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Modulation of Phase Separation at micron scale and nanoscale in Hybrid Polymer/Lipid Giant Unilamellar Vesicles (GHUVs)
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Phase separation in hybrid polymer/lipid giant unillamelar vesicles (GHUVs) has been described over the last few years. However there is still a lack of understanding on the physical and molecular factors governing the phase separation in such systems. Among these parameters it has been suggested that in analogy to multicomponent lipid vesicles that hydrophobic mismatchs as well as lipid fludity play a role. In this work, we aim to map a global picture of phase separation and domain formation in membrane of GHUVs by using various copolymers based on poly(dimethylsiloxane) (PDMS) and poly(ethylene glycol) (PEO) with different architectures (grafted, triblock) and molar masses, combined with phospholipids at fluid (POPC) or gel state (DPPC) at room temperature. From confocal imaging and fluorescence lifetime imaging microscopy technique (FLIM), the phase separation into either micro-or nano-domains within GHVs were studied. In particular, our systematic studies demonstrate that in addition to lipid/polymer fraction or lipid physical state, important factors such as line tension at lipid polymer/lipid boundaries can be finely modulated by the molar mass and architecture of the copolymer and lead to the formation of stable lipid domains with different sizes and morphologies in such GHUVs.

Introduction

Mixing phospholipids and amphiphilic copolymers into a single hybrid membrane is a relatively recent approach developed in the past few years. Ideally, these structures could present biocompatibility and biofunctionality of liposomes, as well as robustness, low permeability and functionality variability conferred by the copolymer chains. This is expected to be of great interest in pharmaceutical applications for which only a few formulations based on liposomes are authorised on the drug market despite decades of research (e.g. DaunoXome®, Doxil®/Caelyx®) as well as in personal care. In particular, such moderate use of liposomes in clinics could be due to their lack of mechanical stability in the high shear rate of blood circulation through tiny vessels. Liposomal drug delivery system also often exhibits uncontrolled leakage phenomena (seen as a "burst release" effect on their pharmacokinetic profiles). As a consequence, the controlled release of encapsulated molecules at the pre-determined biological target (e.g. a tumour site) remains a difficult challenge. Besides the obvious interest of the association of lipids and amphiphilic copolymers into a single membrane of large unilamellar hybrid vesicles (LUHVs) for biomedical applications, the giant polymer/lipid hybrid unilamellar vesicles (GHUVs) can be also an excellent tool to get more insight into molecular and macroscopic parameter that govern the cell membrane domain formation, fusion and/or fission. In order to perfectly exploit the potential of such systems, the membrane structuration must be tuned either towards homogeneous mixing of the components or on the contrary to lateral phase separation, leading to the presence of nanoscale or micronsize domains. Then, the relationship between membrane structure and their physical and bio-functional properties must be better understood in order to eventually optimize them and validate their use in future biomedical applications, namely drug delivery, tumour targeting, bio-recognition, or bioadhesion. Nevertheless, the literature on the subject is still relatively limited, 1, 2 although the scientific output is growing with interest from different scientific communities (biophysicists, biologists, physico-chemists). To date, the physical and molecular factors governing the phase separation in these hybrid polymer/lipid membranes are only partially understood. If phase separation occurring in multicomponent lipid bilayers is well documented since decades, [3][4][5][6][7][8][9][10][11][12] research on hybrid polymer/lipid membrane is still in its infancy age. So far in the literature for both multicomponent lipid mixture and hybrid polymer/lipid mixture, the formation of membranes presenting a homogeneous distribution of components at least at the micrometric scale seemed to be favoured when the lipid was used above its main chain transition temperature whereas micron-scale lateral phase separation seems to be favoured below the lipid main transition temperature (T m ), where lipids are in a solid-ordered gel phase. 3 It is important to note that in case of hybrid polymer/lipid vesicles, in addition to the expected chemical incompatibility between copolymer block chains and phospholipids, one has also to consider their respective dimensions. This point is particularly important as large differences in size can lead to a pronounced hydrophobic mismatch at the polymer/lipid boundaries. This height mismatch can be particularly pronounced in polymer/lipid mixtures. Hydrophobic mismatch leads to the exposure of hydrophobic groups to the aqueous environment which is associated with a large energetic cost. This is likely to be one of the main contributors to line tension at domain boundaries. Thermodynamically, the line tension tends to favour domain coalescence (once a nucleation size is reached) to minimize the boundary length. 13 As a consequence, the lipid domains would grow with time into one single large circular domain in the membrane. Theory also predicts another way to relax the energetic cost of membrane domains through the formation of "buds", by balancing the gain in free energy of lateral phase separation, the line tension, and the bending energy.
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In hybrid vesicles, neither the effect of polymer/lipid composition nor of hydrophobic mismatch on the domain formation was investigated in a systematic manner. Recent articles revealed that phase separation at micron scale can be obtained on GHUVs using copolymer forming vesicles with a membrane hydrophobic core thickness close to those of liposomes (3~5 nm), resulting in a relatively low hydrophobic mismatch, but also at nanoscale in LHUVs . From the results available so far, it seems that phase separation is less likely in the presence of a high hydrophobic mismatch between lipids and polymers. When phase separation is obtained leading to micron size domains another key issue is their stability. Domain instability is driven by a balance between the bending energy of the domain and line tension at the boundaries. Edge energy can be decreased by reducing the perimeter of the circular domain through curvature and in this way increasing its bending energy. [22][23][24][25] When the energetic cost associated with line tension is higher than the membrane bending energy required for fission, fission into separated vesicles can take place. This phenomenon has already been observed on hybrid polymerlipid membranes, above a critical lipid weight fraction, leading to separated liposomes and polymersomes. 15, 26 In this work, we aim to reach an overview of the parameters playing a role on phase separation as well as domain stability in hybrid polymer/lipid giant vesicles. The two main control parameters are hydrophobic mismatch and phospholipid fluidity. In addition, the influence of copolymer architecture has been also studied. For that purpose, we performed a systematic study over a whole composition range (from 0 to 100% w/w lipid) of the membrane structure of various GHUVs formed from a series of triblock copolymers based on poly(dimethylsiloxane) (PDMS) and poly(ethylene glycol) (PEO) with different molecular weights, allowing to modulate the polymer membrane thickness and therefore the hydrophobic length mismatch. The copolymers were combined with phospholipids at either fluid (POPC) or gel (DPPC) lipid phase. These lipids present comparable thickness of the hydrophobic bilayer in the fluid state (3-3,5nm) 27 The GHUVs were characterized through a combination of fluorescence microscopy and spectroscopy methodologies. The complex thermodynamics associated with hybrid polymer/lipid vesicles is confirmed by the observation of phase separation into micrometric domains, and/or nano-domains, eventually leading to budding or to complete fission for certain compositions.

Materials and methods

Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC); 1, 2dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); 1,2-dioleoylsn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (DOPE-Rhod) were obtained from Avanti Polar Lipids Inc., and used without further purification. Amphiphilic graft copolymer PDMS 26 -g-(PEO 12 ) 2 was a gift from Dow Corning Inc. (#5329) and thereafter denoted DOW. The characterizations of this copolymer were performed in the lab in a previous study 28 , all the results were in agreement with data given by the manufacturer and data available in literature 29,30 H NMR, leading respectively to 22, 43 and 67 units for the PDMS blocks and 8, 12 and 17 units for poly(ethylene oxide). The coupling reaction (Figure 1) was carried out under an inert gas in dichloromethane with the presence of DIPEA at room temperature during 24h. The copolymers were then purified by dialysis using membrane MWCO 50 kDa against Milli Q water during 2 days, dried by lyophilisation, and characterized by NMR and GPC. (Supp Info Fig S1 andS2)) 

Hybrid giant unilamellar vesicles preparation

All giant unilamellar vesicles in this study were prepared by the same process based on the electroformation method reported by Angelova, 31 

Confocal imaging

All measurements were performed on a Leica TCS SP5 (Leica Microsystems CMS GmbH, Mannheim, Germany) inverted confocal microscope (DMI6000). A 63× apochromatic water immersion objective with a NA of 1.2 (Zeiss, Jena Germany) was used for all experiments. (PDMS 26 -g-(PEO 12 ) 2 -FITC) and DOPE-Rhod excitation were achieved with the 488 nm and 514 nm lines respectively from an argon laser while the emission was collected in the 500-530 nm range for (PDMS 26 -g-(PEO 12 ) 2 -FITC) and in 600-700 nm range for DOPE-Rhod. Temperature control was achieved using a thermostated plate (Linkman, UK) mounted on the microscope stage.

Fluorescence lifetime imaging microscopy

Fluorescence lifetime imaging microscopy (FLIM) measurements were performed through time correlated single photon counting (TCSPC) using the same setup of confocal microscopy, coupled to a multiphoton Titanium: Sapphire laser (Spectra-Physics Mai Tai BB, Darmstadt, Germany, 710-990 nm, 100 femtoseconds pulses, 80 MHz) as the excitation source. A photomultiplier tube was coupled to the X-port of the microscope and the emitted photons were processed by an SPC board that addresses simultaneously the (x,y) location of the collected photons (Becker and Hickl, GmbH, PMC-100-4 SPC-830). The laser power was adjusted to give an average photon counting rate higher than 5.10 4 photon/s and images were acquired during 60 seconds to achieve reasonable photon statistics. The excitation wavelength was set to 820 nm and emission light was selected with a dichroic beam splitter with an excitation SP700 short-pass filter and an emission 530 bandpass filter inserted in front of the photomultiplier. Images were acquired using a Becker and Hickl SPC 830 module. Fluorescence lifetimes were obtained by analysing the fluorescence decays through a least square iterative reconvolution of decay functions with the instrument response function (IRF) using the software SPCImage (Becker and Hickl, Berlin, Germany).

Micropipettes

The evolution of the membrane structuration under controlled applied lateral tension was evaluated for some systems.

Micropipettes were obtained by stretching Borosilicate capillaries (1mmOD, 0.58mmID) from WPI, with a pipette puller (Sutter Instrument P-97). The pulled pipets were then forged to the desired diameter using a micro-forge Narishige MF-900. Micropipettes were coated with BSA to prevent vesicle adhesion. The vesicle tension was controlled by a home-made hydraulic watertight setup, and micropipette was controlled by a micromanipulator (Eppendorf, Patchman NP2). The membrane tension was calculated classically from the Laplace equation:

σ = P s × R p 2(1 - R p R v )
R p and R v are the micropipette and vesicle radius (outside the micropipette). 𝐏 𝐬 is the suction pressure on the micropipette.

Results

Amphiphilic triblock copolymers

In order to study systematically the effect of polymer/lipid hydrophobic length mismatch on phase separation, different PEO-b-PDMS-b-PEO triblock copolymers varying in their block compositions were designed and synthesized. PDMS was chosen as the hydrophobic block because of its excellent biocompatibility as well as its low glass transition temperature, allowing dynamic exchanging of the chains and leading to the formation of membranes with a structure at thermal equilibrium. Moreover PDMS has been quite often used in the field to develop hybrid membranes ) and would be therefore the less compatible with fatty acid tails in lipids (δ = 9.1 cal NMR and SEC of each individual obtained triblock copolymers were presented in section S1 and S2 respectively of supporting information. Their ability to self-assemble into vesicular structures and their corresponding membrane thicknesses were characterized by Cryo-TEM, as shown in Figure S6. These membrane thicknesses correspond to the thickness of the hydrophobic core, as PEO chains are not visible due to a weak electronic contrast. All characteristics of amphiphilic copolymers used in this study as well as the corresponding membrane thicknesses of the polymersomes formed are described in Table 1. 

Name Composition Mn (g/mol) ( 1 H NMR) Đ d (nm) DOW PDMS26-g-(PEO12)2 2750 

Micron scale fluid/fluid phase separation in GHVs

In this section, we describe the tendency of micrometric fluid lipid domain formation for each mixture of copolymer/POPC through confocal microscopy measurements of GHUVs loaded with fluorescent derivatives of copolymer and phospholipids. Phase separation behaviour of GHUVs was monitored within a broad range of compositions (10-90%) and temperatures (20-55 °C).

It is interesting to note that for all studied copolymers, electroformation of GHUVs was successful over the whole range of polymer/lipid fractions, although obviously some pure liposomes or polymersomes could be observed close to the 0% or 100% polymer compositions. All samples mentioned in this section were incubated at room temperature overnight after electroformation to reach an equilibration state before analysis through fluorescence confocal microscopy. The lipid, copolymer or hybrid nature of each domain is recognized from the presence of fluorescence from phospholipid (red channel) and/or copolymer (green channel) fluorescent derivatives, as illustrated on Figure 2. We first studied mixtures of lipid with 1.5K copolymer which, in pure polymersomes, presents a membrane thickness comparable to the one of POPC, thus minimum hydrophobic length mismatch is expected. At room temperature, no macroscopic domains were observed in mixtures at 10 weight % of POPC, showing a homogeneous distribution of both lipid and copolymer fluorescent analogues (Figure 3), as the polymer phase is likely able to integrate low concentrations of lipid homogeneously into the polymer-rich membrane. At a higher POPC content, formation of fluid lipid-rich domains is detected and above 25% weight POPC, most of the hybrid vesicles exhibit phase separation (Figure 3). It is also important to notice that above 50 weight % of POPC, domain budding occurs. These budded domains were present both in lipid and copolymer-rich domains, and in many cases they remained stable at room temperature for at least two days after electroformation. Interestingly, a minor change in the boundary of the phase coexistence region is observed at higher temperatures and in some cases, lipid domains in GHUVs with low POPC concentrations (16%, 25?% wt/wt) at 20°C were no longer visible when temperature was increased. This is not expected as POPC is in the fluid phase for the whole range of temperatures studied (20-55°C). Additionally, temperature is shown to be crucial for the stability of budded domains, as at high POPC content (80% wt/wt) and above 35°C, budding domains were no longer visible and two GUV populations were now present, with either polymer-rich phases or lipid-rich homogeneous phases, suggesting that fission of coexisting domains is significantly more frequent at higher temperatures. Examples of fission events are illustrated in the Figure S8. The same methodology was then also performed with the second triblock copolymer, 3K, forming vesicles with a membrane thickness higher than those of liposomes. In this case, homogeneous hybrid vesicles at the micrometre scale (yellow on the overlay image due to the presence of both DOPE-Rhod and PDMS 26 -g-(PEO 12 ) 2 -FITC fluorescence) were observed for lipid fractions up to 40% (wt/wt) of POPC (Figure 4). In addition, a fraction of pure liposomes was detected and vary with composition but corresponds approximately to 30% of total vesicle population for a 20% POPC mixture, slightly more pronounced compared to 1.5K for which only 5% of pure liposomes were detected for this composition. Budding of domains became also more frequent occurring for the whole range of compositions where phase coexistence was observed.

Those budded domains of 3K/POPC GHUVs also exhibited fission into separated vesicles at high temperature as shown in Figure S10. Measurements with mixtures of 5K copolymer with POPC led to different results. At lipid fractions as high as 50% and 75% (wt/wt), no phase coexistence was observed. With this significantly larger triblock copolymer chains, three populations of vesicles were systematically present: pure liposome, pure polymersome and a number of homogeneous structures. A representative image is shown in Figure S11. These results suggest that given the dramatic hydrophobic length mismatch between 5K block chains and POPC, the existence of stable micrometric lipid enriched domains is not possible.

To support the hypothesis that conformational adaptation of the polymer chains to the smaller length of lipid molecules is the main control parameter, 3K/POPC hybrid vesicles were imaged immediately after electroformation, in a lipid fraction range where homogenous hybrid vesicles were predominantly observed. As clearly seen in the examples shown on Figure 5, GHUVs of 3K/POPC shortly after electroformation displayed curved domains which evolved towards fission over time and led to pure liposomes and originating vesicles in which the remaining lipid molecules were dispersed homogenously at the micron scale. This phenomenon also helps us explaining why a large number of pure liposomes were seen in 3K/POPC GHUVs as indicated above. 

Nanodomain detection in GHVs

For the detection of nanoscale phase separation, Förster resonance energy transfer (FRET) measurements were carried out through fluorescence lifetime imaging microscopy (FLIM) on copolymer/POPC hybrid vesicles.

The FRET efficiency between the polymer conjugate (PDMS 26g-(PEO 12 ) 2 -FITC: FRET donor) and the labelled phospholipid (DOPE-Rhod: FRET acceptor) is extremely sensitive to phase separation, since the fluorescent polymer can only be incorporated into the polymer-rich phase while the lipid probe incorporates preferentially in the lipid-rich phases. 16 Phase separation in GHUVs is expected to be the driving force of a decrease in FRET efficiency as the average distance between donors and acceptors increase. Experiments were made at polymer/lipid compositions for which no phase separation had been detected through confocal microscopy.

The PDMS 26 -g-(PEO 12 ) 2 -FITC fluorescence lifetime images of different GHUVs at different lipid contents are shown in figure 6. The corresponding histograms are also included for comparison. For pure 1.5K polymersome, the lifetime histogram shows a homogeneous distribution centred at about 3 ns. When the acceptor probe is added, a large decrease of FITC fluorescence lifetime is observed as a consequence of a random distribution of the probes within the membrane. Without acceptor, when POPC was incorporated at increasing fractions (5, 10 and 15% w/w), the PDMS 26 -g-(PEO 12 ) 2 -FITC fluorescence lifetime distribution in those membranes became broader and slightly shifted to lower values. Fluorescence single decays were also measured for each GHUV (on at least 10-15 individual vesicles) and similar shifts were obtained (see supporting information Table S1. This dependence of PDMS 26g-(PEO 12 ) 2 -FITC fluorescence lifetime with lipid content is likely the result of changes in polymer phase properties due to the insertion of lipid molecules. GHUVs loaded with 0.5% Rhod-DOPE as acceptor were then prepared for each of the above described 1.5K/POPC compositions. The fluorescence lifetime of PDMS 26 -g-(PEO 12 ) 2 -FITC was then recorded to assess FRET efficiencies. The decrease of the PDMS 26 -g-(PEO 12 ) 2 -FITC fluorescence lifetime was not as pronounced as the one observed in pure polymersomes where a homogeneous distribution was obviously expected. Interestingly, a clear decrease of FRET efficiencies with increasing POPC content was recorded, (Figure 6), indicating that the average distance between donor and acceptor probes increased as ascribed to nanoscale phase separation.

According to Monte Carlo simulations for distributions of donors and acceptors in a membrane environment under phase separation, a decrease in FRET efficiencies would only be noticeable if lipid domain dimensions were larger than the Förster radius of the donor-acceptor FRET pair (in this case R 0 = 5 nm) 38, 39 . In this way, nanoscale phase separation is evidenced at 1.5K/POPC mixtures for which no macroscopic (micron scale) phase separation was visible under confocal microscopy. Nanoscale phase separation occurs at a lipid content as low as 10% w/w. At lower POPC concentrations, no FRET changes were observed, suggesting that either no phase separation took place or that lipid domains were smaller than 5 nm in diameter. We followed exactly the same methodology for the 3K/POPC mixture. Once again, a strong decrease of fluorescence lifetime distribution was observed for pure polymersomes when the acceptor probe was added to the membrane, reflecting the random distribution of probes within the membrane (Figure 7). Without acceptor probe, we also observed a slight decrease in FITC fluorescence lifetime in 3K/POPC GUVs with increasing POPC content. When increasing POPC content, the decrease of lifetime was less pronounced in the presence of acceptor probe, compared to what was observed for pure polymersomes suggesting nanoscale phase separation in 3K/POPC GUVs. This hypothesis was also confirmed through FRET measurements in hybrid vesicles of lipid content lower than 40% wt/wt POPC as shown in Figure 8. As seen for 1.5K/POPC mixtures, FRET efficiencies for the PDMS 26 -g-(PEO 12 ) 2 -FITC /Rho-DOPE FRET pair, decreased with increasing POPC content. At 40% POPC, the FRET was close to 0 with a large error bar. This result was unexpected, as part of the lipid goes into the polymer phase as suggested by our previous studies. However, as the lipid composition was not perfectly controlled in each of the vesicles, this may add to the uncertainty of the value (errors bars are significant). Nevertheless, the very low FRET value obtained for mixtures with a POPC content of 40% suggests the presence of domains larger than the FRET infinite phase separation limit of 50 nm.
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It should be stressed that in case phase separation resulted in domains larger than this limit or if domain fission occurred, no additional changes in FRET efficiencies would be expected.

The same methodology was applied to the mixtures of DOW/POPC already studied by our group at the micron scale. 15 Once again, a decrease in FRET efficiency was also recorded when POPC was included in the mixture, suggesting nanoscale phase separation. Figure 8 shows all FRET efficiency values for the mixtures of copolymers and POPC as a function of POPC. Formation of nanodomains was suggested in GHUVs of PBut-b-PEO/DPPC, 37 would result from nucleation growth mechanism modulated by cooling rate speed, but no direct proof could be obtained. Here, the origin of the POPC nanodomains is different as POPC is always in the fluid state, and our results demonstrate for the first time the formation of nanometric heterogeneities within hybrid polymer/lipid giant vesicles at low lipid content, where optical microscopy was previously unable to detect phase separation. Global results are finally summarized as "apparent" phase diagrams for each pair of copolymer and phospholipid (See Figures 9 and10). Notice that due to fission of pure liposomes shortly after electroformation, these apparent phase diagrams do not fully correspond to the real thermodynamic phase diagrams for these mixtures but only reflect the phase composition of hybrid vesicles.

Micrometer scale fluid/gel phase separation in GHUVs

In order to explore the formation of gel-like domains in GHUVs, phase separation on GHUVs was also characterized on mixtures of the copolymers with DPPC as lipid. As the phase transition of DPPC is about 41°C, measurements were carried either below or above this temperature. At 20°C, just 5% of DPPC is enough to drive phase separation in mixtures with any of the triblock copolymers (images are shown in supporting information Figure S12)). It should be noted that DOPE-Rhod is excluded from the ordered phases, and PDMS-PEO copolymers present an extremely low miscibility in lipid phases as deduced from the partition coefficient extracted from fluorescence anisotropy measurements. Thus the DPPC-gel domains are recognizable as dark domains, excluding both lipid and copolymer fluorescent analogues. While fluid-state lipid domains normally present spherical shapes, these dark DPPC gel-domains exhibited various morphologies depending on the cooling rate after electroformation at 50°C. It has been shown in literature that cooling rate has an effect on the membrane tension as it induces a thermal contraction of both membrane and water, the contraction of membrane being faster than the aqueous core of the vesicle, inducing membrane stress which can goes through a maximum.

28 Indeed at high cooling rate, the rapid contraction of the membrane compared to the aqueous compartment abruptly reduces the surface-to-volume ratio and thus induces lateral tension in the membrane that can go above its lysis tension, inducing rupture and reseal phenomena during which water escapes from the vesicle, therefore relaxing tension. At low cooling rate, the membrane tension is continuously relaxed by natural diffusion of water through the membrane. 32, 41 The differences in membrane tension can then modulate the morphology of the DPPC domains (Patches versus stripes). We have therefore tried to evaluate the effect of the hydrophobic length mismatch that is modulated through the molar mass of the block copolymer at different cooling rates on the morphology and size of the domains obtained. Concretely, results are shown in figure 11 for hybrid vesicles obtained from the same electroformation process but cooled to 20°C at different rates, namely: 1°C/min, 5°C/min and 20°C/min. We also used a spontaneous cooling as it is the simplest procedure that can be used: It consists in allowing for cooling down naturally of the 1 mL vesicle suspension in a room thermostated at 22°C just after its electroformation at 50°C, in a closed Eppendorf tube. . The decrease of temperature for this procedure was measured (Figure S14) and can be considered to be reproducible and linear with a constant slope of 2.9°C/min from 50°C until 35°C.

Images shown on Fig. 11 are representative of domain shapes obtained at each cooling rate. Natural cooling rate resulted in the formation of stripped gel domains while a controlled fast rate gave rise to many small patchy gel domains, and a controlled slow rate generated large star-or flower-like shaped domains. We had exactly the same phase behaviour described above for DOW, 1.5K or 3K copolymers. However, for 5K, only one type of morphology (patchy domain) was observed.

We have therefore tried to characterize the copolymer/DPPC GHUV behaviour when submitted to gradual heating up to 50°C, well-above Tm of DPPC, to obtain a lipid fluid phase and compare the results obtained with copolymer/POPC mixtures. Briefly, for 1.5K/DPPC and DOW/DPPC mixtures, at 50°C no evidence of phase coexistence was detected for DPPC fractions below 15% w/w as it was observed for the copolymer/POPC mixtures at room temperature. For higher lipid content, separated DPPC-rich fluid phases and polymer-rich phases were observed, but no budding/fission phenomenon occurred for any of the DOW/DPPC mixtures. Interestingly, the structuration of those copolymer/DPPC GHUVs was found to be reversible upon temperature. As shown on Figure 12, large DPPC dark gel-state domains with irregular faceted shapes were observed at 20°C, then they underwent a transition to circular red domains (enriched in DOPE-Rhod) when samples were heated up to 50°C: This transition reflects the minimization of boundary line energy allowed by the fluid character of the lipid phase, with progressive incorporation of DOPE-Rhod inside. Subsequent cooling and heating cycles reproduced these results. For the triblock copolymer 3K, when DPPC was in a fluid state (above 41°C), no phase separation was observed for samples with less than 50% DPPC content. Budding and fission of DPPCrich vesicles was observed at 50°C in samples containing higher fractions of DPPC (Figure 13) in analogy with what was observed for the 3K/POPC mixtures. Nevertheless, some DPPCrich domains were stable in the time-course of the experiment and after cooling they underwent transition to dark gel-state domains. No phase separation was observed in GHUVs of DPPC and triblock 5K at 50°C 

Discussions Effect of hydrophobic mismatch

Phase separation properties in GHUVs formed from mixtures of POPC and triblock copolymers were highly dependent on the copolymer block molar masses. This point was evidenced through comparison of their phase diagrams (Fig 10 and11).

Regarding the threshold of POPC content above which micron scale phase separation occurs, 16 weight % was necessary for 1.5K/POPC mixture, 50 weight % for 3K/POPC, and no phase coexistence was detected for 5K/POPC mixtures. Nevertheless, submicron lipid domains were surprisingly detected from the FRET efficiency in FLIM experiments for low lipid concentrations not only in 1.5K/POPC GHVs but also in 3K/POPC GHVs. A higher hydrophobic mismatch is expected for the 3K compared to the 1.5K leading to a higher exposure of hydrophobic copolymer core to the aqueous environment. Since this exposure is associated with a large energetic cost, the line tension is expected to be higher in 3K/POPC hybrid membranes, and a larger tendency for domain coalescence and formation of larger domains was expected for this mixture, since this allows for the minimisation of the total boundary length. When the energetic costs associated with line tension are too high, the length of the interface can be further minimized through membrane curvature (budding), as predicted by theory, 14 which can ultimately evolve towards fission. This was indeed observed for 3K/POPC mixtures at lipid fractions below 50%, for which rapid budding and fission phenomena lead to separated liposomes and hybrid homogeneous vesicles On the other hand, a great number of vesicles at POPC content higher than 50 weight % showed stable phase coexistence (after overnight incubation). This discrepancy between the stability of phase coexistence in 3K/POPC mixtures with low and high lipid content may be explained by differences in curvature energies of lipid-rich and polymer-rich domains. At high lipid content, the curvature of the polymer-rich membrane induced by the budding phenomenon is more pronounced and the bending energy associated with further budding is higher than the one associated with lipid domains.

In addition, bending rigidity of polymer domains is larger than that of lipid domains as it is quadratic with the bilayer thickness. 42 An equilibrium between line tension and bending energy costs 23 is more easily achieved for small polymer-rich domains, while small lipid-rich domains easily undergo large curvatures increases followed by membrane fission into separated vesicles.

Using the same rationalization, we believe that the curved domains in 1.5K/POPC GHUVs are stable after days because the low hydrophobic length mismatch between 1.5K and POPC leads to line energies lower than the membrane bending energy required for fission. And conversely for the case of 5K, given the extremely high hydrophobic length mismatch between polymer and lipid molecules, even if phasecoexistence is present during electroformation, these domains are extremely unstable and quickly disappear or evolve towards fission before their imaging is possible.

Effect of copolymer architecture

In this study, two copolymers (one commercial called "DOW" and the 1.5K synthesized in our lab) of same chemical nature and hydrophobic membrane thickness (~5 nm) have similar molar masses and only differ by their architecture: grafted for DOW and triblock for 1.5K. Therefore the chain organization of the membrane is probably different. Regarding previous results of our group and of literature, the DOW is probably organized as a bilayer in analogy to phospholipids , 43 whereas hairpin or/and extended conformations can be found in the membrane for 1.5K, but this has not been quantified yet.

44 Similar behaviours were observed for both copolymers, but in the case of DOW, lipid micrometric domains were only visible starting from 22% (w/w) in lipid (50/50mol) and above, whereas 15 only 16 weight % in lipid fraction was enough to observe the phase coexistence in the case of 1.5K. Moreover, DOW/POPC mixtures displayed a clear instability of the domains (budding and fission) on the first few hours after electroformation, while the triblock 1.5K showed a stable state for a few days. As the GHUVs were obtained in the same experimental conditions, such differences could be explained by different values of the line tension at the polymer/lipid boundaries and/or of the bending rigidity of the copolymer membrane. These parameters as well as the identification of chain conformation in these membranes need to be quantified in further studies. It is important to recall that even though budding and fission occurred, leading to the formation of separate liposomes and hybrid homogeneous vesicles, the presence of lipid nano-domains in these GHUVs was proven by FLIM/FRET experiments. The nano-domains are most probably in a metastable state that may lead later to growth at a micrometre size observable by optical microscopy. As a last qualitative evidence of the metastable state of these nanodomains and the role of membrane tension on the structuration, we were able to observe the appearance of micrometric lipid rich domains under applied lateral tension , using micropipette suction, as illustrated in the Figure 14. This technique has already been used to show that membrane tension decrease temperature at which coexisting liquidordered (Lo) and liquid disordered (Ld) phase appear in lipid vesicle. 45 We believe the apparition of microdomains is due to an increase of the line tension for lipid-polymer boundaries under membrane tension, as proposed by Akimov et al.

46 Microdomains are therefore formed to limit the boundary line energy. When suction pressure is released, the microdomains remain, attesting the metastable state of the nanodomains. 

Effect of lipid fluidity

In the studied POPC/copolymer mixtures, numerous differences have been observed between the different copolymers, explained by the modulation of hydrophobic length mismatch, line tension and bending rigidity of the membrane. With DPPC as lipid, the behaviours obtained looked similar: 5% of DPPC was enough to obtain stable lipid micron-sized domains in all studied mixtures. No budding phenomena were observed due to the solid character of the gel lipid phase. Interestingly, a lot of similarities with copolymer/POPC mixtures were observed for temperatures above the Tm of DPPC, with the exception of fission which was not observed, suggesting a slightly lower line tension at the lipid polymer boundaries compared to POPC.

Regarding the morphologies obtained at different cooling rates, some similarities were obtained with previous results of literature on PBut-b-PEO/DPPC mixtures observed at different cooling rates comparable to this study. Fast cooling favours the apparition of multiple small patchy domains 37 as it reduces the free energy barrier for nucleation. Another aspect to consider is the membrane tension that can be modulated via the cooling rate as explained previously by difference of thermal dilatation coefficients between water and membranes. 32 High membrane tension would favour stripe-like morphology of DPPC domains whereas low lateral tension would favour quasispherical patches. 32 Stripes were observed systematically for "natural" cooling evaluated at -2.9°C/min from 50°C to 35°C, for all copolymers excepted for 5K. Slightly slower or faster cooling gave rise to large flower-like domains, and small patchy domains were obtained at high cooling rate. In analogy with the work of Santore and col.
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, it suggests that membrane tension goes to higher values for the "natural" cooling process. During slower cooling, the membrane stress can relax as water can diffuse across the membrane, whereas higher cooling rate generates tension that can overcome membrane lysis tension leading to rupture and reseal process (transient pores) during which water escapes from the vesicle and relaxes tension. However the modulation of domain morphologies has not been observed for the thickest 5K copolymer. It is important to recall that line tension at the polymer /lipid boundary is higher for this system where the hydrophobic length mismatch is maximal. Moreover, membrane tension can lead to an increase of the line tension, as it will alter the deformation of the monolayer that occurs at the lipid poymer/interface to avoid hydrophobic exposure to water. 46 Therefore the formation of stripe morphology is unlikely as this would results in higher boundary line energies compared to patchy domains.

Conclusions

In this work; we reported a systematic study on GHUV formation using copolymers with same chemical nature based on PDMS as hydrophobic block and PEO as hydrophilic block, but with different architectures (grafted versus triblock) and molar masses. They were blended with phosphocholine lipids at either gel or fluid lipid phase at room temperature. By using a combination of classical confocal microscopy imaging with an advanced fluorescence microscopy technique (FLIM-FRET), we were able to probe membrane structure at both the microand nanoscale. In particular, we brought a direct spectroscopic evidence of the presence of nano-domains in GHUVs, which until now had only been suggested. 37 Globally, the study clearly shows the effect of the modulation of the line tension as well as bending rigidity of the polymer membrane on the GHUV morphology that could be obtained with a phospholipid in the fluid lipid phase at ambient temperature. The stabilization of fluid-state lipid micron-sized domains can occur in the membrane above a given threshold lipid fraction for copolymer presenting low molar mass and with a membrane thickness close to the bilayer of liposomes. Very interestingly, stable budded vesicles illustrating equilibrium between domain boundary energy and membrane curvature energy can be obtained, depending on the molar mass of the copolymer and on the lipid fraction. In addition, we showed that homogenous hybrid vesicles at the micron scale can only be observed below a given lipid fraction. This results from the budding and fission of lipid domains which occurs rapidly after electroformation for polymers and lipids with a high hydrophobic mismatch in the membrane. A fraction of the lipid remains in the polymer membrane, apparently as nanodomains which are probably highly stable. Below 10 weight % (for 1.5K and 3K/POPC mixtures) the lipid was homogenously dispersed in the polymer membrane. Interestingly, the molar mass effect of the copolymer on membrane structuration can also be detected with lipid in the gel state at room temperature (DPPC), although less variation was observed compared to formulations with lipid in the fluid phase (POPC).

If different morphologies can be obtained by modulation of the cooling rate and therefore induced membrane tension as interpreted by Chen and Santore, 32 it seems that a very high hydrophobic length mismatch drives the morphology towards patchy domains whatever the cooling process used. It is worth mentioning that the library of systems presented here will be used to quantify crucial parameters such as line tension at the lipid/polymer boundary and the bending rigidity through the help of micropipette aspiration techniques. The outlook of this study will be to extend the qualitative interpretation in literature by more quantitative measurements of these two parameters: line tension and bending rigidity of the respectively lipid-rich and polymer-rich domains. This will be particularly helpful to understand more precisely the origin of membrane structuration at different cooling speed and confirm the mechanism proposed or open discussion on other mechanisms suggested on multicomponent lipid vesicle like Ostwald's rule of stage.

Figure 1 .

 1 Figure 1. Synthesis scheme of PEG-b-PDMS-b-PEG triblock copolymer
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 1 ). The successful coupling of NH 2 -PDMS-NH 2 with PEO-NHS was verified by NMR through the disappearance of NHS group and the shift from δ = 2.6 ppm of proton near amine groups (H 2 NCH 2 CH 2 -) to δ = 3.1 ppm of proton near amide groups (RCONHCH 2 CH 2 -) after reaction as illustrated in FigureS1. All molecular characterization by 1 H
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 2 Figure 2. Overlay of maximum intensity 2D projection images taken for PDMS26-g-(PEO12)2-FITC (green channel) and DOPE-Rhod (red channel). From the left to the right: polymersome, liposome, mixed GHUV and demixed GHUV. Scale bar: 5 µm.

Figure 3 .

 3 Figure 3. The equatorial slices of 1.5K/POPC GHUVs labeled with PDMS26-g-(PEO12)2-FITC (green channel) and DOPE-Rhod (red channel) measured by confocal fluorescence microscopy at room temperature. Scale bar: 5 µm.

Figure 4 .

 4 Figure 4. The equatorial slices of hybrid 3K/POPC GUVs labelled with PDMS26-g-(PEO12)2-FITC (green channel) and DOPE-Rhod (red channel) measured by confocal fluorescence microscopy at room temperature. Scale bar:Scale bar:Scale bar:Scale bar: 5 µm

Figure 5 .

 5 Figure 5. Typical situation observed just after electroformation for different GHUVs of 3K/POPC at low POPC concentrations: budding and fission of small lipid domains occurred quickly over time (order: left to right). Sscale bar: 5 µm.

Figure 6 .

 6 Figure 6. Equatorial z-section FLIM images and their representative PDMS26-g-(PEO12)2-FITC fluorescence lifetime distribution histograms. Left: pure 1.5K GUVs labelled with PDMS26-g-(PEO12)2-FITC (FRET donor, 1.5% molar)) in both the presence and absence of Rhod-DOPE (FRET acceptor, 0.5% molar). Right: GHUVs prepared from 1.5K/POPC 85/15 (wt/wt) mixtures labelled with PDMS26-g-(PEO12)2-FITC (FRET donor, 1.5% molar)) in both the presence and absence of Rhod-DOPE (FRET acceptor, 0.5% molar).

Figure 7 .

 7 Figure 7. Equatorial z-section FLIM images and their representative PDMS26-g-(PEO12)2-FITC fluorescence lifetime distribution histograms. Left: pure 3K GUVs labelled with PDMS26-g-(PEO12)2-FITC (FRET donor, 1.5% molar)) in both the presence and absence of Rhod-DOPE (FRET acceptor, 0.5% molar). Right: GHUVs prepared from 3K/POPC 60/40 (wt/wt) mixtures labelled with PDMS26-g-(PEO12)2-FITC (FRET donor, 1.5% molar)) in both the presence and absence of Rhod-DOPE (FRET acceptor, 0.5% molar).

Figure 8 .

 8 Figure 8. FRET efficiency in GHVs of POPC with 1.5K (•); DOW (•) and 3K (•) measured by FRET-FLIM methodology

16 Figure 9 .

 169 Figure 9. Outlined apparent phase diagram for 1.5K/POPC binary system determined by confocal microscopy and FLIM measurements. Symbols represent characterized fractions and temperatures by confocal microscopy; shaded areas depict regions of the phase diagram with and without macroscopic phase separation, as well as the stability of the coexisting domains. The hatched area represents the region where nanodomains were detected at 20°C. : No macroscopic domains. Fraction of vesicles exhibiting phase separation lower than 50%  Fraction of vesicles exhibiting phase separation higher than 50%. Stable domain budding.: Fission of budded domains.

Figure 10 .

 10 Figure 10. Outlined apparent phase diagram for the 3K/POPC binary system determined by confocal microscopy and FLIM measurements. Symbols represent characterized fractions and temperatures by confocal microscopy; shaded areas depict regions of the phase diagram with and without macroscopic phase separation, as well as the stability of the coexisting domains. The hatched area represents the region where nanodomains were detected at 20°C. : No macroscopic domains .  Fraction of vesicles exhibiting phase separation lower than 50%  Fraction of vesicles exhibiting phase separation higher than 50%. Stable domain budding. : Fission of budded domains.

Figure 11 .

 11 Figure 11. The impact of cooling rate on DPPC gel-domain morphology within phase separated DPPC/triblock copolymer GHUVs. Scale bar: 5 µm.

Figure 12 .

 12 Figure 12. Reversible changes in phase separated GHVs of 1.5K/DPPC 80/20 during cooling and heating cycles. A: 20°C; b: heated up at50°C. c: back to 20°C. d: re-heated up at 50°C. Scale bar: 10µm

Figure 13

 13 Figure 13 Hybrid vesicle obtained from 3K/DPPC 50/50 mixture observed at different temperatures: Some fluid-DPPC domains appeared at 50°C and formed gel-DPPC domains upon cooling, which progressively excluded the Rhod-DOPE dye at 35°C and 20°C. The scale bar lengths are 5 µm.

Figure 14 :

 14 Figure 14: Appearance of a lipid microdomain (rich in Rhod-DOPE) under increased suction pressure for 3K/POPC (70/30 w/w%). No fluorescent labelled graft copolymer was included in these experiments. (left: applied tension 0.11mN/m, right: 0.22mN/m)

Table 1 .

 1 Molecular characteristics of amphiphilic copolymers using in this study., and corresponding membrane thickness d.*from15 
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