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Light-Gated Nano-Porous Capsules from Stereoisomer-Directed Self-Assemblies

ABSTRACT: Structuring pores into stable membrane and controlling their opening is extremely useful for applications that require nano-pores as channels for material exchange and transportation. In this work, nano-porous vesicles with aggregation-induced emission (AIE) properties were developed from the amphiphilic polymer PEG550-TPE-Chol, in which the hydrophobic part is composed of tetraphenylethene (TPE) group and a cholesterol moiety, and the hydrophilic block is a poly(ethylene glycol) (PEG, Mn = 550 Da). Two stereoisomers, trans-PEG550-TPE-Chol and cis-PEG550-TPE-Chol, were successfully synthesized. These thermally stable stereoisomers showed distinct self-assembly behavior in water: trans-PEG550-TPE-Chol formed classical vesicles, while cis-PEG550-TPE-Chol self-assembled into cylindrical micelles.

Interestingly, trans/cis mixtures of PEG550-TPE-Chol (trans/cis = 60/40), either naturally synthesized without isomers' separation during the synthesis or intentionally mixed using transand cis-isomers, constructed perforated vesicles with nano-pores. Moreover, under the illumination of high intensity UV light (365 nm, 15 mW/cm 2 ) the classical vesicles of trans-PEG550-TPE-Chol were perforated by its cis counterparts generated from the trans-cis photoisomerization, while the cylindrical micelles of cis-PEG550-TPE-Chol interweaved to form meshes and nano-porous membranes due to the trans-isomers produced by cis-trans photoisomerization. All these assemblies in water emitted bright cyan fluorescence under UV light, while their constituent molecules were not fluorescent when solubilized in organic solvent.

The AIE fluorescent normal vesicles and nano-porous vesicles may find potential applications in biotechnology as light-gated delivery vehicles and capsules with nano-channels for material exchange.
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Capsules with regularly spaced holes in the walls exist in Nature. For example, many virus capsids have such a structure, where protein units form a rigid frame with holes. [START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] In the biomimetic systems like ISCOM (immune-stimulating complexes) vaccines, cage-like structures exhibit also regular holes, but they are formed from small amphiphilic molecules including saponins, phospholipids and cholesterol. [START_REF] Myschik | On the Preparation, Microscopic Investigation and Application of ISCOMs[END_REF] Perforated vesicles (also called stomatosomes) made from small amphiphilic molecules were then clearly identified in two-amphiphiles mixtures, [START_REF] Edwards | Solubilization of Lecithin Vesicles by a Cationic Surfactant: Intermediate Structures in the Vesicle-Micelle Transition Observed by Cryo-Transmission Electron Microscopy[END_REF][START_REF] Almgren | Stomatosomes: Perforated Bilayer Structures[END_REF][START_REF] Ljusberg-Wahren | Micelles and Liquid Crystals in Aqueous Diglycerol Monodecanoate Systems[END_REF][START_REF] Van Dam | Direct Observation and Characterization of DMPC/DHPC Aggregates under Conditions Relevant for Biological Solution NMR[END_REF] such as in cetyltrimethylammonium chloride/egg phosphatidylcholines (C16TAC/EPC) in NaCl aqueous solution. All these two-amphiphiles systems have a common feature: the amphiphile 1 tends to form micelles, whereas the amphiphile 2 favors vesicle formation. The perforated vesicles are evidenced as intermediate structures in the transition from bilayer vesicles to cylindrical micelles with the increase of the ratio of amphiphile 1 over amphiphile 2. [START_REF] Almgren | Stomatosomes: Perforated Bilayer Structures[END_REF] Later, supramolecular capsules with nanopores were reported in dumbbell-shaped amphiphiles containing rod-core, [START_REF] Kim | Supramolecular Capsules with Gated Pores from an Amphiphilic Rod Assembly[END_REF] and in dendritic amphiphiles containing fluorinated-core. 8 In contrast to the multicomponent systems of small amphiphilic molecules, only one amphiphilic dendrimer is necessary to form porous membrane in these systems. The mechanism of their pore formation is more complicated and seems to be closely related to the membrane rigidity. [START_REF] Kim | Supramolecular Capsules with Gated Pores from an Amphiphilic Rod Assembly[END_REF]8 It was possible to change the pore size or pore opening/closing in supramolecular capsules by external stimuli like temperature variation. [START_REF] Kim | Supramolecular Capsules with Gated Pores from an Amphiphilic Rod Assembly[END_REF] Structuring pores into stable membrane of capsules and controlling their opening are extremely useful for applications that require nano-pores as channels for material exchange and transportation, such as organ-on-chip tissue engineering. 9, 10 However, the number of experimental and theoretical researches in perforated vesicles is still limited.

Here we report on the perforated vesicles with nanopores formed from a mixture of transand cis-stereoisomers of an amphiphilic polymer PEG550-TPE-Chol (M n = 1510 Da) with tetraphenylethene (TPE) as the stereocenter. The hydrophilic part of the polymer is poly(ethylene glycol) (PEG550, M n = 550 Da), and the hydrophobic part is composed of two rigid cores, the TPE and the cholesterol (Chol) moiety, and two aliphatic spacers serving as PEG-TPE and TPE-Chol connections (see Figure 1A andB). From the point of view of materials, capsules with higher molecular weight and rigid cores are more stable and robust than those made from small molecular amphiphiles. The cholesterol moiety is introduced because it is a biocompatible and bio-sourced lipophilic molecule very popular for the core-construction of self-assemblies. [START_REF] Piñol | Self-Assembly of PEG-B-Liquid Crystal Polymer: The Role of Smectic Order in the Formation of Nanofibers[END_REF][START_REF] Zhou | Polymers Comprising Cholesterol: Synthesis, Self-Assembly, and Applications[END_REF] The role of TPE is three-fold. Firstly, TPE core is a stilbene-type moiety which has structurally distinct and stable trans and cis stereoisomers (Figure 1A). [START_REF] Xie | Recent Advances in the Z/E Isomers of Tetraphenylethene Derivatives: Stereoselective Synthesis, AIE Mechanism, Photophysical Properties, and Application as Chemical Probes[END_REF][START_REF] Peng | Dramatic Differences in Aggregation-Induced Emission and Supramolecular Polymerizability of Tetraphenylethene-Based Stereoisomers[END_REF] These TPE-based isomers exhibit different properties and have been reported as chemical probes for ions and biospecimens. [START_REF] Xie | Recent Advances in the Z/E Isomers of Tetraphenylethene Derivatives: Stereoselective Synthesis, AIE Mechanism, Photophysical Properties, and Application as Chemical Probes[END_REF] However, the influence of trans and cis configuration of TPE molecules on their self-assembly behavior was seldomly investigated. [START_REF] Peng | Dramatic Differences in Aggregation-Induced Emission and Supramolecular Polymerizability of Tetraphenylethene-Based Stereoisomers[END_REF][START_REF] Peng | Visualizing the Initial Step of Self-Assembly and the Phase Transition by Stereogenic Amphiphiles with Aggregation-Induced Emission[END_REF] Thanks to the shape difference between the trans and cis isomers, their packing parameter is different and stereoisomer-directed self-assembly has been realized: normal vesicles for trans-PEG550-TPE-Chol (Figure 1C), cylindrical micelles for cis-PEG550-TPE-Chol (Figure 1D), and perforated vesicles for trans/cis mixture (Figure 1B).

Secondly, the stilbene-type TPE can undergo trans-cis photo-activated isomerization under UV illumination. [START_REF] Bunker | Quantitative Application of Principal Component Analysis and Self-Modeling Spectral Resolution to Product Analysis of Tetraphenylethylene Photochemical Reactions[END_REF] The photo-isomerization can make the self-assembly photo-responsive. Under UV illumination of high intensity (15 mW/cm 2 ), both normal vesicles and cylindrical micelles tend to transform into porous vesicles, and the design of smart nanostructures is possible. Finally, TPE is a typical aggregation-induced emission (AIE) fluorophore and highly emissive in aggregate states. [START_REF] Mei | Aggregation-Induced Emission: The Whole Is More Brilliant Than the Parts[END_REF][START_REF] Mei | Aggregation-Induced Emission: Together We Shine, United We Soar![END_REF] The self-assembled nanomaterials containing TPE exhibit tuneable brightness, high sensitivity and photostability. [START_REF] Li | Supramolecular Materials Based on AIE Luminogens (AIEgens): Construction and Applications[END_REF][START_REF] Yan | Fluorescent Nanoparticles Based on AIE Fluorogens for Bioimaging[END_REF][START_REF] Feng | Aggregation-Induced Emission (AIE) Dots: Emerging Theranostic Nanolights[END_REF] All PEG550-TPE-Chol self-assemblies in this work are highly fluorescent under normal intensity of UV for observation and imaging (typically < 0.5 mW/cm 2 ). In brief, the porous polymersomes reported here can provide a deeper insight in this intriguingly perforated membrane structure. This stilbene-type photo-sensitive system enrich the examples of photo-responsive vesicles and polymersomes, mostly based on azobenzene. [START_REF] Mabrouk | Bursting of Sensitive Polymersomes Induced by Curling[END_REF][START_REF] Del Barrio | Self-Assembly of Linear-Dendritic Diblock Copolymers: From Nanofibers to Polymersomes[END_REF][START_REF] Cui | Nonphospholipid Fluid Liposomes with Switchable Photocontrolled Release[END_REF][START_REF] Liu | Photocontrollable Intermittent Release of Doxorubicin Hydrochloride from Liposomes Embedded by Azobenzene-Contained Glycolipid[END_REF][START_REF] Li | Smart Azobenzene-Containing Tubular Polymersomes: Fabrication and Multiple Morphological Tuning[END_REF] The AIE fluorescence polymersomes and cylindrical polymer micelles may also be advantageous fluorescent systems to be explored in the future as bio-imaging tools. Chol. The method of thin-film hydration was used to perform the self-assembly.

RESULTS AND DISCUSSION

Synthesis and Characterization of PEG550-TPE-Chol and Their Stereoisomers

The synthesis of amphiphilic molecules PEG550-TPE-Chol was performed through the synthetic route as shown in Supplementary Scheme S1. Initially, Ti-catalyzed McMurry coupling reaction was employed to provide TPE-2OMe trans/cis mixture (Figure S1). Because transand cisisomers of TPE-2OMe have nearly identical retardation factor (R f ) on thin-layer chromatography (TLC), they cannot be separated easily by column chromatography. If no separation between transand cis-isomers was made during the whole synthetic procedure, the final product PEG550-TPE-Chol contained nearly the equivalent rate of transand cis-isomers (see Figure S3 for 1 H NMR spectrum, calculated ratio trans/cis = 60/40, calculation detail will be discussed below).

The transand cis-PEG550-TPE-Chol were then prepared with the separated intermediate derivatives trans-TPE-2COOMe and cis-TPE-2COOMe, respectively (Figure 2A and Scheme S2), where two big and polar substituents methyl 6-hexanoate replaced the methyl groups in TPE-2OMe. Indeed, the two isomers of TPE-2COOMe showed different R f , 0.52 and 0.44, respectively, on TLC using petroleum ether and ethyl acetate (10:1 volume ratio) as eluent solvents (Figure S10). They were successfully separated by careful column chromatography. The single crystal of the pure isomer with R f = 0.52 was acquired by slow evaporation of solvents. Its crystal structure was characterized by X-rays diffraction (see Figure S11 and Table S1). The results clearly show that the functionalized phenyl groups are located on the opposite sides of the central double bond. Unambiguously, the isomer collected firstly in column chromatographic experiment with R f =0.52 corresponded to the trans-TPE-2COOMe. The isomer collected later with R f =0.44 was cis-TPE-2COOMe. Both isomers are very stable and can be stored at room temperature. [START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] H NMR spectra (Figure 2A) show clearly the difference of chemical shifts between H a (H b ) for trans-isomer and H a ' (H b ') for cis-isomer at δ around 6.6 ppm (6.9 ppm). The transand cis-TPE-2COOMe were then used as starting materials to synthesize corresponding amphiphilic stereoisomers, respectively (see SI and Scheme S2), via hydrolysis reaction to get trans and cis-TPE-2COOH followed by a first esterification reaction with cholesterol and a second esterification with methoxy-poly(ethylene glycol) (mPEG550-OH). The structures of all the compounds were confirmed by 1 H NMR, [START_REF] Xie | Recent Advances in the Z/E Isomers of Tetraphenylethene Derivatives: Stereoselective Synthesis, AIE Mechanism, Photophysical Properties, and Application as Chemical Probes[END_REF] C NMR and high-resolution mass spectrometry (HRMS) (Figure S4-S9, Figure S12). Transand cisisomers were stable and maintained their geometry along the synthetic process from TPE-2COOMe to PEG550-TPE-Chol (see Figure S13 and S14). For the final amphiphilic stereoisomer trans-PEG550-TPE-Chol, the 1 H NMR analysis detected tiny cis-signals of Ha' next to the main trans-signals of H a (Figure S15 and Figure 2B).

Careful peak integration revealed that the trans-PEG550-TPE-Chol contained around 5% of cis isomer. The same result was also observed for the cis-PEG550-TPE-Chol (Figure S15 and Figure 2C), which contained about 5% of trans isomer. This small imperfection can be explained as follows. In order to obtain enough final compounds of transand cis-PEG550-TPE-Chol, TPE-2COOMe have been synthesized in great quantity. The large-scale separation of transand cis-TPE-2COOMe by manual column chromatography are not perfect because their R f values are too close (see Figure S10) and it is difficult to separate them completely. Nevertheless, we will show hereinafter this trace impurity will not influence the self-assembly behaviors of both transand cis-PEG550-TPE-Chol.

The molecular weight of transand cis-PEG550-TPE-Chol were then analyzed by size exclusion chromatography (SEC) (Figure S16). Their SEC peaks are well separated, and the elution time of trans-isomer is longer than that of its cis counterpart. This observation is completely coherent with the fact that the shapes of transand cis-PEG550-TPE-Chol are quite The possibility to activate the isomerization between two stereoisomers by heating and by UV illumination has been checked. Both isomers are rather thermally stable as shown by [START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] H NMR spectra in Figure S18 and Figure S19. Heating their solution in DMSO up to 70℃ for 30 min cannot induce trans-to-cis or cis-to-trans isomerization. When heating at 120℃ for 24h, only 12-14% of isomerization occurs. Under weak UV light (365 nm, < 0.5 mW/cm 2 ), both isomers in solution are also stable during normal observation time (in the order of minutes), as shown by [START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] H NMR spectra in Figure S20. Typically, the intensity of UV light (365 nm) for thin-layerchromatography (TLC) detection during the synthesis is ≤ 0.5 mW/cm 2 , and that in spectrofluorometer is 0.25 mW/cm 2 . After 2 min of illumination by UV light (365 nm) of 0.5 mW/cm 2 , no photoisomerization can be detected (Figure S20). In contrast, photo-isomerization of isomers in solution takes place readily when increasing the UV intensity to 15 mW/cm 2 as shown by [START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] H NMR spectra in Figure 2B and 2C. Trans and cis-PEG550-TPE-Chol exposed to UV light (365 nm) of 15 mW/cm 2 for 2 min undergo already 19% and 25% of isomerization, respectively. After 10 min of illumination, both trans-to-cis and cis-to-trans isomerization reach a stationary state with trans/cis ratio of 60/40. The trans-isomer is in a little excess compared to cis-isomer, because the trans-PEG550-TPE-Chol is more photo-stable than its cis counterpart and the cis-isomer has a faster isomerization rate than that of trans-isomer. No significant photocyclization was observed for both cis and trans-PEG550-TPE-Chol after 10 min of illumination (nearly no 1 H NMR signals at 6.7 -6.8 ppm). [START_REF] Bunker | Quantitative Application of Principal Component Analysis and Self-Modeling Spectral Resolution to Product Analysis of Tetraphenylethylene Photochemical Reactions[END_REF][START_REF] Zhu | Aggregation -Induced Emission and Aggregation -Promoted Photo -Oxidation in Thiophene -Substituted Tetraphenylethylene Derivative[END_REF] Self-Assembly of Trans-and Cis-PEG550-TPE-Chol and Their Mixtures: Vesicles,

Perforated Vesicles and Cylindrical Micelles

Considering the molecular weight (M n = 1510 Da) of PEG550-TPE-Chol, which is higher than traditional small amphiphilic molecules like lipids EPC, we prepared the vesicles using thin-film hydration method at high temperature (T = 65 °C) to accelerate the sample hydration and polymer self-organization. Typically, the chloroform solution of PEG550-TPE-Chol or their stereoisomer (0.5 wt%) was uniformly deposited on the surface of a roughened Teflon plate, followed by drying in vacuum to remove all solvent and to get a thin polymer film. Then the thin film sample was hydrated with deionized water at 65 °C for 48 h in a sealed bottle. In order to check if there were any trans-cis isomerization of amphiphiles during the self-assembling process, the obtained self-assemblies of transand cis-PEG550-TPE-Chol were recovered, respectively, by freeze-drying, and then dissolved in deuterated DMSO and analyzed by [START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] are also visible (Figure 1D and Figure S24). The formation of Y-junctions in the cylindrical micelles have already reported in diblock copolymers poly(1,2-butadiene-bethylene oxide) (PB-PEO) in water. [START_REF] Jain | On the Origins of Morphological Complexity in Block Copolymer Surfactants[END_REF] Note that the trace amount of cis-isomer (5%) in the trans-PEG550-TPE-Chol did not influence the formation of vesicles which represent the absolute majority of the morphologies. Meanwhile, cis-PEG550-TPE-Chol formed only cylindrical micelles with a few of Y-junctions despite the presence of 5% trans-isomer according to the collected cryo-EM images. The membrane thickness of vesicles and the diameter of cylindrical micelles were evaluated from the FWHM (Full Width at Half Maximum) of the electronic density profile perpendicular to the membrane through statistical analysis of about 30 different vesicles in the cryo-EM images. The thickness of vesicle membrane for trans-PEG550-TPE-Chol was measured as 7.5 ± 0.5 nm, the diameter of cylindrical micelles for cis-PEG550-TPE-Chol as 6.5 ± 0.5 nm and the thickness of the membrane of perforated vesicles for PEG550-TPE-Chol as 7.3 ± 0.5 nm.

When the stereo-structure changes from transto cis-type, the morphological transition of selfassemblies from vesicles to cylindrical micelles should be driven by the minimization of the interfacial energy. Following qualitatively the theory of Israelachvili et al., [START_REF] Antonietti | Vesicles and Liposomes: A Self-Assembly Principle Beyond Lipids[END_REF][START_REF] Israelachvili | Theory of Self-Assembly of Hydrocarbon Amphiphiles into Micelles and Bilayers[END_REF] the packing parameter p = v/al of trans-PEG550-TPE-Chol in aqueous solution should be around 1 for vesicle formation, while the p value of cis-PEG550-TPE-Chol should be smaller and approach 1/2 for cylindrical micelle formation (where v is the hydrophobic volume, a the optimal interfacial area, and l the length of the hydrophobic block normal to the interface). Here, the chemical structures are the same for both isomers, so their steric shapes dictate their packing parameter in the self-assemblies. Photo-switchable transition between vesicles and cylindrical micelles caused by trans-cis isomerization of azobenzene has also been reported. [START_REF] Oh | A Simple Route to Fluids with Photo-Switchable Viscosities Based on a Reversible Transition between Vesicles and Wormlike Micelles[END_REF] A schematic representation of the self-assemblies of transand cis-PEG550-TPE-Chol and their molecular packing is given in Figure 3A and 3B. The plausible molecular models of the hydrophobic part for transand cis-PEG-TPE-Chol in the bilayer membranes and cylindrical micelles are illustrated in Figure S26, with the lengths of l trans = 4.54 nm and l cis = 4.05 nm. The thickness of vesicle membrane (e = 7.5 nm) is between l trans (4.54 nm) and 2l trans (9.08 nm), the diameter of cylindrical micelles (d c = 6.5 nm) is also between l cis (4.05) and 2l cis (8.10 nm). Therefore, both transand cis-PEG-TPE-Chol in the bilayer membrane and in the cylindrical micelles should be packed in the interdigitated way as shown in Figure 3A and 3B. Cholesterol is a versatile building block which supports the formation of bilayer membranes, [START_REF] Echegoyen | The First Evidence for Aggregation Behavior in a Lipophilic [2.2. 2]-Cryptand and in 18-Membered Ring Steroidal Lariat Ethers[END_REF] and fibril structures [START_REF] Murata | Thermal and Light Control of the Sol-Gel Phase Transition in Cholesterol-Based Organic Gels. Novel Helical Aggregation Modes as Detected by Circular Dichroism and Electron Microscopic Observation[END_REF][START_REF] Jung | Nanometer-Level Sol-Gel Transcription of Cholesterol Assemblies into Monodisperse Inner Helical Hollows of the Silica[END_REF] due to its molecular rigidity, self-assembling nature, asymmetric carbons, etc. For the cylindrical micelles formed by cis-PEG-TPE-Chol, along the cylindrical axis the cholesterol moieties turn around this axis to form the cylindrical micelles, whose cross-section is round as shown in Figure S24. Interestingly the PEG550-TPE-Chol forms perforated membranes and vesicles (see Figure 1B and Figure S22), similarly to the mixture of small molecular amphiphiles, e.g., C16TAC and EPC. [START_REF] Edwards | Solubilization of Lecithin Vesicles by a Cationic Surfactant: Intermediate Structures in the Vesicle-Micelle Transition Observed by Cryo-Transmission Electron Microscopy[END_REF] The innovation here is the PEG550-TPE-Chol is a stereoisomers-mixture synthesized as one compound, simply and inherently without the tedious separation of intermediates transand cis-isomers during the synthetic procedure. Further, we prepared artificially the mixtures of both stereoisomers to get trans/cis ratio of 60/40, the same as inherently synthesized PEG550-TPE-Chol, and then performed the self-assembling by film hydration in the identical conditions.

Figure 4 shows the representative morphologies of its self-assemblies observed by cryo-EM, which are the same as those obtained with inherently synthesized PEG550-TPE-Chol (Figure 1B). The scenario of porous membrane formation can be explained as follows. Micelle-forming cisisomers in a bilayer membrane try to impose a positive curvature on the constituent monolayers (leaflets). The monolayers may remain united to a flat bilayer only up to a critical concentration of the micelle-forming cis-isomers. Above this critical point, edges may form, which would contain predominately the micelle-forming cis-isomers and assemble into hemicylindrical structures with a negative curvature (the holes). With trans/cis ratio of 60/40, the hole part and strand part have similar proportion in the mesh-like membrane. Table 1 summarizes the measured values for bilayer membrane thickness (e), cylindrical micelle diameters (d c ), pore diameter (d h ) and the minimal wall thickness (e w ) between two pores (see Figure 4 for the definition). We found e w ≥ d c , which means the narrowest place of the wall is almost composed of the cross-section of two face-to-face hemicylinders. Since both transand cisisomers can undergo trans-to-cis and cis-to-trans isomerization under UV illumination, we have also studied the morphological transformation of their selfassemblies under UV light of higher intensity. Typically, the aqueous dispersions of selfassemblies of transand cis-PEG550-TPE-Chol were exposed to UV light (365 nm, 15 mW/cm 2 ) for 30 min, respectively. One part of the irradiated sample was investigated by cryo-EM, and the rest was first freeze-dried and then solubilized in CDCl 3 for analysis by [START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] H NMR. [START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] H NMR spectra (Figure S27) show that after UV illumination, the trans/cis ratios in both samples become 60/40, in agreement with the results obtained in solution samples exposed to UV light (Figure 2B and 2C). It is also notable that photocyclization of TPE moiety begin to occur as a trace of new peak emerged at 6.7 -6.8 ppm for both cis and trans-PEG550-TPE-Chol after 30 min illumination (Figure S27). Cryo-EM images of both UV treated samples are shown in Figure 5C and 5D as well as in Figure S28 
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 1 Figure 1. (A) Chemical structures of the two stereoisomers trans-PEG550-TPE-Chol and cis-

  different, even though their molecular weight are the same (M n = 1510 Da). Because of the presence of TPE moieties, both transand cis-PEG550-TPE-Chol exhibit aggregation-induced emission under UV light around 365 nm. As shown in Figure S17, they are not fluorescent when they are solubilized in solution of acetone, but highly fluorescent in aggregated states formed from acetone/water mixture.

Figure 2 .

 2 Figure 2. (A) Chemical structure of trans-TPE-2COOMe and cis-TPE-2COOMe and the partial 1 H NMR spectra of the trans-TPE-2COOMe, cis-TPE-2COOMe and (trans/cis)-TPE-2COOMe mixture (400 MHz, CDCl 3 ). (B) Chemical structure of trans-PEG550-TPE-Chol, and partial 1 H NMR spectra of trans-PEG550-TPE-Chol in CDCl 3 after UV irradiation (365 nm, 15 mW/cm 2 )

  Figure S22-24). The statistical sizes distributions of vesicles measured by DLS are shown in

Figure 3 .

 3 Figure 3. The morphologies models of polymersomes (A) and cylindrical micelles (B) formed

Figure 4 .

 4 Figure 4. (A, B) Cryo-EM images of self-assemblies obtained from transand cis-PEG550-TPE-

  -Responsive Properties of Vesicles, Perforated Vesicles, and Cylindrical Micelles All self-assemblies of both transand cis-PEG550-TPE-Chol, as well as of their mixtures are fluorescent under UV light because of TPE moieties. Once the TPE self-assembled in hydrophobic domain of nanostructures, the physical constraints and space limitations enable to restrict the intramolecular rotation of phenyl groups around the singles bonds in TPE. Under UV illumination, the non-radiation decay of excited TPE is locked and the radiative decay channel turns on, consequently nanostructures become efficiently emissive. Their UV-visible absorption spectra and fluorescence spectra are shown in Figure 5. The quantum yields are 0.12 and 0.15 for transand cis-PEG550-TPE-Chol assemblies, respectively.

  photoisomerization, while cylindrical micelles of cis-PEG550-TPE-Chol under UV interweaved

Figure 5 .

 5 Figure 5. (A) The UV-visible absorption spectra of trans assemblies (black line), cis assemblies

Figure 6 . 4 -

 64 Figure 6. Epifluorescence optical microscopic images of giant vesicles of PEG550-TPE-Chol

Table 1 .

 1 Size characterization of different morphologies of trans-/cis isomers and mixtures by cryo-EM.

  times with DCM. The organic phase was dried over anhydrous MgSO 4 and then concentrated to give compound TPE-2COOH (1.32 g, 91% yield) with flash chromatography. Trans-TPE-2COOH:[START_REF]H NMR and 13 C NMR spectra of all compounds. SEC spectra of the synthesized transand cis-PEG550-TPE-Chol. The crystal data and structure of trans-TPE-REFERENCES (1)[END_REF] H NMR (CDCl 3 , 400 MHz): δ= 7.12-7.03 (m,10H, ArH), 6.89 (d, J = 8.5 Hz, 4H, ArH), 6.59 (d, J = 8.4 Hz, 4H, ArH), 3.87 (t, 4H, J= 6.3 Hz, ArOCH 2 CH 2 ), 2.38 (t, J= 7.4 Hz, 4H, CH 2 COOH), 1.79-1.66 (m, 8H, CH 2 CH 2 CH 2 ), 1.54-1.46 (m, 4H, CH 2 CH 2 CH 2 ). 13 C NMR (CDCl 3 , 100 MHz): δ= 179.3, 157.5, 144.5, 139.8, 136.4, 132.7, 131.5, 127.8, 126.3, 113.7, 67.5, 34.0, 29.1, 25.8, 24.6. HRMS (ESI) calcd. for ([M-H] -): C 38 H 39 O 6 591.27521; Found: 591.27569. Cis-TPE-2COOH: 1 H NMR (CDCl 3 , 400 MHz): δ= 7.08-7.01 (m,10H, ArH), 6.91 (d, J = 8.1 Hz, 4H, ArH), 6.64 (d, J = 8.3 Hz, 4H, ArH), 3.89 (t, 4H, J= 6.1 Hz, ArOCH 2 CH 2 ), 2.40 (t, J= 7.1 Hz, 4H, CH 2 COOH), 1.80-1.69 (m, 8H, -CH 2 CH 2 CH 2 ), 1.54-1.50 (m, 4H, CH 2 CH 2 CH 2 ). 13 C NMR (CDCl 3 , 100 MHz): δ= 180.3, 157.6, 144.3, 139.9, 136.5, 132.6, 131.6, 127.7, 126.3, 113.8, 67.6, 34.1, 29.0, 25.7, 24.6. TPE-2COOH (or its transor cis-isomer) (2.50 g, 4.2 mmol), cholesterol (1.63 g, 4.2 mmol), EDCI (0.89 g, 4.6 mmol), DMAP (0.52 g, 4.2 mmol) and driedCH 2 Cl 2 (100 mL) were introduced into a two-necked flask. The mixture was stirred overnight at room temperature. The organic layer was washed with saturated brine solution three times. The combined organic phase was dried over anhydrous Na 2 SO 4 . The filtrate was concentrated and purified on a silica gel column with an eluent of petroleum ether and ethyl acetate (10:1, v/v) to give white solid compound TPE-Chol-COOH (2.21 g, 54 % yield). Trans-TPE-Chol-COOH: 1 H NMR (CDCl 3 , 400 MHz): δ= 7.11-7.00 (m,10H, ArH), 6.89 (d, J = 8.0 Hz, 4H, ArH), 6.59 (d, J = 8.0 Hz, 4H, ArH), 5.37 (d, J = 4.0 Hz, 1H, C=CH), 4.65-4.57 (m, 4H, OCH), 2.40-2.30 (m, 6H,CH 2 ), 2.02-0.85 (m, 51H, CH, CH 2 , CH 3 ), 0.68 (s, 3H, CH 3 ).[START_REF] Xie | Recent Advances in the Z/E Isomers of Tetraphenylethene Derivatives: Stereoselective Synthesis, AIE Mechanism, Photophysical Properties, and Application as Chemical Probes[END_REF] C NMR (CDCl 3 , 100 MHz): δ=178.6, 173.1, 157.4, 157.4, 144.3, 139.7, 139.6, 139.6, 136.3, 136.3, 132.5, 131.4, 127.6, 

Synthesis of TPE-Chol-COOH.

ACKNOWLEDGMENT

This work was financially supported by the French National Research Agency (ANR-16-CE29-0028). Y. Fan gratefully acknowledges the China Scholarship Council for funding her PhD scholarship. We thank B. Z. Tang from Hong Kong University of Science & Technology and X. Xing from Shanghai Jiao Tong University for fruitful discussions, and P. Keller from

Instruments and characterizations

1 H NMR and [START_REF] Xie | Recent Advances in the Z/E Isomers of Tetraphenylethene Derivatives: Stereoselective Synthesis, AIE Mechanism, Photophysical Properties, and Application as Chemical Probes[END_REF] C NMR spectra were recorded on Bruker AV 400 and Bruker AV 500 spectrometers. Chemical shifts δ are given in ppm and referenced to tetramethylsilane (TMS) in CDCl 3 (0 ppm). UV spectra were measured on a Milton Ray Spectronic 3000 Array spectrophotometer. Photoluminescence (PL) spectra were recorded on a Horiba FluoroMax Spectrofluorometers. Hydrodynamic diameters of self-assemblies and their distributions in pure water were measured at 25 °C by dynamic light scattering (DLS, Malvern zetasizer 3000HS, UK) with a 633 nm laser. A 90° scattering angle was used for all measurements. Self-assembled morphologies were observed by cryo-electron microscopy (cryo-EM). Cryo-EM images were acquired on a JEOL 2200FS energy-filtered (20 eV slit) field emission gun electron microscope operating at 200 kV using a Gatan US1000 camera. For the sample preparation, a total of 5 μL of samples were deposited onto a 200-mesh holey copper grid (Ted Pella Inc., U.S.A.) and flashfrozen in liquid ethane cooled down at liquid nitrogen temperature using a Leica EM-CPC system. Giant polymersomes were observed by epifluorescence microscopy using a Leica DMR upright microscope equipped with a Retiga Exi CCD camera (Teledyne Technologies) and LED Lamp (=365 nm). Images were acquired with Image-Pro Plus (Media Cybernetics) and processed/analyzed using ImageJ. Samples (10 µL) were deposited between a glass slide and cover slip with spacers. The observations were performed with a 100x objective lens (N.A. 1.3). 
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