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Spontaneous membrane-less multi-compartmentalization via aqueous two-phase separation in complex coacervate micro-droplets

Liquid-liquid phase separated micro-droplets produced by complex coacervation between oppositely charged polyions represent promising platforms to elucidate essential features of prebiotic chemical organization and emulate membrane-less organelles found in living cells. 1,2 Coacervate droplets spontaneously sequester a wide range of functional solutes, 1,[3][4][5] and have been reported to assist protein folding, 6 enhance enzyme activities7 and transcription/translation rates, 8,9 and support RNA catalysis. 10,11 Coacervate droplets can also dynamically respond to pH, 1,12-15 temperature 16 or light, 17 but typically lack the morphological and functional heterogeneity of membranebounded protocell models. Significantly, membrane-less biological organelles have been reported to exhibit dynamic sub-structures including chemically-depleted vacuoles 18 and immiscible chemically-rich liquid domains, 19 which can facilitate sequential RNA processing by enzymes that localize in the distinct sub-compartments. Thus, achieving internal substructuration in synthetic coacervate droplets would provide a general strategy to spatially confine functional components into localized chemical reservoirs, dynamically segregate different biomolecules to distinct sub-compartments and orchestrate enzymatic reactions in space and time. The formation of transient or stabilized water-filled vacuoles within complex coacervate droplets has been reported in association with osmotic pressure differences derived from in situ membrane formation, [20][21][22] in droplets exposed to a continuous electric field 23 and in the presence of a stoichiometric excess. 24 The spontaneous formation of multiphase-separated droplets in simple coacervates of elastin-like polypeptides 25 and in complex coacervates composed of multiple polyelectrolytes at equilibrium [26][27][28] has been recently reported.

In this paper, we show that coacervate micro-droplets prepared by electrostatic complexation of poly(diallyldimethylammonium chloride) (PDDA; 8500 g mol -1 , B53 monomer units) and adenosine triphosphate (ATP; 25 mM, pH 8) undergo vacuolization upon addition of a low molecular weight neutral molecule, tetraethyleneglycol (TEG; HO[CH2CH2O]3CH2CH2OH; 194.2 g mol -1 ). Vacuole formation is attributed to strong partitioning of TEG in the coacervate phase and subsequent partial dehydration of the PDDA/ATP matrix. We further demonstrate that addition of both TEG and high molecular weight dextran reconfigures the PDDA/ATP droplets into multiphase complex coacervate droplets by segregative aqueous phase separation. Finally, we test whether TEG/dextran phase separation within the PDDA/ATP droplets can be used to implement the spatially dependent chemical transfer of sugar molecules within the droplets. We sequester dextranase specifically within the coacervate shell and exploit the in situ partial hydrolysis of the polysaccharide to generate oligosaccharide fragments that spontaneously partition into the TEG-containing PDDA/ATP matrix. Taken together, our results demonstrate that the formation of both chemically depleted (water-filled) vacuoles and chemically enriched sub-compartments in complex coacervate micro-droplets can be implemented by controlling the uptake and aqueous two-phase separation of incompatible neutral molecules within the molecularly crowded medium.

Complex coacervate microdroplets were prepared as a turbid suspension of an equimolar charge ratio mixture of PDDA and ATP in water (see Methods). The droplets were approximately 10 mm in diameter and appeared spherical and structurally homogeneous when viewed by bright field optical microscopy after settling on a glass slide (Fig. 1a). Injection of TEG (final concentration, typically 22 wt%) or a mixture of TEG and fluorescein isothiocyanate (FITC)-labelled TEG into the supernatant at a remote distance (0.5 cm) gave rise to spontaneous formation of a single sub-compartment of different optical density within each droplet typically after 5 min (Fig. 1b). Confocal fluorescence microscopy images of the TEG-containing coacervate droplets doped with 2,4,6-trinitrophenol (TNP)-tagged ATP, rhodamine-isothiocyanate (RITC)-labelled PDDA or FITC-TEG revealed that the vacuoles were water-filled and essentially free of ATP, PDDA and TEG (Fig. 1c-g). Formation of the vacuoles occurred via the nucleation and coalescence of multiple submicrometresized compartments within the coacervate droplets (Fig. 1h Taken together, the above results indicated that high amounts of TEG (ca. 90%of added molecules) could be accumulated within the PDDA/ATP droplets without inducing major changes in the composition of the coacervate phase. The high level of partitioning was indicative of preferential interactions between the host and guest components, which in turn resulted in microphase separation to produce water-filled vacuoles possibly via volume exclusion effects, decreases in water activity and surface tension changes coupled to dehydration of the polyionic complexes in the coacervate phase by osmotic pressure. [29][30][31] Fig. 1 Given the ability of TEG to induce vacuolization within the PDDA/ATP coacervate droplets and undergo segregative liquid-liquid phase separation in the presence of high molecular weight dextran (Fig. S3, ESI †), 32 we sought to exploit these processes to replace the molecularly depleted water-filled vacuoles with a chemically enriched sub-compartment. In so doing, we aimed to develop a spontaneous pathway to spatially organized droplets based on the confinement of aqueous two-phase separation within the matrix of an electrostatically matched complex coacervate. To achieve this goal, we mounted the PDDA/ATP coacervate droplets under water on a glass slide, added dextran (final concentration, 1.2 mg mL -1 ) with a molecular weight of 70 or 150 kDa, and then injected TEG (final concentration, 6 wt%) into the supernatant. Doping the coacervate droplets with TNP-ATP and RITC-PDDA and using unlabelled or fluorescently labelled TEG and dextran revealed the presence of a single well-defined sub-compartment in each droplet that was enriched in dextran and surrounded by a coacervate matrix containing ATP, PDDA and TEG (Fig. 2a-c). The free-moving dextran sub-compartments were stable within the coacervate droplets and were not readily expelled into the supernatant. Interestingly, real-time confocal fluorescence microscopy revealed that high molecular weight dextran was initially excluded from the coacervate droplets (Fig. S4, ESI †) and did not induce vacuolization. In contrast, when TEG was added rapidly (t < 13 s) to a dextran-containing suspension of PDDA/ATP droplets, the uniform partitioning of the oligoether into the coacervate phase triggered the uptake of dextran into the coacervate phase. Time-dependent fluorescence microscopy images revealed droplets that initially contained a homogeneous mixture of TEG and dextran, but which spontaneously demixed with time via aqueous twophase separation to produce randomly distributed dextran-enriched nuclei that coalesced into a single dextran sub-compartment entrapped within the TEG-containing coacervate matrix (Fig. 2d and Fig. S5, Video S2, ESI †). Reducing the concentration of dextran inhibited coalescence of the incipient phase-separated nuclei to produce coacervate droplets with multiple quasi-stable sub-compartments (Fig. S6, ESI †). No dextran/TEG phase separation was observed within the droplets when a low molecular weight (4 kDa) dextran was used even though dextran was partitioned within the droplets in the absence of TEG (Fig. S7, ESI †). . Subsequent injection of TEG results in sequestration of the oligoether (t = 13 s), followed by influx of dextran and mixing within the PDDA/ATP coacervate phase (t = 16-62 s). Multiple dextran-enriched nuclei are then produced by internalized TEG/dextran demixing (t = 80 s) followed by coalescence to produce a single dextran subcompartment surrounded by a TEG-containing coacervate matrix (t = 164 s). The asymmetric uptake of dextran follows the TEG diffusion gradient produced by injection of TEG from one side (right side in the viewed images) of the glass slide. Dextran final concentration 1.2 mg mL -1 , molecular weight, (70k; TEG, 6 wt%). Scale bars, 5 μm.

We tested whether TEG/dextran phase separation within the PDDA/ATP droplets could be used to implement the spatially dependent enzyme-mediated chemical transfer between the sub-compartment and surrounding coacervate matrix. As low molecular weight dextran was preferentially partitioned in the coacervate phase (Fig. S4, ESI †), we used in situ enzymemediated hydrolysis of the dextran sub-compartment to displace low molecular fragments of the polysaccharide reservoir into the enclosed TEG-containing coacervate matrix. To achieve this, we partitioned dextranase specifically into the TEG-enriched coacervate phase of droplets (Fig. 3a andb), and then monitored the localization and displacement of the polysaccharide fragments by using FITC-labelled dextran (70 kDa) as the guest molecule. Fluorescence microscopy images showed a progressive displacement of the green fluorescence intensity from the phase-separated subcompartment to the coacervate phase typically within 5 min (Fig. 3c andd), which was consistent with line profiles recorded across individual droplets (Fig. 3e). We attributed these observations to the onset of dextranase-mediated partial hydrolysis of the polysaccharide chains into fluorescently tagged oligosaccharides, which in turn diffused across the phase boundary into the surrounding coacervate phase.

Taken together, our results demonstrate the ability of a small neutral molecule (TEG) to spontaneously induce the formation of multiphase complex coacervate droplets comprising water-filled vacuoles or dextranenriched sub-compartments. Vacuolization occurs for added TEG concentrations between 22-36 wt% and is attributed to the coupling of changes in surface tension to partial dehydration of the PDDA/ATP coacervate phase by osmotic pressure. Interestingly, addition of either tetraethylene glycol monomethyl ether (TEG-CH3) or tetraethylene glycol dimethyl ether (CH3-TEG-CH3) did not induce vacuolization (Fig. S8, ESI †), suggesting that TEG-induced formation of the vacuoles was predominantly driven by hydrogen bonding and not hydrophobic interactions. In the presence of non-partitioned dextran, addition of low levels of TEG (6 wt%) to the continuous phase gives rise to co-sequestration followed by aqueous two-phase separation of the guest molecules to give a freely moving dextran sub-compartment embedded within a TEG-containing coacervate matrix. Interestingly, uptake of dextran is only initiated after the transfer of TEG from the continuous phase, suggesting that repulsive interactions between the PDDA/ATP matrix and polysaccharide macromolecules are attenuated in the presence of the oligoether. Moreover, as the concentrations of sequestered TEG and dextran are initially low, uptake of the guest molecules at first generates a homogeneous mixture within the droplets, which becomes unstable over time as the sequestered concentrations progressively increase. As the experimentally derived TEG partition coefficient at 6 wt% is approximately 14, we estimated a mean final concentration of TEG within the droplets of 3.6 M (coacervate volume fraction, 0.7%). Given this high level of sequestration, internalized demixing should occur once the dextran concentration attains a minimal value of 3 mg mL -1 (see Fig. S3, ESI †), equivalent to partitioning of approximately only 1.6% of the added dextran. Interestingly, no internalized segregative phase separation was observed when TEG was initially sequestered into the droplets followed by addition of high molecular weight dextran (Fig. S9, ESI †). Under these conditions, the dextran remained excluded from the droplet interior, presumably due to the high levels of preloaded TEG that inhibited mixing at the droplet/water interface. Demixing of neutral molecules within the molecularly crowded complex coacervate at first sight seems surprising given the highly charged nature of the milieu but can be attributed to the reduced dielectric constant of the PDDA/ATP matrix,1 and the high level of incompatibility between the guest molecules. 31 These factors also facilitate the sequestration of dextranase specifically into the TEG-containing molecular crowded matrix rather than the polysaccharide-enriched subcompartment, and as a consequence enables the spatially dependent chemical transfer of sugarmolecules within themultiphase droplets. This strategy offers a means to control the displacement of the internal reservoir across the internal phase boundary and could provide a route to the development of chemically dynamic ''organelles'' within coacervate-based protocell models.

In conclusion, our results demonstrate a simple and robust approach to spontaneous subcompartmentalization within synthetic coacervate micro-droplets by rationally exploiting internalized processes of liquid-liquid phase separation. The work highlights new opportunities for the multi-phase restructuring of complex coacervate droplets and could provide a step towards the development of protocell models with subdivided interiors capable of programmable chemical trafficking.

  and Fig. S1, Video S1, ESI †). The vacuoles moved freely within the viscoelastic PDDA/ATP matrix, slowly decreased in size over time and were expelled irreversibly into the supernatant solution after 10-20 min. Vacuolization was observed by microscopy across a wide range of TEG concentrations (22-36 wt%; Fig. S2, ESI †) with an upper limit set by the TEG-induced destabilization of the PDDA/ATP coacervate droplets. Minimal changes in ATP concentration occurred during vacuole formation although the water content decreased linearly as the TEG concentration increased (Fig. 1i).

  Fig. 1 (a and b) Brightfield microscopy images of single PDDA/ATP coacervate micro-droplets before (a) and after (b) addition of TEG showing the presence of a spherical vacuole within the TEG-containing droplets; scale bars, 10 μm. (c-e) Confocal fluorescent microscopy images showing the spatial distributions of ATP (c), PDDA (d) and TEG (e) specifically within the coacervate matrix of vacuole-containing single droplets. Fluorescence labels; TNP-ATP (green), RITC-PDDA (red), FITC-TEG (green). Scale bars, 10 μm. (f and g) Line profiles of fluorescence intensity across single droplets for TNP-ATP and RITC-PDDA (f) and FITC-TEG (g) showing depletion of ATP, PDDA and TEG in the vacuole. Profiles are recorded along the white dotted lines shown in (b) and (e), respectively. (h) Time series of brightfield microscopy images of TEGinduced vacuolization in a single droplet recorded at different times (see labels) after addition of TEG (22 wt%). (i) Plots of percentage ATP content compared to the total ATP added (left) and water content (right) of TEG-containing PDDA/ATP coacervate bulk phases as a function of TEG concentration. The percentage of ATP retained in the coacervate phase remains constant for TEG concentrations up to 42 wt%, after which vacuole formation no longer occurs. In contrast, the water content of the coacervate phase decreases linearly with increasing TEG concentration. The dotted lines indicate lines of best fit and the grey region identifies TEG concentrations compatible with vacuolization as determined by microscopy analysis. Error bars represents the standard deviation measured from three different samples.

Fig. 2

 2 Fig. 2 (a-c) Confocal fluorescence microscopy (a) and 3D reconstruction (b) images, and fluorescence line profiles recorded across a single droplet (c) (white dashed line in (a)) showing demixing and subsequent spatial segregation of TEG (FITC-TEG, green fluorescence) and dextran (RITC-dextran, red fluorescence) within individual PDDA/ATP coacervate micro-droplets. Internalized aqueous two-phase separation occurs after addition of TEG to a suspension of droplets containing non-partitioned dextran, resulting in a dextran-enriched sub-compartment and surrounding TEG-loaded coacervate matrix. (Dextran final concentration, 1.2 mg mL -1 , molecular weight, 70 or 150k; TEG 6 wt%). Scale bars, 10 μm. (d) Time series of bright field (top row) and corresponding confocal fluorescence (bottom row) microscopy images of an individual coacervate droplet showing formation of an internal dextran (RITC-dextran)-rich sub-compartment (red fluorescence) after addition of TEG/FITC-TEG. Addition of dextran in the absence of TEG results in exclusion of the polysaccharide (see t = 1 s). Subsequent injection of TEG results in sequestration of the oligoether (t = 13 s), followed by influx of dextran and mixing within the PDDA/ATP coacervate phase (t = 16-62 s). Multiple dextran-enriched nuclei are then produced by internalized TEG/dextran demixing (t = 80 s) followed by coalescence to produce a single dextran subcompartment surrounded by a TEG-containing coacervate matrix (t = 164 s). The asymmetric uptake of dextran follows the TEG diffusion gradient produced by injection of TEG from one side (right side in the viewed images) of the glass slide. Dextran final concentration 1.2 mg mL -1 , molecular weight, (70k; TEG, 6 wt%). Scale bars, 5 μm.

Fig. 3

 3 Fig. 3 Bright field (a) and confocal fluorescence (b) microscopy images of PDDA/ATP coacervate micro-droplets doped with FITC-dextranase (green) after sequential addition of dextran (70 kDa; final concentration, 1.2 mg mL -1 ) and TEG (final concentration, 6 wt%) showing preferential partitioning of the enzyme into the TEG-containing coacervate. The nonfluorescent sub-compartments contain phase-separated dextran. Insets show ×4 magnified images of a single coacervate droplet (see white box). Scale bars, 10 μm. Brightfield (c) and confocal (d) fluorescent images of a single coacervate droplet doped with dextranase, which resides in the outer coacervate rich compartment, after sequential addition of FITC-dextran (70 kDa, 1.2 mg mL -1 final concentration) and TEG (6 wt% final concentration). The dextran-rich compartment (1), the coacervate-rich compartment (2) and the outside aqueous phase (3) are indicated by dotted circles. In the presence of dextranase at the interface between the inner and outer compartment, high molecular weight dextran is converted into lower molecular weight species which are then sequestered into the outer coacervate region (2) (t = 336 s). Scale bars, 5 μm. (e) Plot of fluorescence intensity values measured at radial distances 1, 2 and 3 as marked in c plotted against time. An increase in fluorescence intensity is seen in the coacervate region (2), indicating movement of FITC-dextran through the different regions.
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