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Summary

Multivalency-driven liquid-liquid phase separation (LLPS) is essential in biomolecular 

condensates to facilitate spatiotemporal regulation of biological functions. Providing 

programmable model systems would help to better understand the LLPS processes in biology, 

and furnish new types of compartmentalized synthetic reaction crucibles that exploit biological 

principles. Herein, we demonstrate a concept for programming LLPS using transient multivalency 

between ATP-driven sequence-defined functionalized nucleic acid polymers (SfNAPs), which 

serve as simple models for membrane-less organelles. The ATP-driven SfNAPs are transiently 

formed by an enzymatic reaction network (ERN) of concurrent ATP-powered DNA ligation and 

DNA restriction. The lifetimes can be programmed by the ATP concentration, which manifests 

on the LLPS length scale in tunable lifetimes for the all-DNA coacervates. Critically, the 

prominent programmability of the DNA-based building blocks allows to encode distinct molecular 

recognitions for multiple multivalent systems, enabling sorted LLPS and thus multicomponent 

DNA coacervates, reminiscent of the diverse membraneless organelles in biological systems. 

The ATP-driven coacervates are capable for multivalent trapping of micron-scale colloids and 

biomolecules to generate functions as emphasized for rate enhancements in enzymatic cascades. 

This work supports ATP-driven multivalent coacervation as a valuable mechanism for dynamic 

multicomponent and function biomolecular condensate mimics and for autonomous materials 

design in general.
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Introduction

Membrane-less biomolecular condensates are ubiquitous in biological cells and are 

important for spatiotemporal organization of subcellular processes. 1–3 These biomolecular 

condensates function to concentrate proteins and nucleic acids, and provide diverse 

biological functions such as RNA metabolism, ribosome biogenesis, and signal 

transduction. 2, 4–6 Many of them show liquid-like properties such as rapid condensation 

and dissolution, fusion and wetting. 7–8 For instance, the nucleoli, Cajal bodies, and nuclear 

speckles in the nucleus can vary their size, number, and composition over time and can 

reversibly appear and disappear during mitosis. 9–10 Although all mechanisms for the 

dynamic changes remain elusive, multivalent interactions between the (bio)macromolecular 

components are a key driving principle in their dynamic regulations. 6, 11–13 Inspired by this 

natural multivalency-driven liquid-liquid phase separation (LLPS), biomolecular recognition 

units have for instance been encoded into pairs of engineered proteins, which then show the 

capability for phase transition upon mixing, leading to micrometer-sized liquid droplets. 6 

Aside from biomolecular recognition, numerous strategies such as charge-charge, dipole-

dipole, cation-π, and π-π interactions have been developed to construct related, in parts 

fully synthetic, coacervates and complex coacervates. 14–18 Recently, such coacervates 

have regained interest as artificial membrane-less organelles, which could act as open 

reactors with facile exchanges of matter. 19–22 Specifically, polyelectrolyte complexation 

is intriguing for facile and versatile coacervate fabrication. Examples include carboxymethyl 

dextran sodium salt/poly-L-lysine (PLL), 20 oppositely charged amylose derivatives, 23 ATP/

poly(diallyldimethyl ammonium chloride), 24 ATP/PLL, 25 and others. 26–31 The unstable 

membrane-less coacervates can be stabilized by interfacial self-assembly of synthetic 

surfactants and stoichiometry mismatch of the charges. 23 

To allow external control mechanisms, various chemical signals and physical fields 

have been used to reversibly assemble polyelectrolyte-based coacervates. 32–36 Mann and 

co-workers reported reversible coacervation via alternately bubbling CO2 and NH3 to 

ATP/PLL coacervates to regulate the PLL charge. 37 Keating and co-workers investigated 

the switching of RNA/peptide coacervates by changing the peptide phosphorylation state 

using a kinase/phosphatase pair. 38 Moreover, ATP/PLL coacervates were coupled to an 

enzymatic reaction network (ERN) that transiently generates ATP as one component of 

the coacervate. 39 Towards active matter coacervates, Huck and coworkers reported a 

GTP-driven polymerization of FtsZ protein within coacervates for dynamic coacervate 

deformation and fission. 40 In summary, although great progress has been made in 

coacervates as mimics for membrane-less organelles and for protocell research, most 

coacervates rely on polyelectrolyte interactions, whereas highly programmable molecular 

recognition for the formation of LLPS has scarcely been addressed. 6 Such highly 

programmable interactions would however contribute fundamentally relevant model systems 
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to quantitatively understand kinetics and thermodynamics of LLPS, provide means 

to modulate the dynamics and selective uptake, and, if orthogonal interactions were 

available, also spatially sorted dynamic artificial membrane-less organelles could be 

prepared. Additionally, the emerging concepts of non-equilibrium chemically fueled systems 

empowered by chemical reaction networks can contribute new features such as transience 

and dynamics. 41–43 

In the DNA nanoscience arena, droplets made of DNA could feature outstanding 

programmability and molecular recognition. 44–47 In terms of DNA droplets, DNA 

nanostars have been investigated for controllable liquid properties and macromolecular 

structures. 48–50 Mao and coworkers reported all-DNA droplets by condensation of 

palindromic domains in single-stranded DNA (ssDNA), 51 which however showed ill-

defined structures. Moreover, we previously reported pathway-controlled formation of 

membrane-less all-DNA droplets with well-defined structures using temperature-induced 

LLPS of poly(adenine)-rich ssDNA strands and subsequent kinetic trapping of the 

coacervates during cooling – again using palindromic domains. 52 Both strategies need high 

temperature annealing to form the droplets, which is incompatible with applications in a 

biological system, involving for instance the encapsulation of enzymes or other temperature-

sensitive components. Although first DNA temperature-annealing derived droplets exist, 

exploiting distinct molecular recognition for constructing multicomponent DNA-based 

droplets is uncharted territory, and the potential of DNA for regulating dynamics (eg. 

reversible condensation and dissociation, and transient coacervation) and for realizing 

isothermal LLPS to open possibilities to encapsulate temperature-sensitive components such 

as enzymes or proteins in general has not been addressed.

Herein, we report ATP-driven membrane-less all-DNA coacervates, which form through 

multivalency-driven LLPS of programmable sequence-defined functionalized nucleic acid 

polymers (SfNAPs) orchestrated by an ERN of concurrent ATP-powered ligation (using 

T4 DNA ligase) and endonuclease-controlled restriction (using BsaI). Using orthogonally 

polymerizing SfNAPs system (due to distinct molecular recognition in the main chain 

of various building blocks), we further demonstrate the self-sorting of LLPS for 

multicomponent coacervates in the same system. To showcase functions of the coacervates, 

we reveal transient entrapment and release of functionalized micron-scale colloids and 

functional DNA polymers within the ATP-driven all-DNA coacervates. Additionally, 

glucose oxidase (GOx) and horseradish peroxidase (HPR) fusion proteins bound to 

streptavidin can be encapsulated in the coacervates by anchoring onto biotinylated 

coacervate-forming DNA SfNAPs. An improved catalytic activity of the GOx/HPR enzyme 

cascade is found within the membrane-less compartments with a macromolecularly crowded 

DNA environment.

Results and discussion

General concept for ATP-driven molecular recognition and multicomponent all-DNA 
coacervates

We first highlight the differences in free energy between classical coacervates and 

chemically fueled coacervates. Classical coacervation based on attractive interactions 
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between two polymers occurs in an energetically down-hill process by formation of 

enthalpic interactions and entropically favored release of water (and counterions for 

polyelectrolytes). 18 The resulting coacervate droplets sit near the global minimum in the 

energy landscape (Figure 1a). In our design, we implement an overall energetically up-hill 

system to obtain the coacervates in a dynamic and energy-dissipative state (Figure 1b). It 

builds on our recently introduced systems of ATP-driven transient DNA polymerization and 

SfNAPs with transient generation of multivalent interactions with colloid objects. 53–55 We 

hypothesized that two SfNAPs with complementary side chain interactions could allow 

to establish membrane-less coacervates by LLPS, providing a programmable mimicry 

of biomolecular condensates driven by multivalency. The injection of ATP to a system 

containing small building blocks with complementary sticky ends and the enzymes (T4 

DNA ligase and BsaI restriction enzyme) allows to drive the system isothermally into a 

dynamic steady state (DySS) with temporal SfNAP formation. More details on the ERN 

are below in Figure 3a. The ATP is consumed in the process and the energy is transiently 

transferred into DNA phosphodiester bonds, resulting in an up-hill driven dynamic covalent 

bond with an average steady-state chain length. Under the conditions of the ERN, the 

phosphodiester bond is unstable (ΔG = -5.3 kcal/mol 56 ). Constant ATP-dissipating bond 

shuffling occurs in the energy-driven steady state. The up-hill and down-hill reactions are 

not each other’s inverse and are separate kinetically tunable reactions. The network is 

reminiscent of non-equilibrium steady state phosphorylation/dephosphorylation networks 

without any outside regulator. 57–61 This qualifies the system as a chemically fueled non-

equilibrium system, in which the ATP concentration majorly sets the lifetime, and the 

antagonistic enzymes engineer the transduction kinetics and dynamics of the system. 53 

Since the side chains on the SfNAPs are independent from the ERN, they are freely 

programmable with regard to their sequences and thus hybridization strength. Additionally, 

since BsaI is a class IIS endonuclease with separated domains for recognition and 

restriction, a careful selection of the ligation parts for the main chain and of the side 

chain interaction sites on various DNA building blocks allows running multiple coacervating 

systems in parallel and achieving sorted LLPS and multicomponent coacervates. 4 

nucleotides (nt) of the sticky end overhangs at the restriction site can be freely programmed 

in BsaI, enabling in principle 4 4 = 256 orthogonal interactions in multicomponent 

systems. Importantly, the multivalency-driven coacervates are able to trap multivalent binder 

functionalized objects, such as micron-scale colloids and catalytic enzymes (Figure 1).

Multivalency-guided LLPS of complementary SfNAPs for membrane-less all-DNA 
coacervates

For proof-of-concept, we discuss the static multivalency-guided LLPS of two SfNAPs with 

complementary side chains before discussing the dynamic ATP-fueled transient systems. 

Under appropriate enthalpic balance, efficient cooperative multivalent binding between the 

side chains of two SfNAPs occurs only in the polymer state, whereas binding is absent 

in the monomer state. This is a function of the interaction length of the complementary 

part (L b) and the distance between the side chains (d b; Figure 2a). Based on preliminary 

screening, we found that a L b of 8 base pairs (bp; CGAATAGA/TCTATTCG (T m = 33 

°C) requires a d b of ca. 38 bp or smaller to realize efficient multivalency in the ATP-driven 
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SfNAP state. These conditions set the starting point here. We synthesized two orthogonal 

SfNAPs, SfNAP1 and SfNAP2, by separate ligation of M1/M2 and M3/M4, whereby M2 

and M4 carry the side chains with complementary interactions (Figure 2b, sequences in 

Supplementary Table 1). ATTO488 and ATTO647 dyes in M1 and M3 fluorescently label 

both SfNAPs for confocal laser scanning microscopy (CLSM). Agarose gel electrophoresis 

(AGE) yields polymer length distributions of the SfNAPs with a growth up to 1500 bps 

(Figure 2c).

Afterwards, we investigated the coacervation of SfNAP1 and SfNAP2 (10 μM for each 

species regarding amounts of repeating units) by mixing and shaking using an orbital 

shaker at 80 revolutions per minute (rpm) at 37°C. CLSM in Figure 2e indeed confirms the 

formation of spherical all-DNA coacervates. After 30 min, DNA coacervates with a number 

average diameter (D n) of ca. 5.2 μm are present, and the D n increases to ca. 10.5 μm at 

1 h, reaching a balanced state for LLPS at ca. 1h. Both fluorophores are homogeneously 

distributed in the coacervates confirming intimate mixing of the SfNAPs (Figure 2e). Note 

that control experiments of monomer mixtures or the individual SfNAPs do not give any 

structure in CLSM, because the multivalent interactions are absent. Herein, we realize LLPS 

for membrane-less coacervates in a non-protein based synthetic system via DNA-based 

multivalent interaction.

ATP-driven transient all-DNA coacervates with programmable lifetimes

In the above investigation, the distinct difference between LLPS for the mixed SfNAPs and 

absence of LLPS for the monomer tiles is the key to regulate the temporal behavior of the 

all-DNA coacervates. To realize an energy-dissipative coacervation system, we combined 

the SfNAPs with the full ERN featuring concurrent ligation/polymerization and restriction/

depolymerization (Figure 3a,b). Typical experiments were conducted using ca. 0.01 mM 

of each DNA tile (M1-M4), 0.92 WU/μL T4 DNA ligase, 1.0 U/μL BsaI, and varied ATP 

concentrations at 37°C. CLSM measurements at different time points reveal the transient 

nature of the ATP-driven all-DNA coacervates regarding their structural evolution (Figure 

3c; Figure S1). Before ATP injection, the system is a fully homogeneous solution. The 

injection of 0.06 mM ATP drives the multicomponent system into the SfNAP state with 

dynamic sub-unit exchange, and the build-up of the multivalency between the SfNAPs 

induces LLPS (Figure 3c-i). After 30 min, some small DNA coacervates with a D n ≈ 
1 μm are observed under CLSM, for which the fluorescence intensity (FI) is very weak. 

Subsequently, further growth occurs and a relatively steady plateau with a D n ≈ 7 μm is 

reached after ca. 2 h (Figure 3d). Concurrently, the averaged fluorescence intensities for 

the coacervates also drastically increase to a DySS (Figure S2). The constant D n in the 

plateau is obtained because of slight orbital shaking to mitigate coalescence. After the ATP 

is consumed, the DNA coacervates disappear, because the long SfNAPs are degraded back to 

monomeric building blocks by BsaI. The coacervate lifetime is tunable from 6 hours to 1.5 

days by changing the ATP concentration from 0.06 to 0.2 mM (Figure 3e), which indicates 

the tiles produced after endonuclease restriction are continue to be active and recycled in 

the ERN. The kinetics of coacervate formation and the coacervate size increase mildly 

with the ATP concentration, which is due to a faster polymerization process as ATP is a 

co-factor in the ligation and provides ionic strength to promote DNA interactions (Figure 
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3c-ii,d; Figure S1). AGE analyses of the transient SfNAPs in these systems confirms similar 

lifetimes for the molecular and coacervate levels. Higher ATP concentrations indeed lead 

to faster polymerization of transient SfNAPs to promote the kinetics for LLPS (Figure S3). 

Interestingly, selected coacervates degrade from the inside and end up being hollow capsules 

during the degradation. This confirms the entrapment and operation of the enzymes inside 

the coacervates (Figure S1). Additionally, in the dynamic steady state (when the system is 

still rich in ATP), no capsule formation is observed. This indicates that in the coacervates 

the kinetic for ligation is faster than restriction to maintain the structure. Consequently, the 

polymers can still be dynamically extended when in the coacervate phase if excess ATP and 

ligation overhangs are present.

It is also worth noting that orbital shaking is crucial for controlling the dynamic property 

of the coacervates. Without any shaking, the coacervates sediment and merge together to 

form random aggregates (Figure S4d), while strong shaking (eg. at 400 rpm) leads to smaller 

coacervates with D n from several hundred nanometers to ca. 1 μm (Figure S4b,c). This 

demonstrates that fusion and fission occur during shaking as a dynamic system feature. We 

also characterized the liquid property of fully suspended coacervates by real-time fusion 

experiments. Upon contacting, two coacervates merge into one large coacervate, which 

verifies the liquid-like nature of the DNA coacervates (Figure S5 and Supplementary Video 

1). The droplets can wet the glass surface (Figure S4d), but after wetting the droplets cannot 

be recovered by further shaking. Hence, the orbital shaking can also mitigate the wetting of 

the droplets on the glass surface.

We further probed the internal dynamics of the coacervates in the ATP-driven steady state to 

detect the efficiency of component diffusion in the coacervates. We added differently labeled 

ATTO488-M1 monomers to a running system based on non-fluorescent SfNAP1 (M2/M5) 

and ATTO647-labeled SfNAP2 (M3/M4). ATTO488-M1 shares the same sequence with M5 

to co-integrate with SfNAP1. Before M1 addition, only red fluorescence can be observed, 

because the coacervates are only labeled by ATTO647 on SfNAP2 (Figure 3f). After the 

addition of ATTO488-M1, green ATTO488 fluorescence gradually arises in the coacervates 

(Figure 3f), while the red ATTO647 fluorescence intensity remains unchanged (Figure 3g). 

Interestingly, for the first 4 h after the addition of M1, the uptake and distribution of 

ATTO488-M1 to the coacervates is not homogeneous. Coacervates with distinctly brighter 

fluorescence can be observed at e.g. 1h. This is due to slow mixing when adding 

the ATTO488-M1 and preferential uptake. More interestingly, at 4h, patches of brighter 

fluorescence can be observed in otherwise spherical coacervates (white arrow). These arise 

from fusion events (visible e.g. at 1h, orange arrows) and subsequent recircularization of 

the coacervates to minimize interfacial energy (Figure 3f). These patches disappear within 

6 h and fully homogeneous coacervates are obtained. This confirms the dynamic chain 

shuffling inside the coacervates and deep integration of secondary tiles. Such a covalent 

integration of a new monomer species would be impossible in a static non-driven system 

as the DNA bonds would be static. This clearly emphasizes an advantage towards quick 

structural and functional adaptation due to operating the structures in a DySS with constant 

bond shuffling. 62 
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ATP-driven transient multiple sorted membrane-less coacervates

The programmability of the ligation-restriction position and of the complementary side 

chains on the SfNAPs opens the possibility to potentially run multiple LLPS systems in 

parallel. Figure 4a shows such a design, in which 4 distinct SfNAPs can be temporarily 

programmed in the ERN, where two SfNAPs subsets feature orthogonal multivalent 

interactions (L 1b/L 1b * and L 2b/L 2b *) to form self-sorted LLPS. Subsystem 1 

consists of M5/M2 and ATTO647-M3/M4. Subsystem 2 consists of ATTO488-M6/M7 and 

M8/M9. The fluorescent labels allow distinguishing the self-sorted LLPS. Time-dependent 

CLSM indeed confirms orthogonal coacervate formation and the transient nature of both 

ATP-driven multicomponent coacervates (Figure 4). The transient behavior is analogous 

to the single-pair coacervates and spatially resolved fluorescence analysis in the CLSM 

shows absence of crosstalk. The absence of crosstalk here is attributed to the absence 

of attractive specific multivalent interactions between unlike coacervates, that otherwise 

possess repulsive electrostatic interactions due to their charged nature. This also confirms 

that the multivalent interaction among the coacervates from the same species facilitate the 

fusion of contacting coacervates (Figure S5 and Supplementary Video 1). This demonstrates 

that ATP-driven sorted LLPS can be achieved by defining molecular recognition events 

to form the ATP-driven SfNAPs and to guide the multivalent interactions between them. 

Although collision events happen between the two sorted populations during operation, 

those do not suffice for a merging and fusion into common droplets. A crosstalk such as 

in common polyelectrolyte coacervates using non-specific interactions can be prevented. 23 

Such multicomponent membrane-less coacervates are reminiscent of diverse membrane-

less organelles driven by multivalent recognitions in a biological system, and are a clear 

advantage provided by the high programmability of DNA and of our ATP-driven ERN using 

BsaI as class IIS endonuclease. 2 

Transient trapping and releasing for temporal superstructures

We surmised that the multivalent recognition patterns driving the LLPS would provide a 

generic platform to entrap objects functionalized with complementary ssDNA. Figure 5a 

shows a first example by transiently trapping ssDNA-functionalized micron-sized colloids 

(D = 1 μm) in the DNA coacervates. For clear visualization, the colloids and coacervates 

are labeled with ATTO488 and ATTO647, respectively. Time-dependent CLSM visualizes 

the transient all-DNA coacervate formation and concurrent colloid aggregation, engulfment 

and restructuring. Before ATP injection, the colloids are freely dispersed in the solution 

(Figure 5c). The addition of ATP drives the formation of two orthogonal SfNAPs with 

complementary side chain interactions. On the one hand this leads to LLPS between 

SfNAP1 and SfNAP2. From above (Figure 2), we know that this process takes up to 30 min 

to lead to visible structure formation. This is due to the fact that both SfNAPs first need to 

build up long chains for efficient interaction. On the other hand, the non-fluorescent SfNAP1 

(M5 and M2) can interact with the already present multivalent recognition pattern on the 

colloids. This process is faster (less than 10 min) and hence colloid assembly happens prior 

to the formation of any obvious DNA coacervates. After 30 min, clear fractal aggregates 

of the colloids (reminiscent of diffusion-controlled aggregation) are visible. After 1 h, the 

coacervates become clearly visible (red fluorescent) and nucleate largely on these structures. 

Engulfment and encapsulation happen due to the competition of multivalent interactions 
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and the dynamics of the system (Figure 5c). Additionally, the dynamics lead to some 

level of reorientation from the more fractal aggregation to a more spherical superstructure. 

Interestingly, in the disassembly phase, after ATP is consumed (4 h), the degradation of the 

coacervates is much faster than the colloidal disassembly. We attribute this to the lower BsaI 

accessibility of the SfNPAs between the colloid aggregates. After 6 h, all colloid aggregates 

largely re-disperse in the solution (Figure 5c). It is worth noting that by using lower 

concentration of functionalized colloids (10 % of the one above), smaller colloid aggregates 

can be obtained and the fractal aggregation in the initial state is absent (Figure S6). This is 

due to the fact that lower particle concentrations allow significantly less collisions needed 

for assembly, and the assembly time scale is more synchronized with the LLPS of both 

SfNAPs.

Aside from trapping colloids in the coacervates for superstructure formation, we further 

show the encapsulation of functional polymers inside the coacervates (Figure 5b,d-g). 

Typical experiments were performed by running the above ATTO647-labeled M3/M4-

M5/M2 coacervates (red channel) together with a Cy3 and biotin-labeled static Cy3/

biotin-SfNAP (green channel) without recognition sequence for BsaI, bearing one of the 

complementary multivalent binders. The Cy3/biotin-SfNAPs is only present in 0.02 mol% 

of the coacervate SfNAPs. Time-dependent CLSM images visualize the transient trapping 

and release of the Cy3-SfNAPs (Figure 5d). Both fluorescence channels show a transient 

increase of the intensities, yet there is some relevant delay for the Cy3/biotin-SfNAPs 

(Figure 5e). The uptake is slightly delayed due to the small quantity compared to the 

coacervate-forming SfNAPs. Additionally, CLSM shows a homogeneous distribution of 

the static Cy3-SfNAP polymers in the coacervates for the first 2 h. Yet, after 4 h, 

when degradation sets in, the Cy3-SfNAP is clearly more visible at the periphery of the 

coacervates (Figure 5f,g). This is because, when ATP is substantially consumed, there is 

a degradation of the SfNAP1 (bearing the same multivalent binder as the static Cy3/biotin-

SfNAPs), and its decreased multivalent binding to the coacervates accumulates some Cy3/

biotin-SfNAPs at the periphery of the coacervates.

One of the key aspects of LLPS is to provide spatially confined reaction compartments 

for catalysis with local enrichment and macromolecular crowding. To demonstrate a proof-

of-concept catalytic reaction, we used the biotin motifs on the Cy3/biotin-SfNAPs to 

encapsulate streptavidin(StAv)-conjugated biomolecules, more precisely StAv-based fusion 

proteins of GOx and HRP, which can form an enzymatic cascade (Figure S7, Supplementary 

Note 1). In this enzyme cascade system, GOx firstly catalyzes oxidization of glucose and the 

generated H2O2 is used by HRP to oxidize 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt (ABTS2–) into ABTS–., which can be traced colorimetrically at 

414 nm. Here, static coacervates were applied to investigate the catalytic efficacy of the 

enzyme cascade reaction of GOx and HRP in the macromolecularly crowded coacervate 

environment (Figure 5h). Non-fluorescent SfNAP1 and ATTO647-SfNAP2 (8 μM for each 

species regarding amounts of repeating units) were mixed together with 0.5 nM GOx 

and HRP (separately pre-anchored to Cy3/biotin-SfNAPs), and 2 mM ABTS2-. After 2 h 

coacervation via orbital shaking at 97 rpm, 1 mM glucose was added and the catalytic 

efficacy was monitored at 414 nm absorbance. We find a significantly increased catalytic 

efficiency for the enzyme cascade encapsulated in the DNA coacervates as compared to 
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free enzymes or enzymes immobilized on the DNA polymers (EC; enzyme carrier; Figure 

5i). This demonstrates first of all efficient diffusion of educts and products within the 

coacervates and, secondly, that the coacervates provide a propitious environment for the 

catalysis, which is due to molecular crowding and spatial proximity effect. 63 The results 

underscore the potential for using the multivalency guided all-DNA coacervates as reactors 

for versatile reactions.

Discussion

We have demonstrated, for the first time, the multivalency-driven LLPS of two orthogonal 

SfNAPs for artificial membrane-less organelles, serving as a model system to understand 

the multivalency-driven LLPS in biological systems. Energetically up-hill driven coacervates 

have been realized by coupling the SfNAPs-forming building blocks to an ERN of ATP-

powered ligation and BsaI-controlled restriction, rendering transient multivalency-driven 

all-DNA coacervates showing programmable lifetimes by ATP fuel level. By encoding 

molecular recognitions both in sticky ends and short side chains on various building blocks, 

we further demonstrated self-sorting of the LLPS for multicomponent coacervates in the 

same system, reminiscent of the diverse membrane-less organelles in biological systems.

Critically, the molecular recognition during LLPS allows for multivalent trapping of 

complementary ssDNA functionalized objects, and the isothermal LLPS opens possibilities 

to encapsulate temperature-sensitive components such as enzymes or proteins in general. 

We proved this by trapping micron-scale colloids for temporal formation of hybrid 

superstructures and trapping catalytically active biomolecules, GOx and HRP, for improved 

efficiency of the enzyme cascade.

Looking to the future, we foresee that this transient multivalency driven LLPS provides 

completely new insights for significantly and swiftly advancing the fields of life-like 

materials, systems chemistry, and synthetic biology, as well as for better understanding 

some principles of the dynamic structures in living systems. We believe that more external 

and autonomous control mechanisms can simply be encoded by providing light-switchable 

and reconfigurable components. 36, 54, 64 However, oscillatory behavior is hard to achieve 

in our coacervate system, as the reversible switches in the ERN cannot be as swift as the 

systems using photo-switchable chromophores. We envision in particular that the concept 

of transient multivalency driven temporal coacervates will allow to investigate biocatalytic 

reactions inside the coacervates, dynamic condensation of proteins and nucleic acids for 

programmable biofunctions, and to program synthetic cells with hierarchical dynamic 

structures, enabling applications in biomedical engineering.

Experimental Procedures

Resource Availability

Lead Contact Further information and requests for resources should be directed to and will 

be fulfilled by the Lead Contact, Andreas Walther (Andreas.walther@makro.uni-freiburg.de)
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Materials Availability

This study did not generate new unique reagents.

Syntheses of sequence-defined functionalized nucleic acid polymers (SfNAPs)

dsDNA tiles M1 and M3 were first annealed from complementary ssDNA, D1/D2, and 

D4/D5, respectively (see sequences in Supplementary Table 1). The syntheses of SfNAP1 

and SfNAP2 followed with the same protocol. Briefly, the experiments were performed at 

37°C in 1× NEB CutSmart buffer (50 mM potassium acetate, 20 mM tris-acetate, 10 mM 

magnesium acetate, 100 μg/mL BSA) containing 0.02 mM M1 (or M3), 0.024 mM M2 

(or M4), 0.46 Weiss Units (WU)/μL T4 DNA ligase as well as 0.25 mM ATP, and the 

reactions were run for 12 h (the addition of a bit more tile M2 or M4 helps to suppress 

e.g. slight pipetting errors, ensuring efficient polymerizations). For analyses of the SfNAPs, 

6 μL aliquots of the reaction solutions were quenched by 8 μL of the quenching buffer. 

Afterwards, all quenched samples were analyzed by agarose gel electrophoresis (AGE) (2 

wt.% agarose gel in TAE buffer) using 90 V for 2 h run time. The results were recorded by a 

transilluminator (UVsolo touch Gel electrophoresis documentation system, Analytik Jena).

Liquid-liquid phase separation (LLPS) of two orthogonal SfNAPs

The above obtained SfNAP1 and SfNAP2 solutions were mixed with equal volumes (60 

μL in total) in a well of an imaging plate at 37°C under orbital shaking at 80 revolutions 

per minute (rpm). The temperature was controlled by a Hokai-Hit Stage Top Incubator 

System. The mixed solution was sealed with a layer of hexadecane (40 μL) to prevent 

evaporation. At different time intervals, confocal laser scanning microscopy (CLSM) was 

applied to characterize the coacervates formed through multivaleny-driven LLPS. 63× water 

immersion objective was used throughout this study. CLSM measurements were conducted 

consecutively with the same microscopy settings. The DNA coacervates were quantified by 

ImageJ with regard to their size and fluorescent intensity over time. Briefly, the size and 

average fluorescent intensity of each individual coacervate were measured manually by line 

and circle selections, respectively. The line was drawn through the center of the coacervate 

and the circle selection covers at least 80 % of the area for the whole coacervate. Small 

and irregular aggregates with very faint fluorescence and less than 1 μm diameter were 

not counted. For the autonomous process below, the small coacervates with less than 1 μm 

diameter were also counted at 30 min due to their overall very small size.

ATP-fueled transient membrane-less all-DNA coacervates

All the coacervation experiments for CLSM imaging were performed using 60 μL aqueous 

solutions sealed by 40 μL hexadecane. Typical experiments were conducted in 1× NEB 
CutSmart buffer at 37°C containing 0.01 mM M1, 0.012 mM M2, 0.01 mM M3, 0.012 

mM M4, 0.92 WU/μL T4 DNA ligase, 1.0 U/μL BsaI as well as 0.06, 0.1 or 0.2 mM ATP, 

under orbital shaking at 80 rpm. The reaction solution was sealed in a well of an imaging 

plate by a layer of hexadecane. At different time intervals, CLSM was applied to monitor 

the DNA coacervates. It is worth noting that for the measurements at 30 min, the solutions 

were set still for ca. 5 min prior the measurements to let the coacervates sediment a bit and 

facilitate the nucleation. For the AGE analyses of the time-dependent distributions of the 
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SfNAPs, the experiments were performed with same conditions as above. At different time 

intervals, 6 μL aliquots of the reaction solutions were quenched by 8 μL of the quenching 

buffer, and analyzed by AGE (see above). To investigate the effects of shaking on the 

coacervates, the experiments were conducted similar to above. Two groups of experiments 

were fueled with 0.06 mM ATP and performed under orbital shaking at 400 rpm and without 

shaking, respectively. CLSM was implemented to characterize the coacervates, and CLSM 

measurements were conducted consecutively with the same microscopy settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ATP-driven LLPS by programmable interactions in multivalent SfNAPs with 
complementary side chain interactions.
(a) Schematic illustration of the energy landscape for classical coacervation processes. 

(b) ATP-driven transient SfNAPs to engineer transient all-DNA coacervates, sorted 

LLPS coacervates system, and transient trapping of secondary components. The dynamic 

coacervate structures sit at an energy-dissipative state out of the global minimum in the 

energy landscape. Transient lifetimes occur because the ATP fuel is consumed as detailed in 

the ERN in Figure 3a.
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Figure 2. Multivalency-driven LLPS for membrane-less all-DNA coacervates.
(a) Monovalent vs. multivalent binding with programmable interaction strength, L b, and 

branch distance, d b. (b) Schematic illustration of ATP-driven multiple SfNAPs. (c) AGE for 

the polymerizations at start and end (12 h; 2 wt. %, 90 V, 2 h). (d) Schematic illustration 

of multivalency-guided LLPS of two SfNAPs with complementary side chain interactions 

for all-DNA coacervate formation. (e) Time-dependent CLSM of DNA coacervates. Scale 

bar = 20 μm. (f) Time-dependent fluorescence intensities of ATTO647 and average diameters 

for the coacervates. Error bars are standard deviations from three random fields of view of 

duplicate experiments (ca. 300 coacervates). Lines are guides to the eye.
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Figure 3. ATP-driven transient all-DNA coacervates with programmable lifetimes.
(a) Schematic illustration of the ERN furnishing an ATP-driven transient SfNAP. (b) 

Schematic illustration of ATP-driven membrane-less all-DNA coacervates via LLPS 

driven by transient multivalency of orthogonal SfNAPs. (c) Time-dependent CLSM 

measurements for transient all-DNA coacervates with programmable lifetimes by fueling 

with varied concentration of ATP (0.06 and 0.2 mM). CLSM measurements were conducted 

consecutively with the same microscopy settings. Scale bar = 20 μm; insert = 2 μm. (d) 

Time-dependent size of the transient coacervates with programmable lifetimes. Error bars 
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are standard deviations from three random fields of view of duplicate experiments. Lines 

are guides to the eye. (e) Lifetimes are controlled by the ATP concentrations. Error bars are 

standard deviations of duplicate measurements. Line is a guide to the eye. (f) Tile integration 

and dynamization during a running transient coacervates system. The tile with ATTO488 

was added 2 h after starting the initial system. CLSM before and after adding the ATTO488 

tile confirm the integration and reconfiguration. Scale bar = 20 μm. (g) Time-dependent 

fluorescence intensities. Error bars are standard deviations from three random fields of view 

of duplicate experiments. Lines are guides to the eye. Conditions for (b): 37°C, 0.01 mM 

M1, 0.012 mM M2, 0.01 mM M3, 0.012 mM M4, 0.92 WU/μL T4 DNA ligase, 1.0 U/μL 

BsaI, and varying amounts of ATP, under orbital shaking at 80 rpm. Conditions for (f) 37°C, 

0.01 mM M5, 0.012 mM M2, 0.01 mM M3, 0.012 mM M4, 0.92 WU/μL T4 DNA ligase, 

1.0 U/μL BsaI, and 0.2 mM of ATP, under orbital shaking at 80 rpm, followed by addition 

of another 0.002 mM M1 and 0.0024 mM M2 after 2 h running of the transient coacervation 

reaction.
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Figure 4. Self-sorting ATP-driven transient multicomponent membrane-less coacervates.
(a) Schematic illustration of ATP-driven multiple coacervation systems. Subsystem one 

is formed by M2 - M5 and subsystem two is formed by M6 - M9. (b) Time-dependent 

CLSM measurements of the transient multiple coacervates. CLSM measurements were 

conducted consecutively with the same microscopy settings. Scale bar = 20 μm; insert = 

4 μm. (c) Time-dependent average diameters of the transient coacervates for both systems. 

Lines are guides to the eye. Error bars are standard deviation from three random fields of 

view of duplicate experiments. (d) Time-dependent fluorescence intensities of the transient 

coacervates for both systems. Error bars are standard deviations from three random fields 

of view of duplicate experiments. Lines are guides to the eye. Conditions: 37°C, 0.01 mM 

M5, 0.012 mM M2, 0.01 mM M3, 0.012 mM M4, 0.01 mM M6, 0.012 mM M7, 0.01 mM 

M8, 0.012 mM M9, 0.92 WU/μL T4 DNA ligase, 1.0 U/μL BsaI, and 0.12 mM ATP, under 

orbital shaking at 80 rpm.
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Figure 5. Multivalency-driven superstructures and catalytically active coacervates.
(a) Schematic illustration of ATP-driven transient coacervates for temporal trapping of 

micron-sized colloids. (b) Schematic illustration for ATP-driven transient trapping of 

functional DNA polymers in the DNA coacervates via multivalency. (c) Time-dependent 

CLSM of the transient colloid assembly and transient coacervates. CLSM measurements 

were conducted consecutively with the same microscopy settings. Scale bar = 10 μm. (d) 

Time-dependent CLSM measurements of the transient coacervates with transient trapping 

and releasing functional DNA polymers via transient multivalency. CLSM measurements 
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were conducted consecutively with the same microscopy settings. Scale bar = 10 μm. 

(e) Time-dependent fluorescence intensities for the transient coacervates and entrapped 

fluorescent DNA polymers. Error bars are standard deviations from three random fields 

of view of duplicate experiments. Lines are guides to the eye. (f) Fluorescence intensity 

profiles for coacervates and entrapped functional DNA polymers at 4 h. Scale bar = 2 

μm. (g) Quantified fluorescence intensity (FI) ratios of the FIperiphery to the FIcenter of the 

coacervates. (h) Schematic illustration of GOx and HRP encapsulation in the coacervates. 

(i) Catalytic activity of the multienzyme complex inside the coacervates in comparison to 

free enzymes and enzymes on enzyme carriers (EC) but without coacervates. Reactions 

monitored by absorbance at 414 nm. Error bars are standard deviations of duplicate 

measurements. Conditions for (a): 37°C, 0.01 mM M5, 0.012 mM M2, 0.01 mM M3, 

0.012 mM M4, ca. 4.68-6.68×107 beads/mL, 0.92 WU/μL T4 DNA ligase, 1.0 U/μL BsaI, 

and 0.06 mM ATP, under orbital shaking at 80 rpm. Conditions for (b): 37°C, 0.01 mM 

M5, 0.012 mM M2, 0.01 mM M3, 0.012 mM M4, 0.92 WU/μL T4 DNA ligase, 1.0 U/μL 

BsaI, ca. inert functional polymers of 2 nM repeating units, and 0.06 mM ATP, under orbital 

shaking at 80 rpm. Conditions for (h): 37°C, 0.5 nM GOx on enzyme carriers, 0.5 nM HRP 

on enzyme carriers, 2 mM ABTS2-, SfNAP1 and SfNAP2 of 0.008 mM repeating units, 

under orbital shaking at 97 rpm. After coacervating for 2 h, 1 mM glucose was added, and 

absorbance at 414 nm was measured.
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