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Abstract 1 

Coacervates, which are formed by liquid–liquid phase separation, have been extensively explored as 2 

models for synthetic cells and membraneless organelles, so their in-depth structural analysis is 3 

crucial. However, both the inner structure dynamics and formation mechanism of coacervates 4 

remain elusive. Herein, we demonstrate real-time confocal observation of a three-dimensional 5 

sponge-like network in a dipeptide-based coacervate. In situ generation of the dipeptide allowed us 6 

to capture the emergence of the sponge-like network via unprecedented membrane folding of 7 

vesicle-shaped intermediates. We also visualized dynamic fluctuation of the network, including 8 

reversible engagement/disengagement of crosslinks and a stochastic network kissing event. Photo-9 

induced transient formation of a multiphase coacervate was achieved with a thermally responsive 10 

phase transition. Our findings expand the fundamental understanding of synthetic and biological 11 

coacervates, and provide opportunities to manipulate their physicochemical properties by 12 

engineering the inner network for potential applications in life-like material fabrication and 13 

biomedical research. 14 

 15 

Introduction 16 

A coacervate is a condensed fluid that forms by the liquid–liquid phase separation (LLPS) of small 17 

organic molecules, polypeptides, pairs of oppositely charged polyelectrolytes, or 18 

biomacromolecules in aqueous solution.1–8 Coacervates are highly dynamic. They exhibit a variety 19 

of unique behaviors, including coalescence into larger spherical assemblies upon contact with one 20 

another; facilitated chemical reactions upon internal molecular sequestration; and metastability by 21 

transforming into solid-like amyloid fibrils. Owing to their distinctive behavior, coacervates have 22 

long been recognized as attractive models for protocells and artificial cells in research into the 23 

origins of life.9–19 In the field of cell biology, biomolecular liquid-like condensates have emerged as 24 

a new aspect of intracellular compartmentalization. They are increasingly considered to play 25 

important roles in a plethora of biological functions and neurological disorders involving amyloid 26 

fibrils through spatiotemporally controlled formation/dissolution.20 27 

In-depth analysis of the inner structure of a coacervate and its dynamics is essential for 28 

understanding synthetic and biological coacervate systems and their application. Therefore, 29 

extensive efforts have been made in this field. Cryogenic transmission/scanning electron 30 

microscopy (cryo-TEM/SEM) has been used to visualize three-dimensional (3D) sponge-like 31 

bicontinuous networks, which are composed of condensed molecules and aqueous phases, and 32 

constitute the inner structures of a wide range of synthetic coacervates.21–27 In 1990, Bassereau et al. 33 
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reported a randomly connected bilayer network in a coacervate composed of cetylpyridinium 1 

chloride and 1-hexanol by freeze-fracture electron microscopy (EM).22 Kataoka, Kishimura et al. 2 

demonstrated TEM tomographic images of the 3D connected network comprising unilamellar 3 

membranes in a polyethylene glycol (PEG)-modified polyelectrolyte complex fixed with 4 

glutaraldehyde.26 These 3D sponge-like network structures may be consistent with structural density 5 

fluctuation detected by small-angle X-ray/neutron scattering measurements, by which the averaged 6 

mesh size was estimated to be 1–100 nm.28–30 However, EM inevitably requires drying, freezing, 7 

and/or fixation for sample preparation, so that only static images of the specimens can be illustrated, 8 

and dynamic information about the sponge-like network is not clearly addressed. Although time-9 

lapse observation of coacervates is widely conducted by widefield and confocal microscopy,31 to 10 

date these light-based imaging techniques have visualized only homogeneous structures of 11 

coacervates, but not yet sponge-like morphologies. Moreover, it is generally considered that 12 

coacervates form through nucleation or spinodal decomposition.32,33 The formation mechanism of a 13 

sponge-like morphology has never been examined by microscopic or spectroscopic methods. 14 

Therefore, both the inner structure dynamics and the formation mechanism of 3D sponge-like 15 

networks remain elusive. 16 

Herein, we describe real-time imaging of the generation and dynamics of a 3D sponge-like 17 

network in a dipeptide-based coacervate by confocal-based super-resolution microscopy (Fig. 1a). A 18 

diphenylalanine peptide modified with a tert-butyl ester at the C-terminus (FF-OtBu; F = L-19 

phenylalanine) was recently developed as a novel structural motif for LLPS.34 To examine its 20 

formation process in real time, we designed a reaction for in situ generation of the FF-OtBu core, in 21 

which two distinct phenylalanine fragments were linked to yield a coacervate-forming dipeptide 22 

(PEG9-FF-OtBu, Fig. 1b). Time-lapse imaging reveals the emergence of a 3D sponge-like network 23 

in a coacervate, which proceeds through the unexpected membrane folding of vesicle-shaped 24 

intermediates. The resulting interpenetrated network exhibits dynamic structural fluctuation, which 25 

has not yet been investigated by EM; i.e., the spontaneous engagement and disengagement of 26 

network crosslinks, and a stochastic kissing event between the outer networks of different 27 

coacervate droplets before fusion. Furthermore, we succeeded in demonstrating a pathway-28 

dependent thermally responsive phase transition, in which the intermediate states differed 29 

depending on temperature. The transient generation of a multiphase coacervate can also be achieved 30 

by the local irradiation of gold nanoparticles encapsulated in a coacervate with a laser. 31 

  32 
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Results 1 

Real-time imaging of the coacervate formation process via in situ synthesis 2 

We recently discovered FF-OtBu, which is a structurally simple motif for LLPS. We modified an 3 

FF dipeptide that has often been used as a self-assembling moiety4,35–38 with a bulky t-Bu group at 4 

the C-terminus to suppress the formation of supramolecular nanofibers via steric hindrance 5 

(Supplementary Fig. 1). Our objective was to induce LLPS. We demonstrated that the resultant 6 

coacervate enabled molecular sequestration and facilitated internal reactions.34 In the present study, 7 

we generated an FF-OtBu motif by condensing an N-terminus-modified phenylalanine (N-modified 8 

F-OH) and a phenylalaninate tert-butyl ester (H-F-OtBu) in situ in an aqueous buffer solution to 9 

investigate the formation of a coacervate in real time (Fig. 2a). It was expected that as the reaction 10 

progressed, the concentration of the FF-OtBu derivative would gradually increase and exceed the 11 

critical concentration, thereby enabling the aggregate formation process to be observed in situ in 12 

real time. We used a phenylalanine derivative modified with a hydrophilic nonaethylene glycol 13 

group at the N-terminus (PEG9-F-OH). DMT-MM (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-14 

methylmorpholinium chloride) was selected as a condensation reagent because of the higher 15 

reactivity under mild aqueous conditions than 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 16 

(EDC; another water-soluble condensation reagent) and its water-soluble side-products that may not 17 

interfere with self-assembly.39 The reaction was initiated by adding a buffer solution comprising 18 

DMT-MM to a mixture of PEG9-F-OH and H-F-OtBu, and incubating the mixture at 25 °C. The 19 

transmittance gradually decreased as the reaction proceeded, indicating that certain self-assemblies 20 

had formed (Supplementary Fig. 2). Reverse-phase high-performance liquid chromatography (RP-21 

HPLC) analysis of the reaction mixture confirmed the formation of the desired product, i.e., PEG9-22 

FF-OtBu (Supplementary Fig. 3). 23 

We next monitored the formation of self-assemblies comprising PEG9-FF-OtBu by confocal-24 

based super-resolution Airyscan imaging in real time. We used a hydrophobic rhodamine 6G 25 

(rho6G) dye as a fluorescent probe (Supplementary Fig. 1). Time-lapse imaging revealed the unique 26 

formation of coacervate droplets via the membrane folding of vesicle-like assemblies as key 27 

intermediates (Fig. 2b, Supplementary Movie 1). No structures were observed during the initial 28 

stage of the reaction. However, after 15 min, many small puncta with diameters of less than 1 µm 29 

emerged. These puncta exhibited Brownian movement and gradually grew into larger distorted 30 

vesicle-like assemblies with diameters of 3–5 µm (they resembled ring-like structures in xy slice 31 

images: see Fig. 2c and Supplementary Fig. 4 for a z-stack 3D image). The membrane comprised 32 

two thin-layer structures that thermally fluctuated, as confirmed by line plot analysis 33 
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(Supplementary Fig. 5). These vesicle-like assemblies increased in size (typically to more than 10 1 

µm in diameter), mainly by fusing with each other, then transformed into coacervate droplets via 2 

unique dynamic structural changes. As shown in Fig. 2d, three small vesicle-like assemblies 3 

(diameters: 3, 3.5, and 5 µm) touched each other to form larger distorted assemblies with several 4 

crosslinking points (longest diameter: approximately 10 µm). The resultant assemblies frequently 5 

transformed into various shapes with crosslinking points that dynamically engaged and disengaged 6 

(indicated by yellow and blue arrows in Fig. 2d, respectively). Subsequently, numerous crosslinking 7 

points spontaneously formed at the centers of the self-assemblies, and the swaying outer edge of the 8 

membrane was gradually incorporated into the core with forming new crosslinking points, resulting 9 

in a distorted spherical assemblage with a complex densely-meshed network (diameter: 10 

approximately 6 µm). We term this unique process “membrane folding”, and it ended within 11 

approximately 6 min. The mesh network of the spherical assemblies rapidly rearranged, and the 12 

assemblies coalesced into larger assemblies. Our observations indicated that the resultant 13 

assemblies were liquid-like rather than solid-like, namely coacervates. The control experiments 14 

confirmed that neither the vesicle-like intermediates nor the coacervate droplets occurred in the 15 

absence of PEG9-F-OH, H-F-OtBu, or DMT-MM, indicating that they comprised PEG9-FF-OtBu 16 

(Supplementary Fig. 6). We noticed that the observed mesh network resembled the inner self-17 

assembling structure of coacervates previously revealed by cryo-TEM. For the first time, the 18 

designed in situ generation protocol of the coacervate-forming dipeptide enabled us to observe the 19 

formation of a coacervate bearing an inner mesh network by time-lapse Airyscan imaging. 20 

Using this simple system, we examined the dependence of coacervate formation on amino 21 

acids by utilizing various tBu esters of aromatic, hydrophobic, and hydrophilic amino acids instead 22 

of H-F-OtBu (H-W-OtBu, H-L-OtBu, H-S-OtBu, and H-G-OtBu; each compound is abbreviated 23 

using the single-letter amino acid designation, Fig. 2a). Time-lapse Airyscan imaging revealed that 24 

numerous liquid-like coacervate droplets emerged when using W and L (FW and FL core 25 

generation, respectively, Fig. 3a, 3b, Supplementary Movie 2, Supplementary Movie 3). In these 26 

cases, small µm-sized droplets initially appeared, then increased in size through growth and/or 27 

fusion processes (Supplementary Fig. 7a, 7b). In contrast, in the cases of S and G (FS and FG core 28 

generation, respectively), a very small number of irregularly shaped aggregates appeared, indicating 29 

that the hydrophobic dipeptide core is essential for coacervate formation (Fig. 3c, 3d, 30 

Supplementary Fig. 7c, 7d). RP-HPLC analysis confirmed the formation of the desired dipeptide 31 

derivatives in all cases (Supplementary Fig. 8). Fluorescence intensity analysis of the entire field of 32 

view revealed distinct initiation of coacervate formation times of approximately 40 min for F and W 33 
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and approximately 75 min for L (Fig. 3e). To understand the coacervate formation steps in detail, 1 

we also analyzed the time course changes of the cross-sectional areas at single-droplet resolution, as 2 

shown in Fig. 3f and 3g. In the case of L, a gradual area increment was observed in addition to a 3 

stepwise increment, revealing that these droplets grew through both dipeptide uptake and fusion 4 

(Fig. 3g, Supplementary Fig. 9b). In sharp contrast, the droplet size remained almost constant and 5 

increased stochastically in a stepwise manner in the case of W, indicating that coacervate growth 6 

proceeded mainly through fusion but not uptake of the dipeptide into droplets (Fig. 3f, 7 

Supplementary Fig. 9a). Moreover, we found that some of the droplets shrank, that is the coacervate 8 

areas gradually decreased over time (as indicated by the red and purple lines in Fig. 3f). As shown 9 

in Fig. 3h, the shrinkage occurred in droplets when another droplet was nearby. Droplet 1 had an 10 

area of 13 µm2 at 1 h 15 min; it gradually decreased to 5.0 µm2 at 2 h, whereas droplet 2 located 11 

next to droplet 1 gradually increased from 26 to 33 µm2. Time-lapse imaging suggests that a 12 

coacervate-forming dipeptide may have been transferred from droplet 1 to droplet 2. It is worth 13 

noting that the vesicle-like intermediates were never observed in any of the cases except for the FF 14 

core. All the coacervate formations we examined were initiated through nucleation, but the growth 15 

processes were diverse depending on the amino acid sequence. 16 

 17 

Detailed examination of the PEG9-FF-OtBu coacervate structure 18 

We subsequently confirmed that the same coacervates were formed using pure PEG9-FF-OtBu 19 

separately synthesized in batches. The coacervate droplets were prepared by adding a buffer to 20 

PEG9-FF-OtBu, then ultrasonicating and thermally annealing to obtain a white suspension 21 

(Supplementary Fig. 10, see Methods for detail). Widefield microscopic examination of the 22 

resultant suspension revealed micrometer-sized droplets that fused with each other (Supplementary 23 

Fig. 11). According to microrheological analysis using the Stokes–Einstein equation, the inner 24 

viscosity of the coacervate was approximately 3.68 ± 0.18 Pa·s (the value was similar to the values 25 

of other polymer- and protein-based coacervate droplets34,40) (Supplementary Fig. 12). We also 26 

determined that the critical coacervation concentration was 0.3 mM (Supplementary Fig. 10). These 27 

data revealed that the PEG9-FF-OtBu formed a liquid-like coacervate. 28 

To investigate the structures and properties of coacervate droplets in detail, we next visualized 29 

the inner 3D structures of coacervate droplets by Airyscan. To determine the localization of PEG9-30 

FF-OtBu, we employed a fluorescent probe, i.e., BODIPY-FF-OtBu, which comprises a BODIPY 31 

dye at the N-terminus of the FF-OtBu motif (Fig. 1c). As shown in Fig. 4a, 4b, and Supplementary 32 

Movie 4, the coacervate droplets comprised bright, densely-interconnected mesh structures and 33 
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dark, irregularly shaped and sized voids (pores), which were similar to the structures observed 1 

during the in situ formation protocol. Line plot analysis revealed the width of the mesh network to 2 

be approximately 100–200 nm (Fig. 4c). According to quantitative image analysis, the average size 3 

of the voids was 0.03 ± 0.05 µm2 (mean ± s.d.) (Fig. 4d). The z-stacked 3D image revealed that the 4 

mesh network was interconnected, even in the z-direction, forming a 3D sponge-like bicontinuous 5 

structure (Fig. 4e, Supplementary Movie 5). A time-lapse movie revealed that the 3D sponge-like 6 

network fluctuated extensively (Supplementary Movie 4). When the images obtained at different 7 

time-points (25.02 and 25.92 s) were overlayed, the networks seemed similar but did not completely 8 

overlap with each other (Suppplementary Fig. 13, Supplementary Movie 6). We carried out 9 

fluorescence recovery after photobleaching (FRAP) analysis using BODIPY-FF-OtBu as a probe to 10 

investigate molecular diffusion inside the sponge-like network. After photobleaching, the 11 

fluorescence intensity gradually recovered from the outer edge of the photobleached region over 15 12 

s (Fig. 4f, Supplementary Fig. 14a, Supplementary Movie 7). According to exponential fitting 13 

analysis, the mobile fraction was 89% ± 3% and the half recovery time was 2.4 ± 0.2 s 14 

(Supplementary Fig. 14b–d). Considering these data and the hydrophobicity of BODIPY-FF-OtBu, 15 

the fluorescence probe was able to diffuse within the network. To investigate the chemical 16 

properties of the sponge-like network, we determined the uptake of two chemically distinct 17 

fluorescent dyes, i.e., fluorescein and rho6G (Supplementary Fig.1). The microscope images 18 

revealed that hydrophobic rho6G was sequestrated in the network, but hydrophilic fluorescein was 19 

not concentrated inside the coacervate (Supplementary Fig. 15). These uptake behaviors were 20 

consistent with the results from quantitative fluorescent spectroscopy analysis (Supplementary Fig. 21 

16); the uptake tendency differed from that of the cationic PhePy-FF-OtBu coacervate 22 

(Supplementary Fig. 16c).34 Therefore, it seems that the sponge-like network provides a 23 

hydrophobic environment comprising the FF-OtBu moiety, and the PEG9 moiety stabilizes the 24 

interface between the mesh and the water/buffer-filled voids. 25 

 26 

Unique dynamic behavior revealed by real-time imaging 27 

During the real-time imaging experiments, we discovered that the 3D sponge-like coacervate 28 

network exhibited dynamic behavior. First, the crosslinks in the network repeatedly engaged and 29 

disengaged on a timescale of several tens of milliseconds. We monitored the membrane fluctuation 30 

of the coacervate at high spatiotemporal resolution using the Airyscan multiplex mode (16.7 frames 31 

per second). As shown in Fig. 4g and Supplementary Movie 6, the outer and inner membranes were 32 

connected to each other to form a crosslinking point until 25.26 s (indicated by the white arrow). 33 
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The crosslinking point was then cleaved from 25.50 to 26.28 s, followed by recovery after 26.52 s. 1 

The stochastic engagement and disengagement of the coacervate crosslinks contrast with the static 2 

crosslinks of hydrogels, and reflect the liquid-like behavior of coacervates. 3 

Such dynamic behavior of the coacervate crosslinks plays an important role in the fusion 4 

process. Indeed, real-time imaging of the fusion process revealed a unique “kissing” event before 5 

fusion. Fig. 4h and Supplementary Movie 8 show that the outer membranes of distinct coacervate 6 

droplets touched each other at 32 s but they disengaged at 34 s, suggesting that this temporal kissing 7 

of the coacervate membrane did not induce fusion. From 1 min 30 s, the same coacervate droplets 8 

touched several times (Fig. 4h, 4i). At 1 min 40 s, the touching area increased, and then the two 9 

coacervate droplets started to fuse with each other. Immediately after the fusion process started, the 10 

inner mesh structures of the two droplets interacted and mixed. It is clear that the coacervate fusion 11 

started stochastically through such temporal contact between the outer mesh structures. 12 

 13 

Pathway-dependent thermally responsive phase transition of the coacervate 14 

The inner structure of a coacervate differs depending on the observation temperature (Fig. 5a). It is 15 

well known that polymers modified with PEG chains exhibit thermally responsive phase transition 16 

through dehydration of the PEG moiety during heating at a critical temperature (the so-called lower 17 

critical solution temperature, LCST).26,41 We made microscopic observations in the higher 18 

temperature (HT) phase at 37 °C. Airyscan imaging revealed spherical assemblies with diameters of 19 

several µm that exhibited coalescence (Fig. 5b, Supplementary Fig. 17). Notably, the 3D sponge-20 

like structure observed at 25 °C (the lower temperature (LT) phase) was not visible during the HT 21 

phase. FRAP and microrheological analysis revealed liquid-like properties, indicating that PEG9-22 

FF-OtBu forms a coacervate even in the HT phase (Supplementary Fig. 14 and 12, respectively). 23 

Quantitative analysis revealed differences in the coacervate structures between the HT and LT 24 

phases. Line plot analysis confirmed that the fluorescence intensity in a single droplet was almost 25 

constant during the HT phase (0.96 ± 0.02; Fig. 5c red, Supplementary Fig. 18), whereas the 26 

intensity varied markedly during the LT phase owing to the 3D sponge-like network structure (0.77 27 

± 0.09; Fig. 5c blue, Supplementary Fig. 18). We also noticed that the coacervate shape near a glass 28 

surface seemed almost spherical during the HT phase but was highly distorted during the LT phase; 29 

the circularity during the HT phase was estimated to be close to one (0.907 ± 0.008), whereas that 30 

during the LT phase was 0.70 ± 0.08 (Supplementary Fig. 19). Furthermore, the coalescence 31 

kinetics during the HT phase were much faster than during the LT phase (Supplementary Fig. 11, 32 

17). These data suggest that the interfacial tension during the HT phase may be higher than during 33 
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the LT phase. A solution of a coacervate with a shorter diethylene glycol-tethered dipeptide 1 

derivative (PEG2-FF-OtBu) did not exhibit the temperature-dependent structural change 2 

(Supplementary Fig. 20, 21). Therefore, the PEG9-FF-OtBu exhibited a coacervate-to-coacervate 3 

transition in response to temperature change. 4 

We subsequently attempted in situ time-lapse imaging of the thermally responsive coacervate-5 

to-coacervate transition in detail. First, we observed the structural transformation from the LT phase 6 

to the HT phase induced by heating (Fig. 5d, Supplementary Movie 9; the sample appears to move 7 

because the focus plane drifted owing to the temperature change). After 3 min, the thin-layer 8 

membrane structures budded at the periphery of the coacervate (width: approximately 250–300 nm, 9 

Fig. 5e, 5f, Supplementary Fig. 22). Concurrently, the darker regions stochastically appeared inside 10 

the coacervate. During incubation at 37 °C, the inner darker regions grew and fused with each other, 11 

and ultimately moved to the edge of the coacervate droplet. Simultaneously, the inner structure 12 

became homogeneous and the fluorescence intensity of the coacervate phase increased, probably 13 

owing to an increment of quantum yield (Supplementary Fig. 23). This phase transition behavior 14 

proceeded rapidly (within 5 min). After further incubation, the membranes suddenly burst 15 

producing numerous spherical coacervates. It was not possible to stain the interiors of the budded 16 

thin-layer membranes and inner-separated regions with BODIPY-FF-OtBu, suggesting that their 17 

interiors were filled with water/buffer (thus, the inner darker regions can be ascribed to 18 

vacuoles16,33,42–44). Temperature-dependent phase transition was also confirmed in the bulk state 19 

(Supplementary Fig. 10, 24). Given the temperature-responsive dehydration of the PEG chain, it is 20 

reasonable to suppose that the formation of the budded membranes and the inner vacuoles was 21 

induced by phase separation due to water release from the PEG9 chain. 22 

Interestingly, the phase transition from the HT to the LT phase proceeded through a different 23 

intermediate state (Fig. 5g, Supplementary Movie 10). After setting the temperature controller to 24 

cool from 37 to 25 °C, the coacervate droplets coalesced and the fluorescence intensity gradually 25 

and simultaneously decreased. After 30 min, the inner sponge-like network appeared without the 26 

budded membranes and the dark vacuoles inside the coacervates. The overall changes were 27 

completed within approximately 60 min. Compared with the LT-to-HT phase transition, the HT-to-28 

LT phase took much longer to reach a thermally equilibrated state, probably because of slow 29 

water/buffer uptake into the coacervate droplets for the hydration of the PEG9 chain. This may have 30 

been the main reason the PEG9-FF-OtBu coacervates exhibited pathway-dependent phase transition 31 

behavior. 32 

 33 
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Photo-induced transient phase separation inside a coacervate containing gold nanoparticles 1 

Encouraged by the temperature-responsive coacervate-to-coacervate transition, we manipulated the 2 

inner structure of a coacervate by exploiting the photothermal effect of gold nanoparticles 3 

(AuNPs).12,45 It is reasonable to suppose that thermally induced coacervate-to-coacervate transition 4 

can be triggered by local heat generation induced by irradiating AuNPs trapped in the coacervate 5 

with light (Fig. 6a). A solution containing AuNPs with diameters of 100 nm was added to the 6 

coacervate solution, and the resultant mixture was incubated at 37 °C for 15 min, then at 25 °C for 1 7 

h. A widefield microscope image revealed that the AuNPs were entrapped inside the coacervate 8 

(Fig. 6b). We then locally irradiated the entrapped AuNPs for 7.3 s with intense laser light (561 nm) 9 

using a FRAP experiment setup, and monitored time-dependent changes. Immediately after light 10 

irradiation, a higher fluorescence region with a diameter of approximately 4 µm appeared around 11 

the irradiated region (Fig. 6c, 6d, Supplementary Movie 11). The 3D sponge-like structure was not 12 

visible in this region, so the higher fluorescence region can be assigned to the HT phase. 13 

Subsequently, the HT phase region gradually broadened and the boundary between the LT phase 14 

became unclear. After approximately 70 s, the HT phase region completely disappeared. 15 

Concurrently, thin layer-like membranes similar to those observed during the LT-to-HT phase 16 

transition budded at the periphery of the coacervate, suggesting that water/buffer was expelled from 17 

the temporal HT region owing to dehydration of the PEG9 chain. According to the quantitative 18 

analysis of the fluorescence intensity, the half-life of the temporal HT region was approximately 19 

26.0 ± 0.4 s (Fig. 6e). The coacervate diameter transiently decreased immediately after laser 20 

irradiation, and started to increase after 40 s (Fig. 6f). A control experiment confirmed that such 21 

local phase separation did not occur when the AuNPs-free area was irradiated with 561 nm laser 22 

radiation (Supplementary Fig. 25). These results indicate that the structures and properties of a 23 

PEG9-FF-OtBu coacervate can be spatiotemporally controlled by combining it with functional 24 

nanoparticles. 25 

 26 

Discussion 27 

The results presented herein demonstrate that 3D sponge-like inner/interfacial networks are 28 

remarkably dynamic in coacervate droplets. Although cryo-TEM/SEM have been used to 29 

characterized sponge-like networks as the inner self-assembling structures of coacervates, these 30 

EM-based observation techniques can only provide static structural information owing to sample 31 

freezing and/or fixation. Even using the rapidly developing liquid phase TEM technique, 32 

researchers have not been able to obtain clear images of the sponge-like coacervate network in real 33 
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time.46 Therefore, investigations of the inner dynamics of coacervates rely heavily on FRAP and/or 1 

fluorescence correlation spectroscopy (FCS) analyses, which only provide the diffusion coefficients 2 

of fluorescently labeled components. In contrast, our real-time imaging study revealed various types 3 

of fluctuation of the sponge-like network, including reversible crosslinking formation and stochastic 4 

membrane kissing. Moreover, we succeeded in observing the formation of these 3D sponge-like 5 

networks, which involves an unprecedented membrane folding step of the intermediate vesicle-6 

shaped assemblies. This observation is consistent with an earlier report on the structural 7 

transformation from a shear-induced metastable Lα phase (multilamellar) to a thermally equilibrated 8 

L3 phase (coacervate) confirmed by a single snapshot obtained using freeze fracture EM.23 Our 9 

results provide a better understanding of the structure–property relationships of coacervates, and 10 

deliver valuable insights into both synthetic and biological LLPS, whose formation mechanism 11 

remains poorly understood. 12 

We also achieved the photo-induced generation of a multiphase coacervate using encapsulated 13 

AuNPs. Multiphase coacervates have received considerable attention because they are involved in 14 

myriad essential biological processes.47 Inspired by these biological events, a few synthetic 15 

multiphase LLPS materials have been developed by careful combination of different coacervates 16 

with distinct physicochemical properties (e.g., interfacial tension).34,42,48–50 However, transient 17 

multiphase coacervation is carried out in a different manner, i.e., the in situ generation of distinct 18 

coacervate phases consisting of a single dipeptide derivative by integration of its thermally induced 19 

response and the photothermal effect of AuNPs. Such stimulus-triggered control of the sponge-like 20 

network in terms of mesh size and dynamics could provide a new way of manipulating the liquid-21 

like properties of synthetic and biological LLPS materials. Our droplet engineering will facilitate 22 

the development of evolvable artificial cells by controlled growth and division, and enable 23 

condensate-targeted drug development by inhibiting neurodegenerative aggregation in the near 24 

future. 25 

  26 
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 1 
Fig. 1. Conceptual illustration of this research. (a) Schematic illustration of real-time confocal 2 

imaging of formation and dynamics of a three-dimensional (3D) sponge-like network in a 3 

dipeptide-based coacervate. (b,c) Chemical structures of (b) a self-assembling dipeptide derivative 4 

for liquid–liquid phase separation (LLPS), PEG9-FF-OtBu, and (c) a fluorescent probe, BODIPY-5 

FF-OtBu. Other molecules used in this study are shown in Supplementary Fig. 1.  6 
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Fig. 2. Real-time Airyscan imaging of formation of the 3D sponge-like network. (a) Scheme for 1 

a reaction for in situ generation of the dipeptide derivatives by condensation between PEG9-F-OH 2 

and H-X-OtBu in the presence of DMT-MM. (b) Real-time confocal images of the formation 3 

process of PEG9-FF-OtBu coacervates. (c) 3D imaging of an intermediate vesicle-like assembly. (d) 4 

Magnified images of the fusion and membrane folding process of vesicle-like assemblies into a 5 

coacervate droplet. Blue and yellow arrows highlight points of crosslink cleavage and formation, 6 

respectively. Condition: [PEG9-F-OH] = [H-F-OtBu] = [DMT-MM] = 10 mM, [rhodamine 6G] = 10 7 

µM, 50 mM MES, pH 7.0, 25 ºC. DMT-MM: 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-8 

methylmorpholinium chloride. 9 
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 1 

Fig. 3. Dependence of coacervate formation on the dipeptide core. (a–d) Airyscan images 1.5 h 2 

after reaction of PEG9-F-OH and (a) H-W-OtBu, (b) H-L-OtBu, (c) H-S-OtBu, or (d) H-G-OtBu in 3 

the presence of DMT-MM. (e) Time course of fluorescence intensity changes during reaction of 4 

PEG9-F-OH and (red) H-F-OtBu, (purple) H-W-OtBu, (green) H-L-OtBu, (blue) H-S-OtBu, or 5 

(light blue) H-G-OtBu. (f,g) Time course changes of cross-sectional areas during reaction of PEG9-6 

F-OH and (f) H-W-OtBu and (g) H-L-OtBu (n = 10). Regions of interest are shown in 7 

Supplementary Fig. 9. (h) Shrinkage of coacervate droplets when using H-W-OtBu. Condition: 8 

[PEG9-F-OH] = [H-X-OtBu] = [DMT-MM] = 10 mM, [rhodamine 6G] = 10 µM, 50 mM MES, pH 9 

7.0, 25 ºC. 10 
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 12 
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 17 

Fig. 4. Structure and dynamics of the sponge-like network in the coacervate. (a) Airyscan 1 

image of a PEG9-FF-OtBu coacervate. (b) Magnified image of a black square shown in Fig. 4a. (c) 2 

Line plot analysis of fluorescence intensity along a black line shown in Fig. 4b. (d) Distribution of 3 

the estimated pore size in the coacervate (n = 750). (e) 3D Airyscan image of a PEG9-FF-OtBu 4 

coacervate. A partial structure was shown. (f) Time-lapse images of FRAP analysis. (g) Reversible 5 

crosslink engagement and disengagement in the sponge-like network. Crosslinking points are 6 

highlighted by white arrows. (h) Stochastic kissing behavior during a coacervate fusion process. 7 

Kissing points are highlighted by white arrows. (i) Magnified images of the fusion process, 8 

highlighted by a yellow square in Fig. 4h. Condition: [PEG9-FF-OtBu] = 1.0 mM, [BODIPY-FF-9 

OtBu] = 10 µM, 50 mM MES, pH 7.0, 25 ºC. 10 

  11 



 18 

 1 

Fig. 5. Pathway-dependent thermally responsive phase transition of the coacervate. (a) 2 

Schematic illustration of thermally responsive phase transition of the PEG9-FF-OtBu coacervate. 3 

(b) Airyscan image of PEG9-FF-OtBu coacervates at 37 ºC. (c) Line plot analysis of the normalized 4 

fluorescence intensity at (top) 25 and (bottom) 37 ºC. Regions of interest are shown in 5 

Supplementary Fig. 18. (d,g) Time-lapse imaging of thermally responsive structural changes of the 6 

coacervates (d) from 25 to 37 ºC and (g) from 37 to 25 ºC. (e) The magnified image of a budding 7 

coacervate highlighted by a yellow square in Fig. 5d. The contrast is enhanced to highlight thin-8 
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layer membrane structures. (f) Line plot analysis of fluorescence (FL) intensity along a yellow line 1 

shown in Fig. 5e. Black arrows highlight fluorescence intensity of thin-layer membranes. The 2 

temperature dependent phase transition was also examined at the bulk state (Supplementary Fig. 10, 3 

24). Condition: [PEG9-FF-OtBu] = 1.0 mM, [BODIPY-FF-OtBu] = 10 µM, 50 mM MES, pH 7.0, 4 

25 or 37 ºC.  5 
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 1 
Fig. 6. Photo-induced transient generation of a multiphase coacervate containing gold 2 

nanoparticles (AuNPs). (a) Schematic illustration of photo-induced coacervate manipulation using 3 

AuNPs. (b) Widefield microscopic image of a coacervate containing AuNPs (highlighted by a white 4 

arrow). (c) Time-lapse Airyscan imaging of a coacervate containing AuNPs before and after laser 5 

irradiation. Time just after laser irradiation set at 0 s. (d) Line plot analysis of fluorescence intensity 6 

along a yellow rectangle shown in Fig. 6c. (e,f) Time course changes of (e) fluorescence intensity of 7 

the irradiated area and (f) the coacervate diameter before and after laser irradiation. Condition: 8 

[PEG9-FF-OtBu] = 1.0 mM, [BODIPY-FF-OtBu] = 10 µM, 50 mM MES, pH 7.0, 25 ºC. 9 
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