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Engineering the Coacervate Microdroplet Interface via Polyelectrolyte and Surfactant Complexation

Complex coacervate microdroplets, which are formed via spontaneous liquid-liquid phase separation by mixing two oppositely charged polyelectrolytes in water, have emerged as a new paradigm in the fields of origin of life, membraneless subcellular compartmentalization, bioreactors, and drug delivery. However, how to further improve its stability and enhance its selectivity in one particular coacervate system remains a challenge. By generating a membrane-like layer at the surface of coacervate microdroplets via electrostatic interactions between oppositely charged surfactants and polyelectrolytes, we here achieve tunable permeability and enhanced stability of the coacervates at the same time. Depending on the surfactants used, membrane-like layer-coated coacervate microdroplets exhibit different selectivity over solute sequestration and can promote or inhibit DNA hybridization. Our approach provides a practical tool to engineer functional bioinspired microcompartments with potential applications in the fields of controlled drug release and microreactor technology.

Introduction

Over the past few decades, coacervates have been recognized as an emerging research area in various fields, such as origin of life, (1-4) membraneless cellular compartments, [START_REF] Gomes | The Molecular Language of Membraneless Organelles[END_REF][START_REF] Shin | Liquid Phase Condensation in Cell Physiology and Disease[END_REF][START_REF] Yewdall | Coacervates as Models of Membraneless Organelles[END_REF][START_REF] Banani | Biomolecular Condensates: Organizers of Cellular Biochemistry[END_REF](9)[START_REF] Donau | Active Coacervate Droplets as a Model for Membraneless Organelles and Protocells[END_REF][START_REF] Rumyantsev | Polyelectrolyte Complex Coacervates: Recent Developments and New Frontiers[END_REF] bioreactors [START_REF] Wang | Spatiotemporal Organization of Coacervate Microdroplets[END_REF][START_REF] Liu | Hydrogel-Immobilized Coacervate Droplets as Modular Microreactor Assemblies[END_REF][START_REF] Leathers | Reaction-Diffusion Patterning of DNA-based Artificial Cells[END_REF][START_REF] Mu | Membrane-Confined Liquid-Liquid Phase Separation toward Artificial Organelles[END_REF] and drug delivery. [START_REF] Mi | Thermostabilization of Viruses via Complex Coacervation[END_REF][START_REF] Singh | Coacervation of Elastin-Like Recombinamer Microgels[END_REF][START_REF] Vieregg | Oligonucleotide-Peptide Complexes: Phase Control by Hybridization[END_REF][START_REF] Sun | Phase-Separating Peptides for Direct Cytosolic Delivery and Redox-Activated Release of Macromolecular Therapeutics[END_REF][START_REF] Liu | High-Order Assembly toward Polysaccharide-Based Complex Coacervate Nanodroplets Capable of Targeting Cancer Cells[END_REF] Complex coacervate microdroplets are formed via spontaneous liquidliquid phase separation by mixing two oppositely charged polyelectrolytes in water, resulting in a dense, polyelectrolyte-rich phase (the coacervate phase) dispersed in a dilute continuous phase. [START_REF] Chen | Optothermally Programmable Liquids with Spatiotemporal Precision and Functional Complexity[END_REF] Due to their all-aqueous nature, these droplets have been described as water-in-water (w/w) emulsion systems, which are colloidal dispersions consisting of two immiscible aqueous phases and exhibit good biocompatibility and environmental friendliness. [START_REF] Esquena | Water-in-Water (W/W) Emulsions[END_REF][START_REF] Gucht | Polyelectrolyte Complexes: Bulk Phases and Colloidal Systems[END_REF][START_REF] Keating | Aqueous Phase Separation as a Possible Route to Compartmentalization of Biological Molecules[END_REF] However, due to their lack of a membrane, coacervate droplets typically lack selective permeability to solutes and are susceptible to coalescence and pH/salt-induced disassembly, which limits their applications.

To date, different approaches have been developed to overcome these restrictions through engineering the interface of the coacervate microdroplet by either interfacial self-assembly of block copolymers, [START_REF] Mason | Hierarchical Self-Assembly of a Copolymer-Stabilized Coacervate Protocell[END_REF] protein nanoconjugate, [START_REF] Li | Spatial Organization in Proteinaceous Membrane-Stabilized Coacervate Protocells[END_REF] molecular amphiphiles, [START_REF] Tang | Fatty Acid Membrane Assembly on Coacervate Microdroplets as a Step towards a Hybrid Protocell Model[END_REF][START_REF] Zhou | Fatty Acid-Based Coacervates as a Membrane-free Protocell Model[END_REF][START_REF] Chang | Membrane-Mediated Transport in a Non-Equilibrium Hybrid Protocell based on Coacervate Droplets and a Surfactant[END_REF][START_REF] Zhang | Giant Coacervate Vesicles as an Integrated Approach to Cytomimetic Modeling[END_REF][START_REF] Tian | Artificial Morphogen-Mediated Differentiation in Synthetic Protocells[END_REF][START_REF] Coudon | Stabilization of All-Aqueous Droplets by Interfacial Self-Assembly of Fatty Acids Bilayers[END_REF] nanoparticles, [START_REF] Gao | Triggerable Protocell Capture in Nanoparticle-Caged Coacervate Microdroplets[END_REF][START_REF] Williams | Spontaneous Structuration in Coacervate-based Protocells by Polyoxometalate-Mediated Membrane Assembly[END_REF] or supramolecular entities [START_REF] Liu | Enzyme-Mediated Nitric Oxide Production in Vasoactive Erythrocyte Membrane-Enclosed Coacervate Protocells[END_REF][START_REF] Pir Cakmak | Lipid Vesicle-Coated Complex Coacervates[END_REF] on coacervate microdroplets or generation of a membrane-like layer around the coacervate microdroplet core. [START_REF] Yin | Spontaneous Membranization in a Silk-Based Coacervate Protocell Model[END_REF][START_REF] Abbas | Peptide-Based Coacervate-Core Vesicles with Semipermeable Membranes[END_REF][START_REF] Merindol | Pathway-Controlled Formation of Mesostructured all-DNA Colloids and Superstructures[END_REF] Although these previous investigations showed that the selective permeability towards the external medium and the inhibition of coalescence could be achieved to some extent after the treatment, there is still no effective way to simultaneously improve selective permeability and stability against coalescence and pH/salt-induced disassembly.

Herein, we report a general approach to engineering the interface of coacervate microdroplets using attractive electrostatic interactions between oppositely charged surfactants and polyelectrolytes (Scheme 1). We show that various positively charged surfactants, such as cetyltrimethylammonium bromide (CTAB), didecyldimethylammonium bromide (DDAB), and tetradecyltrimethylammonium bromide (TTAB), or negatively charged polyelectrolytes, such as double-strand deoxyribonucleic acid (dsDNA) and polyacrylic acid (PAA), can form a membrane-like layer via the polyelectrolyte-micelle interaction at the interface of the different coacervate microdroplets. This membrane-like layer can concurrently improve selective permeability and stability against coalescence and pH-/salt-induced disassembly of the coacervate microdroplets, and can be used to promote or inhibit DNA hybridization by selective partitioning or exclusion of functional biomolecules. Scheme 1. Schematic Representation of the Preparation of Surfactant-Coated Coacervate Microdroplets a a A two-step procedure was developed for the preparation of surfactant-coated coacervate microdroplets. In the first step, the coacervate micro-microdroplets were formed by direct mixing of aqueous solutions of different polycations, such as PEI and polydimethyl diallyl ammonium chloride (PDDA) and polyanions, such as dsDNA and PAA. Then, different surfactants, such as CTAB, DDAB, and TTAB, were added to the corresponding suspension of coacervate microdroplets, leading to the formation of different surfactant-coated coacervate microdroplets.

Experimental section Preparation of Surfactant-Coated Coacervate Microdroplets

DNA/PEI coacervate microdroplets were produced by mixing polyethylenimine (PEI, monomer concentration 50 mM, 50 μL, pH 8) and DNA (average monomer concentration 50 mM, 100 μL, pH 8) aqueous solutions in water (850 μL) to reach final monomer concentrations of 2.5 mM for PEI and 5 mM for DNA. Then, surfactant-coated DNA/PEI coacervate microdroplets were produced by the addition of CTAB (50 mM, 5 μL), DDAB (50 mM, 5 μL), or TTAB (50 mM, 5 μL) to DNA/PEI coacervate microdroplet suspension (95 μL) to reach final concentrations of 2.5 mM CTAB, DDAB, or TTAB. Similarly, PDDA/DNA and PDDA/PAA coacervate microdroplets were prepared by mixing poly(diallyldimethylammonium chloride) (PDDA 10 mg/mL, 100 μL, pH 7) and DNA (32.5 mg/mL, 100 μL, pH 7) or PDDA (10 mg/mL, 100 μL, pH 12) and PAA (10 mg/mL, 100 μL, pH 12) in water (800 μL) or NaCl solution (250 mM, 800 μL, pH 12). The CTABcoated PDDA/DNA coacervate microdroplets were prepared by the addition of CTAB (50 mM, 5 μL) to the PDDA/DNA coacervate microdroplet suspension (95 μL) to reach a final concentration of 2.5 mM CTAB. In comparison, CTAB-coated PDDA/PAA coacervate microdroplets were prepared by the addition of CTAB (10 mM, 5 μL) to PDDA/PAA coacervate microdroplet suspension (95 μL) to reach a final concentration of 0.5 mM CTAB.

Sequestration Properties of Coacervate Microdroplets

Different fluorescent dyes (Nile red: 1 μL, 10 μM, final concentration 0.1 μM; methylene blue: 1 μL, 10 μM, final concentration 0.1 μM; rhodamine B: 1 μL, 10 μM, final concentration 0.1 μM, calcein: 1 μL, 10 μM, and final concentration, 0.1 μM), polymers with different molecular weights (fluorescein isothiocyanate-dextran (FITC-dextran): 4 kDa, 40 kDa, 150 kDa, 1 μL, 10 μM, final monomer concentration 0.1 μM), or biomacromolecules (rhodamine isothiocyanate-bovine serum albumin (RITC-BSA) 66 kDa, RITC-horseradish Peroxidase (RITC-HRP) 40 kDa, 5-carboxytetramethylrhodamine-single-stranded DNA (TAMRA-ssDNA), 1 μL, 10 μM, final concentration: 0.1 μM) were added to freshly prepared non-coated and CTAB, DDAB, or TTAB-coated DNA/PEI coacervate microdroplet suspension (100 μL). The mixtures were incubated for 30 min and then loaded on a custom-made capillary slide and left to settle for 10 min for confocal fluorescence microscope imaging. Partition coefficients were determined from the ratio of fluorescence intensities in the droplets and in the surrounding dilute aqueous phase. Measurements were performed on 10 droplets from three different fields of view of the same sample, and the average value and standard deviation were calculated.

Stability Studies of Coacervate Microdroplets

To investigate the stability of the non-coated and CTAB, DDAB, or TTAB-coated DNA/PEI coacervate microdroplets in different ionic strengths, a series of coacervate microdroplet suspensions were prepared in the presence of different concentrations of NaCl (50, 100, 150, 200, 250, 400, and 800 mM). Typically, NaCl stock solution (5 μL; 1, 2, 3, 4, and 5 M) was added into freshly prepared CTAB, DDAB, or TTAB-coated and non-coated coacervate microdroplet solutions (95 μL) to prepare different microdroplet suspensions with a final NaCl concentrations of 50, 100, 150, 200, and 250 mM. To prepare the mixture with final NaCl concentration of 400 and 800 mM, NaCl stock solution (50 μL; 0.4 and 1.6 M) was added into freshly prepared CTAB, DDAB, or TTAB-coated and non-coated coacervate microdroplet solutions (950 μL) in an Eppendorf tube. All the samples were incubated for 60 min at the desired salt concentration and then imaged by microscopy. To study the stability of the noncoated and CTAB, DDAB, or TTAB-coated DNA/PEI coacervate microdroplets at different pH, CTAB, DDAB, or TTAB-coated and non-coated coacervate microdroplets were prepared as described previously at pH 8. HCl or NaOH solutions (1 M) were used to adjust the pH from 1 to 11, and the mixtures were incubated for 120 min for further measurements.

Confocal Microscopy

Confocal images were taken using a Leica TCS SP5 laser scanning confocal inverted microscope (LSCM) with Leica LAS AF software and an HCX PL APO CS 63.0×/1.40 oil UV objective. Nile red, Methylene blue, Calcein, Rhodamine B, FAM-, TAMRA-, RITC-, and FITC-were excited at 559, 665, 494, 570, 488, 561, 543, and 488 nm, respectively. The corresponding emissions were 635, 690, 517, 595, 525, 650, 580, or 515 nm. Fluorescence intensity data was acquired from raw fluorescence images using ImageJ.

Results

Preparation of CTAB-Coated Coacervate Microdroplets

We employed a two-step procedure [START_REF] Mason | Hierarchical Self-Assembly of a Copolymer-Stabilized Coacervate Protocell[END_REF][START_REF] Li | Spatial Organization in Proteinaceous Membrane-Stabilized Coacervate Protocells[END_REF][START_REF] Tang | Fatty Acid Membrane Assembly on Coacervate Microdroplets as a Step towards a Hybrid Protocell Model[END_REF][START_REF] Zhang | Giant Coacervate Vesicles as an Integrated Approach to Cytomimetic Modeling[END_REF][START_REF] Coudon | Stabilization of All-Aqueous Droplets by Interfacial Self-Assembly of Fatty Acids Bilayers[END_REF][START_REF] Gao | Triggerable Protocell Capture in Nanoparticle-Caged Coacervate Microdroplets[END_REF][START_REF] Williams | Spontaneous Structuration in Coacervate-based Protocells by Polyoxometalate-Mediated Membrane Assembly[END_REF][START_REF] Liu | Enzyme-Mediated Nitric Oxide Production in Vasoactive Erythrocyte Membrane-Enclosed Coacervate Protocells[END_REF] to prepare surfactant-coated coacervate microdroplets (Scheme 1). In the first step, coacervate microdroplet suspensions were produced by mixing two oppositely charged polyelectrolytes, and then various surfactants were added to the suspension of coacervate microdroplets, leading to the formation of different surfactant-coated coacervate microdroplets. As a proof of principle, we first prepared DNA/polyethylene imine (PEI) complex coacervate microdroplets with a final monomer concentration of 5/2.5 mM. The gradual addition of CTAB (critical micelle concentration (CMC) of CTAB, CMC = 1 mM) to the coacervate microdroplet suspension resulted in a progressive increase of surface charge of the DNA/PEI coacervate microdroplets from -25.6 to 32.5 mV with an increase in the final CTAB concentration from 0 to 2.5 mM (Figure 1A), which could be due to the electrostatically mediated adsorption of the cationic CTAB molecules on the microdroplet surface. To further verify this, the surface charge of the coacervate microdroplets was modified by changing the DNA/PEI molar ratio (Figure S1). The increase of final monomer concentrations of PEI from 0.5 to 10 mM led to an increase in surface charge from─50.4 to 33.6 mV with a constant final average DNA monomer concentration (5 mM). The addition of positively charged CTAB to the negatively charged coacervates resulted in a similar increase in the surface charge of the microdroplets from -25.6 to 32.5 mV with an increase of the CTAB concentration, while there was no significant change of the surface charge when CTAB was added to positively charged coacervates (Figure S1), confirming that the adsorption of cationic CTAB molecules was driven by electrostatic interactions.

Small-angle X-ray scattering (SAXS) experiments were performed to examine the mesoscale structure after the addition of CTAB to the coacervate microdroplets suspension. The scattering pattern showed a long-range mesostructured order (with a peak at q = 1.48 nm -1 ) between CTAB micelle and dsDNA, (40) which was also observed in coacervate droplets suspensions when the final concentration of CTAB (2.5 mM) was above the CMC of CTAB (Figure 1B). On the opposite, such a longrange ordered structure was neither found when the final concentration of CTAB was below the CMC (Figure S2) nor when the surface charge of coacervate microdroplets was near neutral or positive (Figure S3). This was also in agreement with cryo-transmission electron microscopy (cryo-TEM) measurements (Figures 1C,D andS4). A membrane-like layer around the coacervate microdroplet core with a thickness of 400 ± 150 nm was found when the final concentration of CTAB was 2.5 mM, suggesting the formation of polyelectrolyte-micelle complexes at the interface of the coacervate microdroplet. The confocal microscopy image and associated fluorescence intensity line profile of CTAB-coated DNA/PEI coacervate microdroplets, in which 0.1% of PEI was labeled with Rhodamine-B, showed almost the same intensity through the droplet (Figure S5), indicating PEI was not depleted in the membrane. The fluidity of the membrane-like layer was then examined by fluorescence recovery after photobleaching (FRAP) experiments (Figures 1E,F andS6). To this end, the DNA/PEI coacervate microdroplets were labeled with the DNA staining dye 4′ and 6-diamidine-2′-phenylindole dihydrochloride, and the photobleached area was chosen as a square spot of 0.5 μm width in the center or at the interface of a single droplet. Photobleaching a small section of the interface of CTABcoated coacervate microdroplets gave rise to a relatively slow recovery of fluorescence intensity compared with similar measurements recorded for the internal part. In contrast, the recovery of fluorescence intensity was nearly the same when a similar photobleaching measurement was performed in non-coated DNA/PEI coacervate microdroplets, indicating that the DNA mobility was greatly inhibited in the membrane-like layer in CTAB-coated coacervate microdroplets. The impact of salt concentration on the formation of surfactant polyelectrolyte complexes at the surface of coacervate microdroplets was explored by preparing different coacervate microdroplet suspensions in the presence of NaCl (200 and 400 mM) (Figure S7). It was found that coacervate microdroplets were stable in the presence of 200 mM NaCl. The increase in salt concentration can also lead to an increase of electrostatic screening effect, resulting in a decrease in the CMC of CTAB in the presence of 200 mM NaCl (CMC = 0.35 mM, Figure S8). The long-range mesoscale ordered structure (with a peak at q = 1.28 nm -1 ) was found when the final CTAB concentration was 0.8 mM, indicating that the increase of salt concentration will facilitate membrane-like layer formation (Figure S7). However, the further increase of final concentration of NaCl to 400 mM completely destroyed the coacervate microdroplets (Figure S7).

Influence of the Membrane-like Layer on the Uptake or Exclusion of Guest Molecules

Taken together, the above observations showed that a membrane-like structure was formed at the interface of coacervate microdroplets upon addition of surfactant micelles, presumably attributed to the electrostatic complexation between micelles and oppositely charged polyelectrolyte chains. We then explored the influence of this membrane on the uptake or exclusion of guest molecules present in the external medium, such as different charged molecular dyes, polymers with different molecular weights, and various biomacromolecules, using confocal fluorescence microscopy (Figure 2A). The corresponding plots of partitioning coefficients demonstrated that CTAB-coated microdroplets showed a strong preference in the uptake of low molecular weight, negatively charged calcein and TAMRA-ssDNA and in the exclusion of positively charged methylene blue (Figure 2B-D). The uptake of low molecular weight neutral and zwitterionic Nile red and rhodamine B and high molecular weight polymers (FITC-dextran, 4, 40, 150 kDa) and biomacromolecules (RITC-BSA 66 kDa, RITC-HRP 40 kDa) were essentially the same for both CTAB-coated and non-coated coacervate microdroplet. The different uptake properties could be due to the change in surface charge from -25.6 to 32.5 mV after the addition of CTAB. Plots of the change of partitioning coefficients in CTAB-coated and non-coated coacervate microdroplets revealed that the membrane-like layer had a strong impact on the sequestration of charged low molecular weight dyes but was not noticeably selective toward low molecular weight neutral and zwitterionic molecular dyes or high molecular weight polymers (Figure 2E-G). 

Influence of the Membrane-like Layer on the Stability of Coacervate Microdroplets

The stability against coalescence was then explored by mixing two populations of fluorescently labeled surfactant-coated or non-coated coacervate microdroplets. To this end, fluorescence resonance energy transfer (FRET)-paired complementary single strands of TAMRA-ssDNA (red) or 5carboxyfluorescein-ssDNA (FAM-ssDNA, green) were pre-sequestered in CTAB-coated or non-coated coacervate microdroplets, and then these two populations were mixed with a volume ratio of 1:1. The CTAB-coated coacervate microdroplets were stable and displayed no content mixing (Figure 3A). While the uncoated coacervate microdroplets readily coalesced within 10 min, FRET was observed due to the hybridization of these two complementary ssDNA (Figure 3B), indicating that the membrane like layer could inhibit the coalescence of the coacervate microdroplets. Due to the high viscosity of the droplet, the mobility of fluorescently labeled DNA was reduced, requiring a longer incubation time for complete mixing. They did coalesce after a longer incubation time (Figure S9). To verify the results if mix-coated and uncoated coacervate microdroplets together, we supplemented the experiments with FAM-ssDNA (green) or TAMRA-ssDNA (red)-labeled CTAB-coated and non-coated coacervate microdroplets. After mixing, there was no coalescence within 10 min, while they did coalesce after a longer incubation time (Figure S10). Moreover, the impact of the membrane-like layer on the stability of the microdroplets was investigated by preparing CTAB-coated and non-coated coacervate microdroplets in different concentrations of NaCl solution (Figures 4 andS11 andS12). After incubating the droplets with 200 mM NaCl solution for 1 h, fluorescence-activated cell sorting (FACS) measurements showed that the number of coacervate microdroplets was significantly reduced for both CTAB-coated and non-coated samples, with an increase of their average size from 2.3 to 3.7 μm for CTAB-coated samples and 2.4 to 4.3 μm for non-coated samples (Figure 4A-D). Plots of the number of remaining coacervate microdroplets in solutions containing different concentrations of NaCl showed that the number of CTAB-coated microdroplets was higher than that of non-coated ones (Figures 4E and S11 and 12), revealing the enhanced stability after CTAB-coating. The increase of average size of CTAB-coated and non-coated coacervate microdroplets was attributed to the change of surface charges due to the electrostatic screening effect after the addition of NaCl. For instance, the surface charges for both CTAB-coated and non-coated coacervate microdroplets became neutral (Figures S13 andS14) after the addition of NaCl, leading to an increased tendency of microdroplets to coalesce. Similar results were also found using optical microscopy (Figure 4F-P). The non-coated microdroplets almost disappeared when the final concentration of NaCl reached 250 mM, while a few CTAB-coated microdroplets were still observed when the final NaCl concentration was increased to 600 mM. The membrane persisted even after the disintegration of coacervate droplets inside. The improvement of stability could be due to the fact that the addition of membrane could reduce coalescence and the occurrence of Ostwald ripening between different coacervate microdroplets. [START_REF] Li | Ostwald-Like Ripening of the Anomalous Mesoscopic Clusters in Protein Solutions[END_REF] The influence of pH on the coacervate microdroplets prepared from DNA/PEI microdroplets with or without CTAB-coating was also studied (Figures S15 andS16). ( 42) Both CTAB-coated and non-coated coacervate microdroplets showed a similar trend in the basic condition, and the microdroplets disappeared when the pH was increased to 11. However, CTAB-coated DNA/PEI microdroplets were more stable in acidic conditions, and a few microdroplets were still present when the pH was decreased to 1, while noncoated coacervate microdroplets disappeared when the pH was decreased to 4. The mean coacervate microdroplet counts were calculated from optical microscopy images using Image J software, and the standard deviation was calculated accordingly. The fit lines serve only for eye guidance.

General Applicability of the Surface Engineering Approach

We further extended the current approach to prepare coacervate microdroplets coated with different surfactants, such as DDAB and TTAB (Figures S17 andS18). After the addition of DDAB (2.5 mM, CMC = 0.1 mM) and TTAB (2.5 mM, CMC = 1.5 mM) to the DNA/PEI coacervate microdroplet suspension, a similar increase of surface charge and appearance of scattering patterns in the SAXS profiles were found for both samples, suggesting comparable membrane-like layers were formed at the interface of DNA/PEI coacervate microdroplets. Moreover, different polyelectrolytes were also used to examine the general applicability of membrane formation at the interface of coacervate microdroplets. Another coacervate microdroplet with different polyanion and polycation made by PAA/PDDA was also prepared in the presence of NaCl (200 mM) (Figure S19). Due to the increase of ionic strength, the CMC of CTAB is reduced from 1 to 0.35 mM (Figure S8). ( 43) Comparable results were also found after adding CTAB (final concentration: 0.5 mM) to PAA/PDDA coacervate microdroplet suspension in the presence of NaCl (200 mM) via complexation of CTAB micelles and PAA [START_REF] Niu | Complexation of DNA with Cationic Surfactants as Studied by Small-angle X-ray Scattering[END_REF] at the interface of the droplet (Figure S19).

The permeability of the membrane-like layers was accordingly explored (Figures S20 andS21), and observations showed that the low molecular weight neutral dye Nile red was preferentially enriched within, while the charged methylene blue, calcein, and rhodamine B were excluded from DDAB-coated coacervate microdroplets. After the addition of TTAB, there was no obvious difference in the uptake of Nile red and rhodamine B and an exclusion of calcein and methylene blue. In comparison, high molecular-weight FITC-dextran (4, 40, and 150 kDa) and biomacromolecules (RITC-BSA, RITC-HRP, and T-ssDNA) tended to be sequestered in DDAB-and TTAB-coated microdroplets. In general, the DDAB or TTAB-coated coacervate microdroplets showed less selectivity toward different charged small molecules compared to CTAB-coated coacervates, which might have been due to the different surface charges of the DDAB-or TTAB-coated microdroplets (around 0 mV) compared to CTAB-coated microdroplets (+30 mV). The fact that DNA/PEI coacervate microdroplets showed different permeabilities after the addition of different surfactants (CTAB, DDAB, and TTAB) revealed that the addition of different surfactants can be used to alter the permeability of the coacervate microdroplets.

Given that the permeability of coacervate microdroplets could be regulated by engineering their interface using various surfactants, we sought to investigate the efficiency of ssDNA hybridization using fluorescence resonance energy transfer (FRET)-paired complementary single strands of TAMRA-ssDNA (red) or FAM-ssDNA (green). After hybridization, the emission of the donor ssDNA (FAM-ssDNA) can excite the acceptor ssDNA (TAMRA-ssDNA) due to FRET, leading to a red fluorescence output with an excitation wavelength of 488 nm. To this end, the donor ssDNA (FAM-ssDNA) was pre-sequestered in surfactant-coated or non-coated coacervate microdroplets (Figure 5A), and confocal fluorescence microscopy revealed a green fluorescence and no red fluorescence after exposure to blue light (488 nm) (Figures 5B,C andS22). After the addition of acceptor ssDNA to the suspension, an immediate increase of red fluorescence and a continuous decrease of green fluorescence were found under blue light (488 nm), indicating complementary ssDNA hybridization (Figure 5B,C). Plots of the normalized fluorescence intensities against time showed that there was more DNA hybridization in CTAB-coated coacervate microdroplets than that in non-coated droplets (Figure 4D), which was in good agreement with the increased uptake of ssDNA in CTAB-coated coacervate microdroplets (Figure 2D). The same experiments were also performed for DDAB-and TTAB-coated samples. The normalized maximum intensities (Figure 5E) and corresponding deduced apparent rate constants (Figure 5F) showed that DNA hybridization was promoted after the formation of the CTAB/TTAB membrane-like layer. In contrast, the apparent rate constant was decreased by a factor of 10 for the DDAB-coated sample, which could be due to the double-chained molecular architecture of DDAB, leading to the formation of a lamellar structure. [START_REF] Zhou | Nanostructures of Complexes Formed by Calf thymus DNA Interacting with Cationic Surfactants[END_REF] The apparent rate constants increase as the ssDNA partitioning coefficients increase. In addition, there were no noticeable differences in local viscosity for various surfactantcoated coacervate microdroplets (Figure S23). Taken together, we speculate that the change of crossmembrane rate could be the main driving force behind the change in the hybridization rate. The stability of coacervate microdroplets against ionic strength was also explored after the addition of different surfactants. After incubation in the presence of varying concentrations of NaCl for 1 h, the stability of TTAB-and DDAB-coated coacervate microdroplets was greatly improved (Figure 6A-C), which was similar to the case of CTAB-coated droplets (Figure 4F-J). One interesting finding was that the DDAB-coated microdroplets deformed (Figure 6B) when the final salt concentration reached 200 mM. We also found that water-filled vacuoles formed in these non-spherical DDABcoated coacervate microdroplets with an increase of mean diameter from 2.2 to 5.6 μm (Figure 6D-G and Movie S1). The whole process was completely reversible; the vacuoles disappeared and the DDABcoated microdroplets adopted a spherical shape after re-dispersing the sample in the salt-free supernatant of DDAB-coated DNA/PEI coacervate microdroplets solution for 5 min (Figure 6D-G and Movie S2). The reversible vacuolization within DDAB-coated coacervate microdroplets could be associated with osmotic pressure differences after the addition or removal of NaCl. Vacuoles were not observed when the other surfactants were used, so they could be associated with the double-chained molecular architecture of DDAB, resulting in a much more stable membrane that could accommodate the osmotically-driven volume expansion. 

Conclusion

In conclusion, we have shown that attractive electrostatic interactions between oppositely charged surfactants and polyelectrolytes can be used as a general approach to engineer the interface of coacervate microdroplets by generating a membrane-like layer at the droplet surface. Depending on the surfactants, membrane-like layer coated coacervate microdroplets exhibit different solutes sequestration selectivity and can promote or inhibit DNA hybridization. The surfactant-coated coacervate microdroplets can simultaneously improve their stability against coalescence and pH/saltinduced disassembly and are more resistant to a broader range of ionic conditions (up to 600 mM NaCl) or pH environments (pH 1 to pH 10). Our approach opens the possibility of developing a novel model of w/w emulsion system with tunable permeability and enhanced stability and provides a practical tool to engineer functional bioreactors which can promote or inhibit particular biochemical reactions by regulating the enrichment and exclusion of functional biomolecules, with potential applications in the fields of controlled drug release such as gene delivery [START_REF] Ahn | DNA/PEI Nanoparticles for Gene Delivery of Rat Bone Marrow Stem Cells[END_REF][START_REF] Pack | Design and Development of Polymers for Gene Delivery[END_REF] and microreactor technology.
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 1 Figure 1. Preparation of CTAB-coated DNA/PEI coacervate microdroplets. (A) Zeta potentials of CTABcoated DNA/PEI coacervate microdroplets at different CTAB concentrations (0-2.5 mM). (B) SAXS profiles of DNA/PEI coacervate microdroplets (red line), CTAB-coated DNA/PEI coacervate microdroplets (2.5 mM, black line), and CTAB/DNA complex (blue line). (C,D) Cryo-TEM images of CTAB-coated (C) and non-coated (D) coacervate microdroplets. Scale bars, 1 μm. (E,F) Corresponding FRAP measurements of CTAB-coated (E) and non-coated (F) coacervate microdroplets. The blue and black plots correspond to the FRAP measurements recorded at the internal part and at the interface of CTAB-coated (E) and non-coated (F) coacervate microdroplets. Error bars indicate the standard deviation of three repeated measurements.

Figure 2 .

 2 Figure 2. Sequestration properties of CTAB-coated and non-coated coacervate microdroplets. (A) Confocal fluorescence microscopy images of the sequestration of molecular dyes (calcein, rhodamine B, methylene blue, Nile red), FITC-dextran with average molecular weights of 4, 40, and 150 kDa, and different biomacromolecules, such as RITC-BSA, RITC-HRP, and T-ssDNA, in CTAB-coated DNA/PEI coacervate microdroplets ([CTAB] = 2.5 mM) and DNA/PEI coacervate microdroplets (without CTAB). Scale bars, 1 μm. (B-D) Corresponding plots of partitioning coefficients of molecular dyes (B), FITCdextran with different molecular weights (C), and different biomacromolecules (D) in CTAB-coated (K1) and non-coated (K2) coacervate microdroplets. The partitioning coefficients are 11/9.4 (nile red), 970/5100 (calcein), 174/7.2 (methylene blue), 31/59 (rhodamine B), 1.3/1.5 (FITC-dextran, 4 kDa), 1.6/1.2 (FITC-dextran, 40 kDa), 1.6/0.8 (FITC-dextran, 150 kDa), 1.5/2.6 (RITC-BSA), 1.4/2.0 (RITC-HRP), and 15/50 (T-ssDNA) for non-coated and CTAB-coated coacervate microdroplet. (E-G) Plots of the change of partitioning coefficients in CTAB-coated and non-coated coacervate microdroplets for different molecular dyes (E), FITC-dextran with different molecular weights (F) and different biomacromolecules (G). The difference in the change of partitioning coefficient was obtained by K1/K2 when dyes were more sequestered in CTAB-coated coacervate microdroplets compared to non-coated droplets, or by K2/K1 when dyes were more sequestered in non-coated coacervate microdroplets compared to the coated ones.

Figure 3 .

 3 Figure 3. Stability against coalescence of CTAB-coated coacervate microdroplets. (A,B) Confocal microscopy images of a mixture of FAM-ssDNA (green) or TAMRA-ssDNA (red) labeled CTAB-coated (A) and non-coated (B) coacervate microdroplets. After mixing, there was no coalescence for the CTABcoated samples. While the uncoated coacervate microdroplets readily coalesced within 10 min. Scale bars, 1 μm for (A), 10 μm for (B, left), and, 1 μm for (B, right).

Figure 4 .

 4 Figure 4. Stability against ionic strength of CTAB-coated and non-coated coacervate microdroplets. (A-D) Two-dimensional (2D) dot plots of side-scattered (SSC) versus forward-scattered (FSC) light for noncoated (A) and CTAB-coated (B) PEI/DNA coacervate microdroplets in aqueous solution and noncoated (C) and CTAB-coated (D) PEI/DNA coacervate microdroplets in the presence of 200 mM NaCl obtained by FACS. (E) Plots of the FACS-derived histograms for non-coated (red) and CTAB-coated (black) PEI/DNA coacervate microdroplets with different concentrations of NaCl (0, 50, 100, 150, 200, and 250 mM). Error bars indicate the standard deviation of three repeated measurements. (F-O) Optical microscopy images of CTAB-coated (F-J) and non-coated (K-O) coacervate microdroplets at different concentrations of NaCl (0, 50, 200, 250, and 600 mM). Scale bars, 10 μm. (P) Plots of the mean coacervate microdroplet counts for non-coated (red) and CTAB-coated (black) PEI/DNA coacervate microdroplet with different concentrations of NaCl (0, 100, 150, 200, 400, 600, and 800 mM). The mean coacervate microdroplet counts were calculated from optical microscopy images using Image J software, and the standard deviation was calculated accordingly. The fit lines serve only for eye guidance.

Figure 5 .

 5 Figure 5. Tunable permeability of various surfactant-coated coacervate microdroplets. (A) Schematic representation of the complimentary single-strand DNAs (ssDNAs) hybridization inside coacervate microdroplets. The donor ssDNA (FAM-ssDNA) was pre-sequestered in the surfactant-coated or noncoated coacervate microdroplets, and then the acceptor ssDNA (TAMRA-ssDNA) was added to the suspension. These two complimentary ssDNAs were hybridized inside the coacervate microdroplets due to the sequestration of acceptor ssDNA. (B,C) Time-dependent confocal fluorescence microscopy images of single FAM-ssDNA containing CTAB-coated PEI/DNA coacervate microdroplets after the addition of TAMRA-ssDNA in the green (γex = 488 nm, γem = 500-550 nm, FAM-ssDNA) (B) and red (γex = 488 nm, γem = 575-700 nm, TAMRA-ssDNA) (C) channels. Time in seconds. Scale bar, 1 μm. (D) Plots of the normalized fluorescence intensities in green (FAM-ssDNA) and red (TAMRA-ssDNA) channels against time after the addition of TAMRA-ssDNA for CTAB-coated (empty circle) and non-coated (solid square) PEI/DNA coacervate microdroplets. (E) Corresponding normalized maximum intensities in red (TAMRA-ssDNA) channels for non-coated and DDAB, CTAB, and TTAB-coated PEI/DNA coacervate microdroplets. (F) Corresponding plots of the slopes of the initial change of fluorescence intensities (apparent rate constant, k) in green (FAM-ssDNA) and red (TAMRA-ssDNA) channels for non-coated and DDAB-, CTAB-, and TTAB-coated PEI/DNA coacervate microdroplets. The apparent rate constants were deduced from the linear fit of the plots of the change of fluorescence intensity from 0 to 120 s. Errors bars represent the standard deviation values for measurements on 10 individual droplets in the same field of view.

Figure 6 .

 6 Figure 6. Stability against ionic strength of various surfactant-coated coacervate microdroplets (A,B) Optical bright field images of TTAB-(A) and DDAB-coated (B) PEI/DNA coacervate microdroplets with different concentrations of NaCl (0, 200, 400, and 800 mM). Scale bars, 10 μm. (C) Plots of the mean coacervate microdroplet counts for TTAB-coated (green) and DDAB-coated (blue) PEI/DNA coacervate microdroplets with different concentrations of NaCl (0, 100, 200, 250, 400, and 800 mM). The mean coacervate microdroplet counts were calculated from optical microscopy images using Image J software, and the standard deviation was calculated accordingly. The fit lines serve only for eye guidance. (D-G) Confocal fluorescence microscopy images (D-F) and mean diameter (G) of a single DDAB-coated PEI/DNA coacervate microdroplet without salt, with 200 mM NaCl and recovery upon the addition of salt-free supernatant. Diameter measurements were performed on 20 droplets from the same sample, and the average value and standard deviations calculated.