s double-stranded arms, whose typical length of

10 nm is much less than the DNA persistence length ≈ 50 nm [40], means each particle

occupies only a small fraction of its pervaded volume. This indicates particle-particle

excluded volume is not dominated solely by steric effects, but also includes significant

contributions from electrostatic repulsion of the negatively-charged DNA [41]. Thus

NAJ liquid density is tunable by adjusting the concentration of added salt, which

modifies electrostatic screening [38, 42, 37]. Other works have also indicated alternate
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means to tune liquid density, e.g. through NAJ arm length [43] or flexibility [42].

The Wertheim picture does not consider competition with other dense NAJ phases,

such as ordered phases. This was investigated in simulations by Rovigatti et al.,

which indicated that the thermodynamically stable low-temperature phase is, in fact,

a fully bonded liquid network [44]. This contrasts with typical systems, where the

low-temperature disordered liquid is a metastable state with respect to lower-energy

crystalline configurations. The difference arises from the limited valence and the

flexibility of the NAJ particles; the latter causes the NAJs to resist the formation of a

regular, periodic structure in favor of maximizing the entropy of the arm orientation [44].

The relation between particle-scale NAJ design parameters and NAJ phase behavior

has been investigated in a variety of works, beyond the results on valence already

mentioned [34, 37]. For example, Nguyen et al. showed that an NAJ system that

formed liquid droplets could be induced to instead form a solid, fractal-like gel simply

by removing a single unpaired base between the NAJ sticky-end and arm [45]; this likely

occurred because removal of that base added two base stacking interactions, significantly

strengthening the NAJ–NAJ bond. Later, Sato et al. performed a careful, systematic

variation of the sticky-end bond strength by varying its sequence, finding it to directly

control the melting temperature of an NAJ liquid [46]. More subtle effects arise from

modulating NAJ arm flexibility, which Lee et al. achieved by incorporating single-

stranded regions in each double-stranded arm [42]; this was found to discourage phase

separation by enabling self-passivation (i.e. binding between two arms from the same

NAJ).

2.2. Material behaviors of NAJ liquids

The unique phase behavior of NAJ liquids is joined by interesting material behaviors.

In a range of works [16, 28, 47], Sciortino et al. used dynamic light scattering to

measure density fluctuations within the NAJ liquid, finding them to be highly sensitive

to the kinetics of individual sticky-end bonds. NAJ liquids show a dramatic (Arrhenius)

slowing of dynamics with bond strength (e.g. at lower temperature, or higher salt),

which can be directly predicted through an activation barrier controlled by the sticky-

end binding enthalpy [16, 28, 48, 38]. This eventually leads to an ‘equilibrium gel’

behavior when bond kinetics are slower than the observable timescales, and the system

structure is representative of one member of the ensemble of liquid configurations [39].

The primary role of single-bond kinetics was also found in bulk rheology studies by

Conrad et al. [49], who showed that NAJ liquids behave like simple Maxwell viscoelastic

materials, with a well-defined elastic plateau at short timescales and Newtonian viscous

behavior on long timescales. Notably, the measured NAJ liquid viscosities were more

than 1000-fold larger than water [49], as also found in prior work [38]. The characteristic

crossover time was found to be consistent with the kinetics of single inter-NAJ DNA

bonds [49] (Fig. 3). Further, Conrad et al. found the modulus of the elastic plateau to

greatly increase with NAJ valence [49]. This finding, and other features, was interpreted
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Figure 2. Phase diagrams (i.e. the binodal lines and contained coexistence regimes)

as a function of valence from (A) theoretical calculations of patchy colloids (where here

M is the valence, rather than f as in Eq. 1) and (B) experimental measurements of

NAJs. (A) Reprinted figure with permission from [36] Copyright 2006 by the American

Physical Society. (B) Reprinted from [37], with the permission of AIP Publishing.

to indicate that the mechanics of high valence (f ≥ 5) NAJs are controlled by an isostatic

point, i.e. that stiffening with valence is due to the disappearance of floppy modes within

system, as caused by the constraints of the increasingly-connected network [50, 51].

The high water content of NAJ liquids implies a characteristic length scale (a mesh

size) below which the liquid is easily pervaded by neutrally-interacting solutes (i.e.

those with only steric interactions with the NAJs). Unlike a static gel, some nuance is

needed in interpreting the meaning of a mesh size in a dynamic liquid. In analogy to

the thermodynamics established for quantifying the hydrophobic free energy associated

with transferring a non-polar solute into water, where the initial creation of a cavity in

the water plays a large role [52], the mesh size in an NAJ liquid is likely best interpreted

as the length scale beyond which it costs significant energy (≫ kBT ) to create a void

that excludes NAJs, i.e. is filled only with solvent. Nguyen et al. estimated the

mesh size to be ≈ 8 nm in an f = 4 NAJ liquid, using fluorescent quantification of

partitioning of dextran of various sizes [53]. This length is, sensibly, similar to the

length of the NAJ arm used in that study. Further, extending the thermodynamic

analogy just mentioned, one is motivated to estimate the mesh size as the scale, r, at

which creating a water-filled void costs kBT in interfacial energy, i.e. 4πr2γ ≈ kBT ,

where γ is the NAJ/dilute solution interfacial tension. Using prior measurements of γ

(discussed further below)[38], this estimate gives r ≈ 13 nm, surprisingly close to the

Nguyen et al. value. This estimate is somewhat rough, as it ignores specific molecular

arrangements that are available to NAJs in surrounding voids, but the similarity with
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Figure 3. Frequency-dependent mechanical response of an NAJ liquid. Storage

modulus G′ (solid lines) and loss modulus G′′ (dashed lines) vs. frequency, ω, for

different valence, f . All valences behave like Maxwellian viscoelastic fluids, with low-

frequency Newtonian-liquid behavior (G′′ ∝ ω) and high-frequency elastic behavior

(G′ ∝ const.) separated by a crossover timescale τc = 2π/ωc. Inset: For a range

of temperatures, τc exhibits Arrhenius behavior (τc ∝ eEa/kBT ), with a characteristic

activation energy Ea that is the same for all f and approximately equal to the enthalpy

of hybridization of a single sticky end of the given sequence [35]. Reprinted with

permission from [49]

the measurement indicates it likely captures the basic physics. Further details on the

microstructure of dense NAJ liquids are an open question, though certain features have

been elucidated in a scattering study by Spinozzi et al. [41].

Much work (discussed below) has focused on droplets of NAJ liquids. Droplets

present a high interfacial area (i.e. between dense and dilute NAJ phases), yet there

have been relatively few quantitative studies of interfacial behavior. Jeon et al. inferred

the interfacial tension of f = 4 NAJ droplets from coalesence timescales, finding values

≈ 10−6 N/m [38]). A study of f = 3 NAJ droplets by Sato et al. estimated even lower

interfacial tension values [54]. These values are orders of magnitude lower than that

of truly molecular systems (e.g. oil/water has ≈ 10−2 N/m), which is expected given

the larger size of the particles in NAJ liquids. Less obviously, it is less than typical

estimates of interfacial tension of electrostatic coacervates (≈ 10−4 N/m [55]), though

comparable to that of certain biological liquids [56]. The low surface tension indicates

that NAJs at the interface exhibit an exceptionally small energy penalty, which Jeon

et al. interpreted to mean that there is little bond-breaking at the interface, perhaps

because NAJ internal flexibility allows particles at the interface to orient their arms to

the interior [38]; however, direct proof of this is currently lacking.

2.3. Mesoscale dynamics of NAJ liquid formation

Liquids undergoing phase transitions can exhibit rich dynamical behavior on scales

longer than a single particle. Notably, such systems typically display enhanced

fluctuations in the vicinity of the critical point (i.e. near the critical temperature
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and concentration). Such relaxation dynamics are expected to display critical slowing

down, characteristic of the Ising universality class [57]. However, evidence of Ising

scaling in NAJ dynamics was not seen in light scattering measurements near the critical

temperature [16]; instead, relaxations due to single-bond DNA hybridization kinetics

dominated for all experimental measurements, as discussed above. This is likely a

consequence of the long lifetime of DNA bonds relative to the time necessary for free

unbound NAJ particles to diffuse distances of order the correlation length [16, 58].

The dynamics of droplet assembly also play an integral role in the formation

of long range structures in phase-separated systems. Wilken et al. imaged fields

of NAJ droplets after a temperature quench (as in Fig. 1A) and found that they

formed surprisingly regular, i.e. “hyperuniform”, patterns on long length scales [13].

Particularly, the imaged structure displayed a power-law decay of density fluctuations

characteristic of hyperuniformity, with structure factor ψ(q → 0) ∝ q2. By comparing

experimental measurements to simulations of the Cahn-Hilliard equation (a ubiquitous

phase-field representation of spinodal decomposition), the authors argued that the

hyperuniformity exhibited by NAJ droplets results from the interplay of spontaneous

phase separation and droplet Brownian motion (Fig. 4). Notably, NA droplets formed

by the electrostatic coacervation of polypeptides and nucleotides were found to display

the same characteristic decay of density fluctuations (ψ(q → 0) ∝ q2) as NAJ droplets,

though the mechanisms for phase separation are completely different [13]. The observed

hyperuniformity in these two orthogonal systems suggests a universal mechanism for

forming hyperuniform patterns from phase-separated materials; Wilken et al. suggest

that such materials could find applications that exploit the exotic structural and

dynamical collective properties enabled by their hyperuniform structures[13].

3. NA-based electrostatic coacervates

Negatively-charged NAs can also undergo LLPS due to attractions with cations or

polycations (Fig. 1B). Such electrostatically-driven LLPS, referred to as “coacervation”

by Bungenberg de Jong and Kruyt, was first observed in solutions containing

polysaccharides and proteins [1]. Contrary to NAJ liquids, NA coacervates are

destabilized by increasing salt concentration. This arises from the different attractions

that drive phase separation — for NAJs, salt-induced screening enhances sticky-end

hybridization by reducing like-charge repulsion, while for NA coacervates screening

weakens the opposite-charge attraction. Even though binding isn’t driven by sequence-

specific hybridization, researchers have still exploited NA programmability to explore

the coacervate state.

3.1. Theoretical understanding of NA coacervates

The basic picture of electrostatically-driven phase separation of polymeric systems is

achieved by the Voorn-Overbeek model [59]. Voorn-Overbeek is a mean-field theory
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Figure 4. (A) Left: Fluorescent experimental image of the long-range pattern of

NAJ droplets; Right: image of the droplet pattern formed by simulation of the Cahn-

Hilliard equation. (B) The spatial auto-correlation function ψ(q) of phase-separated

NAJ droplets as a function of wavevector, q, shows hyperuniform scaling ψ(q → 0) ∝ qα

in the experiment (green), with exponent α = 2, as well as in Cahn-Hilliard simulations

(magenta), with α = 4. The experimental hyperuniformity is recovered by randomly

displacing the simulated droplets with a magnitude corresponding to one average

droplet spacing (orange). ψ of 10-µm-diameter polystyrene colloids (blue) are random

(i.e. not hyperuniform). Values of ψ are normalized for comparison: ψ̃ = ψ/ψpeak and

q̃ = q/qpeak. Reprinted with permission from [13], excerpted from a larger figure.

that combines terms describing the entropic penalty of demixing (as described by Flory-

Huggins theory [60]) with the Debye-Hückel theory for the free energy of a charged

liquid [61]. The free energy change of demixing per lattice volume, ∆F , in units of kBT ,

is a function of the volume fraction ϕi, the number of monomers Ni, and the charge

density σi for each component i:

∆F =
∑
i

ϕi

Ni

lnϕi − α(
∑
i

σiϕi)
3/2 +

∑
i

∑
j<i

χijϕiϕj. (2)

where the Flory parameter χ describes any additional, non-electrostatic interactions,

and α = 2
3

√
π (lB/l)

3/2 is the electrostatic interaction parameter and is a function of the

Bjerrum length lB and the monomer size l.
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The Voorn-Overbeek theory has provided valuable insights for understanding

coacervation, and numerous studies [62, 63], including on NAs [64], have shown this

model can phenomenologically capture experimental results, if various constants (such

as χ and α) are treated as fitting parameters. However, the complexities of electrostatic

interactions, and particularly the need to carefully consider the behavior of both salt

and polymeric ions, makes it difficult to use VO theory to make accurate a priori

predictions, which contrasts with the status of the Wertheim picture of NAJs captured

in Eq. 1. Developing more accurate theories and models for coacervation remains an

active area of research [65, 66].

3.2. Experimental study of NA coacervates

Simple coacervates, largely stabilized by electrostatic interactions, can be formed from

a single NA that is not capable of basepairing, mixed with multivalent salt ions. Simple

NA coacervates have been formed with, for example, long RNA molecules (of order

kilobases) and divalent salts (e.g. Mg2+ or Ca2+) [14] and short ssDNA sequences (≈
90 bases) with tetravalent ions (e.g. spermine) [67]. Generally, a prediction of Voorn

Overbeek theory (Eq. 2) is that longer chains will be more prone to phase separation,

due to their reduced entropy of mixing.

Recent works have examined the interplay between electrostatic and other

interactions in NA coacervates. For example, Merindol et al. found conditions in

which, in the presence of divalent cations, purine-rich ssDNA would coacervate, but

not pyrimidine-rich ssDNA [68]; they attributed to this to the ability of purines to

take part in certain specific, but non-basepairing, interactions [68]. Other authors

have investigated the interplay of electrostatic coacervation with inter-NA basepairing

interactions, generally finding an increase in dense-phase stability, or even gel formation,

of the resulting material [67, 69, 70, 71, 72]. Such non-electrostatic contributions to

coacervation can, in theory, be accounted for through the χ parameter in Eq. 2, an

approach taken by Onuchic et al. [14].

A striking finding is that coacervates composed of short dsDNAs can form liquid

crystalline (LC) phases, due to the mutual alignment of the constituent rod-like particles

(Fig. 5). Early investigations discovered LC formation when mixing dsDNA and

multivalent polyamines (e.g. spermine) [73, 74]. Further, several studies have observed

LC behavior for dsDNA spanning only 6 to 22 basepairs [75, 76, 77], despite these short

lengths being below the theoretical limit for LC condensation [75, 78]. This puzzle

was recently clarified by Fraccia et al., who found LC formation of short duplexes

requires dsDNA with blunt ends, which allows for end-to-end base-stacking, effectively

introducing a second intermolecular interaction favoring alignment [77].

Complex coacervation refers to the phase separation of mixtures of oppositely

charged macromolecules (rather than a single macromolecule and an oppositely-

charged microscopic ion; see Fig. 1B). The biological relevance of complex coacervation

was initially explored in the 1950s and 1960s in the context of mimicking the
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Figure 5. Cholesteric DNA Liquid Crystals (A) dsDNA complexed with spermidine,

arrows indicated planar textures magnification 400x (scale bar not given). Reprinted

with permission from [74], excerpted from a larger figure and cropped. (B) dsDNA

complexed with PLL, scale bar 5 µm. Reprinted from [76], with permission from

Elsevier.

genomic packaging of DNA with positively-charged histones [79, 80]. Contemporary

investigations have shifted toward simpler model systems so as to understand the impact

of fundamental NA properties, such as sequence and secondary structure, on complex

coacervation. For example, ssDNA and poly-L-Lysine (PLL) form liquids over a wide

range of salt concentrations, whereas dsDNA readily forms gel-like precipitates at similar

salt concentrations [81, 76]. This is likely due to dsDNA’s higher charge density

creating stronger electrostatic interactions that disallow molecular-scale dynamics, and

is thus similar to the observation discussed above regarding gel formation in NAJ

liquids with strong bonds [45]. In agreement with this interpretation, Vieregg et

al. found that replacing the negatively charged phosphates on a dsDNA backbone

via methylation (thus weakening electrostatic interactions) produced liquid droplets

instead of precipitates [81]. Further, in line with Voorn-Overbeek predictions discussed

above, they also found that longer polymers facilitate phase separation in complex

coacervates [81].

4. Structured, active, and functional nucleic acid liquids

Much recent work on NA liquids has focused on exploiting the ease of NA

sequence designability to create complex meso-scale structures, to imbue the liquids

with biomimetic active (driven, non-equilibrium) behaviors, or to create functional,

responsive liquids. These are broad and cutting-edge areas, and in this section we aim

to give a general overview of relevant activity.
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A

B C D

Figure 6. Fluorescent images of multiphase NA droplets. (A) In the presence of two

immiscible NAJ droplet species, tuning the amount of crosslinker NAJ (X) relative

to that of the other NAJs results in a variety of morphologies. Scale bar 20 µm. (B)

Wide-field view of the long-range droplet morphology formed at X = 0.1, showing

a branched network of chains of binary droplets. The chains are straightened by

coalesence-induced contraction of initially tortuous, percolated, droplet aggregates.

Scale bar 100 µm. Panels (A) and (B) reprinted with permission from [84]. Copyright

2020 American Chemical Society. (C) Nested droplets of polyuracil coacervates formed

by adding UTP, with regions of polylysine (green) and polyarginine (purple). Droplets

are of order 5 µm. Reprinted with permission from [85], excerpted from a larger

figure. (D) Nested droplet structures formed from cholesterol-decorated NAJs, where

the regions vary in NAJ arm length. Droplets are of order 20 µm. Reprinted with

permission from [86], excerpted from a larger figure.

4.1. Multiphase droplets

The growing understanding of the cell interior as a subspace of compartments, in part

driven by LLPS processes [3, 4, 82, 83], has motivated the in vitro creation of coexisting

phase-separated domains of NA liquids. For NAJs, Jeon et al. and Sato et al. showed

distinct compartments can be created using particles with orthogonal (non-binding)

sticky-end sequences [84, 46]. Jeon et al. also showed that the compartment morphology,

and even the miscibility of the two orthogonal NAJs, can be systematically tuned by

varying the stoichiometry of phase-separating NAJs relative to a third “crosslinking”

NAJ that contains both sticky-end sequences (Fig. 6A)[84]. A striking finding was that

including the proper proportion of the crosslinking NAJ led to the formation of branched

networks of binary droplet chains that spanned long distances (millimeters; Fig. 6B).

This is, to our knowledge, a unique demonstration of sequence-engineered creation of

specific long-range NA droplet structures.

While the existence of distinct NA liquids relies on bulk energetics (as described by
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Eqs. 1 and 2), the morphology of multiphase structures depends on relative interfacial

energies. Indeed, recent work has predicted the entire set of topologically-distinct

morphologies in a multicomponent system from simple inequalities associated with the

various interfacial tensions [87]. In the context of synthetic complex coacervates, Lu

et al. successfully formed nested-droplet geometries, and argued that the relevant

interfacial tensions can be understood through Voorn-Overbeek predictions and the

charge density of the constituent polymers [88]; others have demonstrated similar

structures in NA coacervate systems (Fig. 6C) [85, 89, 90, 76, 88]. The lack of detailed

knowledge of the interfacial properties of NAJ liquids (discussed above) has thus far

precluded similar control of nested NAJ droplet morphologies. That said, nested-droplet

structures have been demonstrated in a related system of cholestrol-functionalized NAJs,

by varying the length of the constituent arms [86] (Fig. 6D).

4.2. Enrichment of solutes

The biocompatibility and open structure of NA liquids allow functionalization of the

droplets using a variety of solutes. For NAJ liquids, the dense phase is stabilized by

sequence-specific bonds (i.e. the sticky ends), therefore solutes can be driven into

the dense phase by tagging them with those same sticky ends. This has been used

to partition ss- and ds-DNA [84, 53, 91], biotin-streptadivin complexes [46, 84, 92]

and kinesin [93] into NAJ droplets, or even within select phases of a multi-phase

system [84, 46, 91] (Fig. 7A). In the case of dsDNA, Nguyen et al. found a nuance

in which longer solutes were excluded relative to shorter solutes with the same number

of binding sites [53]. The authors quantitatively related this exclusion to the entropic

penalty of confining long DNA inside the dense NAJ mesh (thus limiting transverse

fluctuations) [53]. A downside of targeting the NAJ sticky ends is that, at high solute

concentrations, the competition for sticky ends can destablize the NAJ liquid [91]. To

avoid this, NAJs have been designed to include a toehold sequence, unique from the

sticky end, that enables solute partitioning [91, 86] (Fig. 7B).

4.3. Encapsulating biochemical reactions

In biological systems, the specific role that liquid phase transitions play in regulating or

enhancing biochemical reactions has been the source of much recent interest [3, 95].

Because NA liquids can locally concentrate biomolecules, they present an ideal

environment to explore the impact of phase transition dynamics on biochemical

reactions. Do et al. [91] performed strand displacement reactions (Fig. 7C), including

simultaneous reactions occurring in multiple immiscible NAJ phases, and found that

they were accelerated 26-fold in the NAJ liquid phase relative to the dilute phase.

This acceleration is less than that expected from predictions based simply on the

concentration difference in the phases, which the authors posited was due to retardation

of dynamics by the high viscosity of the dense NAJ liquid[91]. It has been proposed that

such strand-displacement reactions, as enabled by and coupled to NAJ liquids, could act
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Figure 7. Schematics and fluorescent images describing solute enrichment and

reactions inside NAJ droplets. (A) Streptavidin and dsDNA functionalized with A-

type overhangs allow selective partitioning into the A phase and exclusion from the

B phase of an NAJ liquid. Scale bar 10 µm. Reprinted with permission from [84].

Copyright 2020 American Chemical Society. (B) A toehold design allows ssDNA and

dsDNA solutes with sequences complementary to the toehold to partition into NAJ

droplets, whereas clients that are not complementary partition to a much lesser extent.

Scale bar 20 µm. (C) Strand-displacement reactions mediated by an NAJ droplet.

Droplet of order 40 µm. (B) and (C) adapted from [91]. Copyright The Authors, some

rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license.

Reprinted with permission from AAAS. Panels excerpted from larger figures. (D)

Dynamic patterned structures formed by a two-step cascade of ssDNA solute invasion

into cholesterol-decorated NAJ droplets. Scale bar 15 µm. Adapted with permission

from [94], excerpted from a larger figure.

as reporting biosensors that can even perform simple computations, e.g. act as AND,

NOT or OR gates depending on specific inputs of signal NA strands [96, 91]. Leathers

et al. showed that strand-displacement reactions can be used to pattern NAJ droplets

(Fig. 7D); separately, and impressively, this work incorporated active transcription into

the droplets [94].

Studies of reaction engineering are more widespread in NA coacervates. For

example, Schoenmakers et al. created in vitro biomolecular coacervates with specific
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compositions of proteins and NAs capable of performing both transcription and

translation [97]. Le Vay et al. found that, within droplets formed from coacervation of

ribozymes (an RNA enzyme) and PLL, the ribozymes displayed an enhanced catalytic

rate and yield [98], and further that droplets containing active ribozymes displayed

different physical properties (e.g. in droplet growth and adhesion) than those containing

inactive ribozymes. Additionally, synthetic, non-NA coacervates have been shown to

sequester oligonucleotides and compartmentalize RNA catalysis [99] and to enhance

ribozyme activity within the coacervate microenvironment [100, 101]. This suggests

the potential for coacervates to modulate and enhance enzymatic reactions, potentially

supporting origin of life and protocell theories.

4.4. Controlled droplet formation and dissolution

Biological phase-separated compartments can form or dissolve in response to biochemical

cues [82]. Mimicking this, Lee et al. designed NAJs that form droplets in response

to the addition of sequence-specific single strands that prevent self-binding of NAJ

arms [42]. Do et al. demonstrated NAJ droplet formation upon the addition of a cross-

linking ssDNA strand and droplet dissolution upon the addition of a second competing

strand [91]. A related strategy was utilized by Agarwal et al. to achieve multiple cycles

of droplet dissolution and reformation [102]. A strategy not based on ssDNA strands

was introduced by Fabrini et al., who incorporated cation-sensitive G quadruplexes

into cholesterol-decorated NAJs, and showed that cation addition/removal led to the

appearance/disappearance of NAJ condensates[103].

NA liquid formation and dissolution has also been coupled to enzymatic

reactions. For example, Aumiller and Keating [104] and Nakashima et al. [105]

demonstrated control of NA coacervate formation and dissolution through enzymatic

(de)phosphorylation of component peptides. Deng and Walther created NAJ liquids

where phase separation is triggered by ligating short DNA segments into extended

branched structures, while dissolution is carried out by restriction enzymes that cut the

long DNA into short segments (Fig. 8A) [92]. In a study also related to NA cleavage,

Sato et al. demonstrated a ’driven demixing’ behavior, in which a mixed 3-component

NAJ droplet separates and forms two orthogonal droplets upon enzymatic cleavage of

one of the components (Fig. 8B) [46]; subsequent studies achieved similar effects using

photolysis [106] or strand displacement reactions [96].

Saleh et al. [107] designed NAJs with recognition sites for a restriction enzyme

whose addition thus resulted in droplet dissolution [107]. These authors showed, through

quantification of the scaling properties of droplet shrinkage, two distinct physical

mechanisms of dissolution in which the enzyme acted either only on the droplet, or

throughout its bulk, with the dominant mechanism dependent on the proximity of the

system to the phase boundary [107].

A subsequent study of the NAJ/restriction enzyme system [108] showed that

droplets that permit enzyme penetration are associated with the formation of vacuoles
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that grow, pop, and grow again. Vacuole growth was caused by the osmotic pressure of

accumulated restriction fragments, a mechanism the authors confirmed quantitatively.

Interestingly, this work showed that vacuole popping could cause locomotion of the NAJ

droplet through a jetting effect caused by the osmotic pressure (Fig. 8C), with typical

speeds of ≈ 50 nm/s [108].

Recent work by Tayar et al. showed that NAJ droplet dissolution can also be

driven mechanically, by active stresses [93]. Specifically, the authors coupled NAJ

droplets to a motor-driven microtubule network undergoing chaotic active flow, and

observed droplets to be dramatically extended and, eventually, to break up (Fig. 8D).

Remarkably, fluorescence correlation measurements revealed that high levels of active

stress were able to completely dissolve droplets down to single NAJ particles [93]. This

mechanical coupling also resulted in changes to the kinetic phase diagram, including a

lowered effective critical-point temperature and a narrowed apparent coexistence region.

4.5. Interfacial engineering

Enrichment of solutes at the droplet interface is another powerful technique for

modulating NA liquid functionality, particularly as it permits control over the

interactions between environments inside and outside NAJ liquids. For example, Nguyen

et al. discovered the ability to exploit entropic confinement effects so as to target long

dsDNAs to an NAJ droplet interface [53] (Fig. 9A). In a following study, Gao et al.

showed such “long DNA surfactants” can be utilized to tune mean NAJ droplet size, from

tens of microns down to tens of nanometers [109]. This was attributed to retardation of

coalesence by an inter-droplet disjoining pressure caused by the brush-like layer of long

DNA on the droplet interfaces [109], an effect reminiscent of the mechanisms that govern

size distributions in dispersion polymerization of monodisperse colloids [110]. Similar

size control has been demonstrated in cholesterol-modified systems that use additional

NAJs, with only one active sticky-end, as the surfactant [111]. Interfacial engineering

has also been achieved using small unilamellar lipid vesicles (SUVs) that adhere to the

cholesterol-modified NAJ droplet interface (Fig. 9B). [86].

5. Conclusion

The emerging field of biomolecular phase-separated liquids composed of NAJs has

made substantial progress in characterizing the equilibria, dynamics, and materials

properties of NAJ liquids. Indeed, precise experimental and theoretical results have

characterized the phase diagrams and viscoelastic behaviors of NAJ liquids, including a

growing understanding of how these properties vary with the microscopic structure of the

phase-separating components. This quantitative physical understanding has permitted

researchers to begin to develop functional NAJ liquids that form complex structures

and/or are capable of active, responsive behaviors, with the general goals of mimicking

life-like processes or creating materials for specific applications.
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Figure 8. Non-equilibrium NA droplet behaviors. (A) Multiphase DNA coacervate

formation and dissolution, enabled by ATP-powered ligation and endonuclease-

controlled restriction. Scale bar 20 µm; inset scale bar 4 µm. Reprinted with permission

from [92], with permission from Elsevier. (B) NAJ droplet fission as a cross-linker

particle is cleaved by RNase A. Scale bar 20 µm. Adapted from [46]. Copyright

The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC

BY-NC 4.0 license. Reprinted with permission from AAAS. Panels excerpted from

a larger figure. (C) NAJ droplet motility resulting from vacuole popping. Scale bar

80 µm. Time displayed in minutes. Adapted with permission from [108], excerpted

from a larger figure. (D) NAJ droplets mechanically coupled to an active network

of microtubule filaments are elongated and ultimately break into daughter droplets.

Adapted with permission from [93].

The contrast between NAJ liquids and NA coacervates is instructive. The

study of coacervates is much older, and more advanced functional (e.g. biochemical)

activities have been embedded into NA coacervates. Yet, a significant advantage

of the NAJ liquid is its simplicity, which arises from its dependence on well-

characterized DNA hybridization bonds between particles whose structure can be

precisely tuned. In contrast, the electrostatic interactions driving coacervate formation

defy simple characterization. Thus, despite their relative newness, NAJ liquids are more

theoretically tractable, a powerful feature that should enable rapid advances in the field.

Throughout this review, we have noted areas where challenges remain. For example,

NAJ interfacial structure is poorly understood, and more work is needed to achieve a
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Figure 9. Interfacial engineering of NAJ droplets. (A) dsDNA adhered to an NAJ

droplet interface, but excluded from the interior. Droplet is of order 20 µm. Reprinted

with permission from [53]. Copyright 2019 American Chemical Society. (B) SUVs

adhered to cholesterol-modified NAJ assemblies, forming a shell around them. Scale

bars 10 µm. Reprinted with permission from [86], excerpted from a larger figure.

comprehensive understanding of the connection between NAJ liquid microstructure and

macroscopic properties. More specific open questions are as follows:

1) There is a fundamental dichotomy between the colloidal understanding of NAJ

liquids (e.g. rooted in Wertheim theory), and the polymeric approach to understanding

NA coacervates (e.g. relying on Voorn-Overbeek and Flory-Huggins models). This

modeling difference is related to a microstructural difference: the ability of constituent

particles to entangle, which has generally not been considered for NAJs, but obviously

occurs within coacervates. Fundamentally, though, NAJs still have polymeric traits, and

certain recent works have indeed suggested that entanglement can play a role [112, 113].

The boundary between colloid-like and entangled behavior is an interesting area of

investigation.

2) As detailed throughout, NA liquids can condense via two mechanisms: DNA

hybridization or electrostatic attraction with oppositely charged molecules. However,

the distinction between these is not so clear cut– for example, even the most simple

NAJ liquid relies heavily on electrostatics, as salt is needed to stabilize the sticky-

end bonds. Further exploration of the competition and/or cooperation of these two

phase-separating mechanisms could help elucidate the complex heterotypic interactions

present in biology, as biological condensates can contain many components with multiple

possible interactions driving phase separation [82].

3) NA liquids provide a promising avenue to explore active, non-equilibrium

behaviors that are analogous to biological liquids. Much of the relevant effort, discussed

above, has focused on engineering NA liquids that offer ”synthetic cell” functionalities,

e.g. in creating compartments and interfacing with biochemical reactions. A notable

exciting direction along those lines are recent reports demonstrating the ability to create

and control NAJ liquids using transcription reactions [114, 115]; such systems would

enable investigation of the interplay of active genetic processes and liquid material

behavior. That said, a general critique of much present ’synthetic cell’ work is that
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it relies on somewhat qualitative and phenomenological demonstrations of functional

behaviors. Unlike condensates in living cells, NA liquids are easily modified at the

molecular scale, and can be measured to a high degree of precision. This should

enable highly quantitative experimental study of NA liquid behaviors which, through

comparison to appropriate models, would be powerful in determining underlying physical

mechanisms. However, relatively few studies have taken this approach, despite a

growing theoretical literature on active-liquid behaviors that has yet to be tested

[116, 117, 118, 119]. There is thus a significant opportunity for advancement in this

field through hard-nosed experimental physics approaches.

4) Perhaps in part due to the relatively qualitative nature of some of the work in

this nascent field, the relevance of many of these systems to applications has not been

seriously explored. Indeed, regarding NAJ liquids, we are aware of only a handful of

works that even suggest specific applications [109, 91, 96]. As with many areas of NA

nanotechnology, we foresee that any applications will need to balance the extraordinary

nanoscopic control and functionality offered by NAs with various practical issues, such as

chemical stability, robustness, and cost. The revolution in nucleic acid therapeutics[120],

as embodied by the mRNA-based COVID vaccines[121], perhaps offers some perspective

regarding, on one hand, the enormous potential, and, on the other, the huge practical

hurdles that can be present.

Overall, this review has demonstrated that the liquid state of NAs offers a variety

of unique and powerful features, and interesting physical questions, though with a range

of open questions and future challenges; we look forward to watching the field continue

to evolve.
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Daniel Nettels, Robert B. Best, and Benjamin Schuler. Extreme dynamics in a biomolecular

condensate. Nature, 7 2023.

[64] Yanxian Lin, James Mccarty, Jennifer N Rauch, Kris T Delaney, Kenneth S Kosik, Glenn H

Fredrickson, Joan-Emma Shea, and Songi Han. Narrow equilibrium window for complex

coacervation of tau and rna under cellular conditions. eLife, 2019.

[65] Kris T. Delaney and Glenn H. Fredrickson. Theory of polyelectrolyte complexation - complex

coacervates are self-coacervates. Journal of Chemical Physics, 146, 6 2017.

[66] Michael Rubinstein, Qi Liao, and Sergey Panyukov. Structure of liquid coacervates formed by

oppositely charged polyelectrolytes. Macromolecules, 51:9572–9588, 12 2018.

[67] Ankur Jain and Ronald D Vale. Rna phase transitions in repeat expansion disorders. Nature,

546:243–247, 2017.
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