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Photoswitchable phase separation and oligonucleotide trafficking in DNA coacervate microdroplets

come   L'archive ouverte pluridisciplinaire

new approaches for the photo-induced control of DNA coacervation and oligonucleotide compartmentalization in space and time, and provide a step towards the dynamic regulation of membrane-free synthetic protocells.

Light-responsive coacervate micro-droplets were produced in water in the dark as a turbid suspension via spontaneous liquid-liquid phase separation associated with the stoichiometric charge neutralization of short dsDNA strands (5 mM nucleobase concentration, <200 base pairs (bp), Figure S1) in the presence of trans-azoTAB (5 mM) and sodium chloride (100 mM). Optical microscopy images of the suspension revealed the presence of discrete polydisperse spherical droplets approximately 1 to 10 μm in diameter (Figure 1b) that coalesced on contact, consistent with a liquid-like state (Figure S2 and SI Note 1), and that were able to selectively sequester various solutes (Figure S3). The driving forces responsible for droplet assembly included a combination of electrostatic and hydrophobic interactions, together with partial intercalation of the molecular photoswitch between the dsDNA base pairs [39][40][41] (Figure S4). Although the trans-azoTAB/dsDNA micro-droplets were stable across a wide range of ionic strengths, pHs and temperatures (Figures S4 andS5), they readily disassembled within a few seconds when exposed to UV light (λ = 365 nm, Figure 1c, Movie S1 and Figure S6). We attributed the light-activated droplet disassembly to the reversible photo-isomerisation of trans-azoTAB into the non-planar cis-azoTAB metastable isomer, which exhibits a lower affinity for dsDNA [39][40][41] (Figure S4 andS7). Coacervate droplets could be re-assembled by irradiating solutions of cis-azoTAB/dsDNA with blue light (λ = 450 nm), which re-generated the thermodynamically stable trans-azoTAB isomer (Figure 1d, Movie S2 and Figure S6). Significantly, the kinetics of the photo-switchable phase separation could be finely modulated by adjusting the light intensity, and the process repeated over numerous cycles without any apparent degradation (Figure S8).

The dynamics of droplet disassembly and re-assembly were exploited for the correlated release and recapture of sequestered guest molecules. For example, doping dark-adapted trans-azoTAB/dsDNA droplets with a fluorescent single-stranded oligonucleotide (TAMRA-ssDNA, 23 nucleobases) and exposing the loaded droplets to UV light showed a gradual and quantitative release of the oligonucleotide into the surrounding aqueous phase (Figures 1e,f). Subsequent exposure of the cis-azoTAB/dsDNA solution to blue light reassembled the droplets and recaptured approximately 80% of the oligonucleotide (Figures 1e,f). Alternatively, temporal of DNA phase separation was achieved by controlling the spontaneous thermal relaxation of cis-to trans-azoTAB in the dark. Optical microscopy images of a UV-equilibrated cis-azoTAB/dsDNA solution incubated in the dark confirmed a gradual increase in the number and size of coacervate droplets (Figure 1g). The corresponding changes in turbidity showed a sigmoidal increase, consistent with a kinetically slow nucleation step followed by rapid growth up to the saturation limit (Figure 1h). Significantly, the onset time for phase separation was strongly correlated with the temperature following a simple Arrhenius law (Figure S9 and Table S2), demonstrating that DNA phase separation could be robustly programmed in time. For example, by exposing trans-azoTAB/dsDNA droplets to cycles comprising short periods of UV light irradiation followed by storage in the dark at a specific temperature, predictable oscillations in the time-dependent concentration of free TAMRA-ssDNA could be realized (Figure S10).

Given the above observations, we sought to increase the networking capacity of the photoactive coacervate system by undertaking experiments geared towards controlling the photo-induced trafficking of captured oligonucleotides. We devised an experimental system in which oligonucleotide-containing photo-responsive coacervate droplets and payload-free non-photo-responsive droplets were physically separated by a semipermeable barrier and then used UV light to induce transfer of the oligonucleotide between the two populations (Figure 2a). Specifically, trans-azoTAB/dsDNA droplets containing TAMRA-ssDNA and non-photo-responsive poly(diallyldimethylammonium chloride) (PDDA)/dsDNA droplets were loaded in the dark into two separate sample chambers arranged on a capillary slide and separated by an agarose hydrogel barrier. Corresponding optical and fluorescence microscopy images showed the presence of discrete droplets in both populations but only the trans-azoTAB/dsDNA droplets displayed red fluorescence due to retention of TAMRA-ssDNA (Figures 2b,c). In contrast, when the capillary slide was irradiated with UV light, dissolution of the lightresponsive droplets resulted in the release of the oligonucleotide, slow diffusive transfer across the hydrogel barrier and graded capture of the payload in the population of PDDA/dsDNA droplets (Figure 2d and Figure S11). We employed a related strategy to control the light-activated transfer and manipulation of genetic information within dispersed binary populations of spatially interacting photo-responsive coacervate microdroplets. Populations of trans-azoTAB/dsDNA coacervate droplets containing fluorescence resonance energy transfer (FRET)-paired complementary single strands of TAMRA-ssDNA or carboxyfluorescein-labelled ssDNA (FAM-ssDNA, 23 nucleobases) were mixed in the same observation chamber and sequentially exposed to UV and blue light (Figure 3a and Table S3). Confocal fluorescence microscopy revealed the coexistence of two distinct droplet populations that exhibited either red fluorescent (TAMRA-ssDNA payload) or green fluorescent (FAM-ssDNA payload) (Figure 3b). No spontaneous ssDNA exchange between the droplets was observed for samples kept in the dark. In comparison, disassembly of the droplets under UV light followed by reassembly after exposure to blue light produced droplets that exhibited both green and red fluorescence (Figure 3c), indicating that the complementary strands became co-localized via reversible photo-induced microphase separation. Moreover, the co-localized strands displayed increased FRET fluorescence, which was attributed to hybridization of the released oligonucleotides either prior to droplet re-assembly or within the droplets after colocalization, or both (Figure 3d). Given the ability to transfer genetic polymers between different populations of coacervate droplets, we used a focused UV beam to induce the localized trafficking of DNA between single neighbouring droplets (Figure 3e). For this purpose, a mixture of unloaded and TAMRA-ssDNA-loaded trans-azoTAB/dsDNA coacervate droplets was prepared and imaged by confocal fluorescent microscopy combined with bright-field microscopy, which confirmed the co-existence of two types of coacervate droplets that appeared either dark (non-fluorescent) or exhibited red fluorescence (Figure 3f, t = t0). No exchange of the payload was observed in the dark. A brief UV light pulse (1 s) was then focused on a single TAMRA-ssDNA-containing droplet that was located close to a non-fluorescent counterpart. We were able to disassemble the target droplet without affecting the neighbouring droplets such that TAMRA-ssDNA was ejected locally into the supernatant and subsequently captured by the adjacent non-fluorescent droplet, which showed a gradual increase in red fluorescence over a period of approximately 100s (Figures 3f-h andMovie S3). From the fluorescence intensity measurements, we estimated that approximately 20% of the released ssDNA was typically captured by the neighbouring droplet depending on the diffusion distance. The locally induced chemical gradient of free TAMRA-ssDNA established immediately after UV-induced disassembly of the single droplet gave rise to an initially asymmetric distribution of the captured oligonucleotide droplet that became homogeneous with time (Figure 3f, t = t0 + 1.4s, and Figure 3g). A similar light-mediated pathway for the diffusion-limited trafficking of ssDNA was demonstrated between multiple co-located coacervate micro-droplets by sequential UV processing of individual TAMRA-ssDNA-containing droplets and neighbouring unloaded droplets (Figure S12).

In conclusion, we describe a new light-responsive DNA coacervate with photo-switchable behaviour that exhibits controllable droplet dynamics and light-activated trafficking of guest molecules. Our results highlight opportunities for controlling the spatiotemporal dynamics of DNA-containing protocells and their interplay in communities of artificial cells. For example, as DNA has been used to achieve cell-free protein expression in coacervate droplets [14] and develop programmable logic gates in synthetic protocells, [42] light-actuated DNA coacervation could be exploited to activate signalling pathways in populations of active droplets or synthetic protocells, paving the way to the construction of life-like colloidal systems capable of spatiotemporally coordinated behaviours.
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 1 Figure 1. a) Scheme of the associative liquid-liquid phase separation of trans-azoTAB and dsDNA to produce coacervate droplets that are disassembled under UV light by isomerisation to cis-azoTAB and reassembled under blue light (on/off process). Programming of the reassembly process is achieved by regulating the cis-trans thermal relaxation in the dark at varying temperatures. b-d) Optical microscopy images of azoTAB (5 mM) mixed with dsDNA (5 mM nucleobase concentration) in the presence of 100 mM NaCl at pH 8 in the dark (b), under UV light (c), and under blue light after UV light exposure (d); scale bars, 10 μm. Insets show photographs of the corresponding turbid suspensions (dark or blue light), or the clear solution (UV). e) Fluorescence microscopy images of trans-azoTAB/dsDNA coacervates in the dark doped with TAMRA-ssDNA (left), and after sequential exposure to UV (centre) and then blue (right) light, showing release and re-sequestration of the oligonucleotide (false colouring to magenta). Scale bars, 10 μm. f) Plots of turbidity (black circles) and fraction of TAMRA-ssDNA free in solution (magenta circles) against time for TAMRA-ssDNA-doped trans-azoTAB/dsDNA droplets after sequential exposure to UV (purple area) and then blue (blue area) light. Error bars represent standard deviations of the average value measured on three different samples. g) Time series of optical microscopy images of a UV-adapted cis-azoTAB/dsDNA solution stored at 35°C in the dark, showing gradual nucleation and growth of trans-azoTAB/dsDNA droplets via spontaneous cis-trans thermal relaxation; scale bars, 10 μm. h) Plots showing time-dependent increase of the turbidity of UV-equilibrated cis-azoTAB/dsDNA solutions stored in the dark at varying temperatures (from 15°C (right, dark blue circles) to 60°C (left, dark red circles) in 5°C intervals).

Figure 2 .

 2 Figure 2. a) Scheme of light-activated oligonucleotide transfer from trans-azoTAB/dsDNA droplets (area 1) to photo-inactive PDDA/dsDNA droplets (area 2) across an agarose hydrogel barrier. TAMRA-ssDNA is retained within the light-responsive droplets in the dark but released on exposure to UV. Diffusive transfer of the oligonucleotides through the hydrogel gives rise to sequestration of the payload in the PDDA/dsDNA droplets. b-d) Brightfield (b) and epifluorescence (c,d) microscopy images of areas 1 and 2 in the dark (b,c) and after 210 min of UV light irradiation (d), showing transfer of TAMRA-ssDNA to the PDDA/dsDNA droplets (false colouring to magenta used). The mean grey values were adjusted between 0 and 45 on the fluorescence images of area 2 to emphasize low levels of fluorescence, while they were left between 0 and 255 on the fluorescence images of area 1. Scale bars, 20 μm.

Figure 3 .

 3 Figure 3. a) Scheme of light-activated oligonucleotide mixing and hybridization in a binary population of trans-azoTAB/dsDNA coacervate droplets containing complementary TAMRA-ssDNA or FAM-ssDNA. UV-induced release of the oligonucleotides results in FRET pairing. Subsequent exposure to blue light results in reassembly of the droplets and capture of the hybridized strands. b,c) Confocal fluorescence microscopy images of a binary population of trans-azoTAB/dsDNA droplets doped with TAMRA-ssDNA or FAM-ssDNA (false colouring to magenta and cyan, respectively), before (b) and after (c) sequential exposure to UV and blue light. Inset in c shows co-localization scatterplot (Pearson's correlation constant, ρ = 0.79)). Scale bars, 20 μm. d) Normalized FRET signal in droplets before and after sequential UV-then-blue light irradiation, showing low level of FRET signal in droplets containing only FAM-ssDNA or TAMRA-ssDNA (before light), and increased FRET signal in droplets containing both oligonucleotides (after light). Error bars represent standard deviation from the average value measured on 20 droplets in three different fields of view of the same sample. e) Scheme of UV light-activated trafficking of oligonucleotides from a single photoswitchable trans-azoTAB/dsDNA droplet doped with TAMRA-ssDNA (droplet 1) to a second non-fluorescent trans-azoTAB/dsDNA droplet devoid of oligonucleotide (droplet 2). A short (1 s) UV pulse focused on 1 results in release of the payload followed by its diffusion and sequestration within 2. f) Optical (top) and confocal fluorescence (bottom) microscopy images of two different droplets (1 and 2) before and after droplet 1 is exposed briefly to UV light (at t = t0). Selective disassembly of 1 is observed at t = t0 + 1.4 s along with the early stages of TAMRA-ssDNA transfer to 2. Inset at t = t0 + 1.4 s displays an enlarged image of droplet 2 in false colouring (colour scale from 10 to 140) showing the initial localized increase in fluorescence intensity on the side of the droplet closest to the diffusion front emanating from droplet 1. False colouring is used to emphasize low levels of fluorescence (colour scale from 0 to 255 mean grey value). Scale bars, 10 μm and 1 μm (inset). g) Time-dependent evolution of line profiles across droplet 2 (white dotted arrow at t = t0 in f); black arrow denotes edge of droplet 2 closest to the disassembling droplet 1. h) Plot of the mean fluorescence intensity at the centre of droplet 2 as a function of time before and after targeted disassembly of droplet 1 (at t = t0). The red line is a fit to a mono-exponential function.
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