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Stimuli-responsive polymersomes have received substantial attention recently because of their potential applications in the fields of drug delivery systems and nanoreactors. [1] Among various stimuli, carbon dioxide (CO 2 ) is a very interesting one because it is a non-toxic, benign, inexpensive and abundant gas with good biocompatibility and cell membrane permeability. [2] CO 2 is produced by all aerobic organisms when they metabolize carbohydrates and lipids to produce energy by respiration. Additionally, CO 2 metabolic disorder is related to certain metabolic diseases. [3] Several CO 2 -responsive polymersomes have been developed. [4] For example, Yuan and coworkers have first reported CO 2 /Ar-triggered reversible expansion/contraction of polymersomes made of amidine-containing poly(ethylene oxide)-b-poly((N-amidino)dodecyl acrylamide) (PEO-b-PAD). [4a] The vesicle expansion was explained to be the result of the partial protonation of amidine groups of PAD block upon CO 2 bubbling. The recovery of the original chemical structure and the consequent shrinkage of polymersomes were achieved by bubbling inert gases like argon (Ar) or nitrogen (N 2 ) to purge CO 2 from the system. Further, Yan and Zhao reported CO 2controlled deformations of self-assemblies made of triblock copolymers poly(ethylene oxide)-b-polystyrene-b-poly(2-(diethylamino)ethyl methacrylate) (PEO-b-PS-b-PDEAEMA), [4e] Scheme 1. self-assemblies. [4e] In PEO-b-PAD-b-PS system, [4f] CO 2regulated successive deformation from microscopic tubules breathing into submicroscopic vesicles and nano-micelles was described. Later, Feng's group [4h] has compared the CO 2responsive properties between triblock PEO-b-PDEAEMA-b-PS and diblock PEO-b-P(DEAEMA-r-S) where the hydrophobic block P(DEAEMA-r-S) is synthesized by simultaneous addition of both monomers DEAEMA and styrene. They showed in PEOb-P(DEAEMA-r-S) system a direct vesicle to micelle transformation seemed to take place upon CO 2 bubbling.

In this paper we adopted the diblock strategy for the design of CO 2 -responsive hydrophobic block. We synthesized amphiphilic block copolymer PEG-b-P(DEAEMA-co-TPEMA) in which the hydrophobic block was a copolymer made of DEAEMA and tetraphenylethene functionalized methacrylate (TPEMA) with unspecified sequence arrangement (probably random because of the monomer similarity between DEAEMA and TPEMA) (Scheme 1). We studied very carefully, using several techniques especially cryo-electron microscopy (cryo-EM), the vesicle formation by nanoprecipitation with the presence of a nonselective co-solvent (THF or dioxane) and the morphological transformation of the vesicles upon CO 2 /Ar stimulation. A reversible CO 2 /Ar-driven vesicle-micelle transition was clearly identified. We discussed the mechanism of formation and transformation of vesicles toward dynamic self-assembly. The dynamics of self-assembly was achieved by the reduction of the interfacial tension between the hydrophobic block and aqueous solution, which was realized either by adding nonselective cosolvent or by introducing hydrophilic units in the hydrophobic block along with protonation of DEAEMA upon CO 2 bubbling. From the point of view of application, the vesicle-to-micelle transformation is very interesting because it can result in the total release of hydrophilic molecules encapsulated inside the aqueous compartment of vesicles. This stimuli-driven release can allow for delivery with spatiotemporal control. From the point of view of fundamental research, the reversible vesicle-micelle transition contributes to the understanding of the mechanism in the nearly dynamic self-assemblies.

Another novelty of this paper is TPEMA was used instead of styrene because it presents both hydrophobic feature and fluorescence property with aggregation-induced emission (AIE). Since the serendipitous discovery of AIE phenomenon in 2001 by Tang and coworkers, [5] research in AIE materials has attracted really substantial interests of scientists from various fields. [6] AIE molecules are non-emissive in solution, but highly fluorescent when they are aggregated. The restriction of intramolecular motions (e.g., intramolecular rotation) of AIE molecules in aggregation state is one of the causes of the fluorescence. Nevertheless, there are only a limited number of reports on polymersomes with AIE properties (AIE polymersomes). [7] AIE polymersomes could be good candidates for cell/tissue imaging and in vivo study of drug distribution and delivery with the advantage of higher contrast and higher photophysical stability compared to polymersomes conjugated or loaded with conventional organic dye showing aggregationcaused quenching (ACQ). Recently, our group has reported AIE polymersomes made of TPE-substituted biodegradable poly(trimethylene carbonate). [7a] However, these AIE polymersomes are not stimuli-responsive. The new polymersomes reported in this paper exhibit both CO 2responsive and AIE fluorescent properties (Scheme 1).

Firstly, CO 2 responsive amphiphilic block copolymer PEG-b-P(DEAEMA-co-TPEMA) was synthesized by reversible additionfragmentation chain transfer (RAFT) polymerization. We designed and synthesized TPEMA monomer, which performed the one-pot RAFT polymerization with DEAEMA using a macrochain transfer agent, mPEG 45 -CTA, made of poly(ethylene glycol) monomethyl ether (mPEG 45 , M n = 2000 Da), and a traditional initiator, 2,2'-azobis(isobutyronitrile) (AIBN) (Scheme 1a). The detailed synthesis and characterization of TPEMA, mPEG-CTA and PEG-b-P(DEAEMA-co-TPEMA) are summarized in the supporting information (Figure S1-S10). Using different feeding ratios of mPEG-CTA/TPEMA/DEAEMA, we have prepared four amphiphilic block copolymers PEG-b-P(DEAEMA-co-TPEMA) with different contents of DEAEMA and TPEMA and mPEG 45 -CTA. The detailed information about their composition, molecular weights, molecular weight distributions and hydrophilic ratios are listed in Table 1.

The PEG-b-P(DEAEMA-co-TPEMA) block copolymers have on average 6 units of TPE groups pendant on the side chains. Their AIE properties are firstly studied before the self-assembly. With PEG 45 -b-P(DEAEMA 13 -co-TPEMA 6 ) as an example, we found it exhibited obvious AIE property (Figure S11). Then, the self-assembly of block copolymers was performed using the nanoprecipitation method in THF/water or dioxane/water mixtures followed by extensive dialysis against pure water to remove the organic solvents. We studied the effect of the initial co-solvent (THF or dioxane) on their self-assembly behaviors. The final self-assemblies dispersed in pure water were characterized by cryo-EM and dynamic light scattering (DLS).

Table 1. Synthesis of CO 2 responsive amphiphilic PEG-b-P(DEAEMA-co-TPEMA) block copolymers.

Sample [a] [mPEG-CTA]/

[TPEMA] /

[DEAEMA]/[AIBN] yield M n [b]
PDI [c] f PEG,wt% M n was calculated by 1 H NMR; [c] PDI was obtained by SEC with THF as eluent and PS as calibration.

Figure 1, Figure S12 and Figure S13 show the obtained PEGb-P(DEAEMA-co-TPEMA) self-assembled into polymersomes either in the THF/water system or in the dioxane/water system.

We take PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) (f PEG,wt% = 17%) as the example. Cryo-EM images (Figure 1a,c) show clearly the vesicular structures of the self-assemblies, where larger polymersomes were observed in dioxane/water system than those in THF/water system. These observations were also confirmed by the hydrodynamic diameters (D h ) of polymersomes measured by DLS. In THF/water system the average D h was 421 nm (Figure 1b), while in dioxane/water system D h was 1009 nm (Figure 1d). The possible reason for the size difference might be that P(DEAEMA-co-TPEMA) is more miscible with THF than with dioxane. During the self-assembling, the formed polymer membranes may contain more quantity of solvent (THF) in the THF/water system, while they may contain less solvent (dioxane) in the dioxane/water system. Consequently, in THF/water system better flexibility and lower bending modulus may be exhibited by the membranes and smaller polymersomes are formed. [8] Figure 1. Cryo-EM images and DLS characterizations of the self-assemblies formed by PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) in THF/water system (a, b) and in dioxane/water system (c, d).

However, the membrane thickness was similar for polymersomes formed in both systems and finally dispersed in pure water after the removal of organic solvent. The average membrane thickness of the hydrophobic part was determined to be 14.7 ± 0.8 nm by statistical analysis of 30 different vesicles from the cryo-EM images. On the other hand, the contour length of the hydrophobic part P(DEAEMA 36 -co-TPEMA 6 ) was about 12.7 nm (calculated by Chem3D software). We noted that the membrane thickness was much lower than the sum of the lengths of two stretched chains (25.4 nm) as in the perfect tailto-tail bilayer. Therefore, the conformation of the hydrophobic chain P(DEAEMA 36 -co-TPEMA 6 ) should be coil-like in the membrane and the membrane has a unilamellar bilayer structure where the chain entanglement would be possible between two leaflets. The final polymersomes show bright fluorescence as shown in Scheme 1b. The schematic representation of the chain organization of copolymers in the vesicle membrane is shown in Scheme 1c.

The other three copolymers in Table 1 with different lengths of P(DEAEMA m -co-TPEMA n ) and different ratios of DEAEMA m /TPEMA n formed also polymersomes with AIE fluorescence, using either THF/water or dioxane/water as solvent couple during self-assembling (Figure S12 andS13). This is not surprising because the weight ratios of hydrophilic/total copolymer (17% to 30%) are in the appropriate range of polymersome formation. [8] In addition, the quantum yield of the polymersome dispersions of all four PEG-b-P(DEAEMA-co-TPEMA) copolymers were measured using the method described in the literature (See SI), the quantum yield being 6% for all samples. We further studied the response of the polymersomes to CO 2 by characterizing the variation of conductivity and pH of their aqueous dispersion upon alternative bubbling of CO 2 and Ar. Taking again the PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) polymersomes as the example (obtained with dioxane/water as solvent couple), the conductivity (κ) of their aqueous solution increased abruptly from 5.3 to 50.4 μSꞏcm -1 during the first 6 min of CO 2 bubbling (20 mL/min) (Figure 2). The κ value finally stabilized at around 50.7 μSꞏcm -1 , which indicated the production of ions, especially bicarbonate ions and protons, in the solution and their stabilization after 6 min of CO 2 bubbling. Meanwhile, the solution pH value decreased from 7.9 to 4.7, suggesting the protonation of the tertiary amine moieties on the DEAEMA 36 segments. Additionally, the transmittance of the solution increased gradually during CO 2 bubbling and finally reached 97% (Figure 3), which indicated that morphological transformation should take place and polymersomes were possibly transformed to small nanoparticles or disassembled to free polymers because of the hydrophobic-hydrophilic transition of DEAEMA 36 segments in the hydrophobic block (Figure 4a). However, the solutions observed under UV light ( = 365 nm) show fluorescence in both cases, in the turbid polymersome dispersion and in the transparent solution after CO 2 bubbling (Figure 3). We deduced that small nanoparticles (micelles) with fluorescent hydrophobic cores should be obtained, which looked transparent because of their small size (smaller than the light wavelengths). This was further confirmed by cryo-EM and DLS as shown in Figure 4c and Figure S15, where the average diameters of micelle cores were measured as 12 nm by cryo-EM and the mean hydrodynamic diameter of micelles was 17 nm by DLS. The fluorescence measured by spectrofluorometer before and after CO 2 bubbling showed the fluorescence intensity in micelles was around 30% lower than that in polymersomes (peak value), but there was no change in the emission wavelengths (Figure S15c). This observation suggested that TPE moieties in the vesicle membranes and in the micelle cores were in the same condensed state. [9] However, due to the hydrophobic-hydrophilic transition of DEAEMA 36 segments after CO 2 treatment, TPE moieties in the micelle cores might have higher freedom of intramolecular rotation and consequently show more non-radiative decay upon UV illumination ( ex = 360 nm), which explained the decrease of fluorescence intensity. After bubbling CO 2 for 20 min, the aqueous solution was treated with Ar (20 mL/min). The conductivity of the solution decreased and the pH increased gradually as shown in Figure 2 (blue line). After bubbling Ar for 40 min and longer, the conductivity and pH of the solution stabilized and returned nearly to the original value (but not completely). CO 2 was removed gradually during Ar bubbling that led to the deprotonation of the protonated DEAEMA 36 segments and their reverse transformation from hydrophilic to hydrophobic (Figure 4a). We supposed that vesicles would be reformed if the self-assembling could occur dynamically, since the amphiphilic block copolymer recovered nearly its original structure. This was actually proven by the cryo-EM observation as shown in Figure 4d. (d). (e) Schematic illustration of the transformation from polymer vesicles to micelles during CO 2 treatment, and of the return to vesicles that co-exist with a few intermediate morphologies during Ar treatment. The vesicles shown in (d) had so bigger sizes that they were observable only in part (see also Figure S16).

As far as we are aware, this is the first example of CO 2 -driven reversible polymersomes-micelles transition. We discuss now the details of the morphological changes and the mechanism behind. We note that despite the similarity between amphiphilic block copolymers and low molecular weight surfactants, amphiphilic block copolymers cannot form micelles or vesicles in thermodynamic equilibrium as their low-molecular-weight counterparts do. Most amphiphilic diblock copolymers form "frozen" aggregates in aqueous solution, i.e., out-of-equilibrium structures unable to exchange free polymer chains ("unimers") within the experimental time scale. As a matter of fact, most amphiphilic block copolymers are difficult to disperse in aqueous medium by themselves. The block copolymer PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) studied here is the case.

It was found that the key to controlling the dynamics of selfassembly of amphiphilic block copolymers in a selective solvent (here water) is the interfacial tension of core-forming block with the solvent. [10a] Since most amphiphilic diblock copolymers exhibit high interfacial tension, various strategies were used to reduce it and to facilitate the self-assembling of copolymers. Addition of a nonselective co-solvent to the aqueous solution is one of the strategies to reduce the interfacial tension between the hydrophobic block and aqueous solution and thus to promote unimer exchange. [10a,11] Another strategy is acting on the chemical structure of the amphiphilic block copolymer by introducing some hydrophilic units in the hydrophobic block to reduce the interfacial tension, thus promoting unimer exchange. The block copolymers P(S-co-AA)-b-PAA [10b,c,d] and P(nBA-stat-AA)-b-PAA [10e] are two examples. Here, during the self-assembly of PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) and their CO 2 /Ar-driven shape transformation, we have implemented effectively both strategies. PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) was first selfassembled into vesicles in a dynamic way using THF or dioxane as the co-solvent in the nanoprecipitation process. The final vesicles dispersed in water after dialysis were, however, frozen. Then, bubbling CO 2 into the polymersome dispersion in water induced the protonation of the amine groups in DEAEMA 36 , which is equivalent to the introduction of some hydrophilic units in the hydrophobic block. Consequently, the interfacial tension decreased again, the aggregates "de-froze", and the polymer self-assemblies started to re-organize dynamically. After the hydrophobic-hydrophilic transition of DEAEMA 36 , the coreforming block became smaller because its main composition was TPE-containing segments TPEMA 6 and the amphiphilic block copolymer initially ready for vesicle formation tended then to form micelles with higher interfacial curvature. This was actually observed by cryo-EM as shown in Figure 4c. It is accepted in general that for flexible and amorphous copolymers when the hydrophilic/hydrophobic weight ratio changes from low value (e.g. 30/70) to high value (e.g. 45/55), the shape of selfassembly changes from vesicles to spherical micelles. [12] Very interestingly this process was reversible here. Upon the subsequent Ar bubbling, an inverse hydrophilic-hydrophobic transition of protonated DEAEMA 36 took place and the coreforming block became bigger again because its composition included both TPEMA 6 and DEAEMA 36 . The amphiphilic block copolymer was again ready for vesicle formation. Upon the increase of the degree of DEAEMA 36 deprotonation during Ar bubbling process, the hydrophilic/hydrophobic ratio decreased gradually. Therefore, the dynamic re-organization included a series of transformations: from spherical micelles to cylindrical micelles, from cylindrical micelles to bilayer sheets and from bilayer sheets to vesicles. If the whole process kept dynamic, we would eventually find only polymer vesicles. But, giant and small vesicles together with a few intermediate morphologies like sheets and spherical and cylindrical micelles were observed after 40 min of Ar bubbling where the conductivity and the pH value of the solution reached steady level (Figure 4d and Figure S16). This can be explained as follows. Upon Ar bubbling, the deprotonation advanced with time and the interfacial tension between hydrophobic block and the solvent increased gradually. Consequently, the system became less and less dynamic and intermediates shapes were "frozen". The presence of a few of frozen states could also explain why the conductivity and the pH value could nearly return to the initial values, but not completely. In fact, a few of protonated DEAEMA units might be confined in the hydrophobic cores and their deprotonation became difficult or impossible at the end.

In summary, novel CO 2 responsive amphiphilic PEG-b-P(DEAEMA-co-TPEMA) block copolymers with unspecified (probably random) distribution of monomers DEAEMA and TPEMA in the hydrophobic block have been prepared by RAFT polymerization. The copolymers possess AIE property because of the presence of tetraphenylethene (TPE). All four PEG-b-P(DEAEMA-co-TPEMA) copolymers prepared with different DEAEMA/TPEMA contents and hydrophilic/total copolymer ratios (17% to 30%) self-assembled into AIE polymersomes in water using the nanoprecipitation method with THF and dioxane as co-solvent, respectively. The PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) polymersomes were studied as an example for their CO 2 /Ar-driven shape transformation. A reversible polymersomemicelle transition was actually observed: polymer vesicles were transformed to small spherical micelles upon CO 2 bubbling; upon subsequent Ar bubbling micelles returned to vesicular structures coexisting with a few intermediate morphologies. These fluorescent polymersomes that can be opened by CO 2 -stimulus may have potential applications in the design of CO 2 -related biosensors and in the controlled drug delivery with in situ biodistribution tracing.

  Scheme 1. (a) Scheme of the synthesis by RAFT polymerization of CO 2responsive amphiphilic block copolymer PEG-b-P(DEAEMA-co-TPEMA). (b) Their self-assembly into AIE fluorescent polymersomes. The cryo-EM image of the polymersomes of PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) formed in dioxane/water system and the photograph of the final polymersomes in water taken under UV light ( = 365 nm). (c) Reversible polymersomes-micelles transition upon CO 2 /Ar treatment, with the schematic molecular organization in the vesicle membrane.

  All polymer samples were prepared by RAFT using mPEG-CTA (M n,NMR = 2400 Da, PDI = 1.11) as the macro chain transfer agent in THF at 70 °C.[b] 

Figure 2 .

 2 Figure 2. The variation of conductivity and pH of PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) polymersome dispersion in water (1 mg/mL) during bubbling CO 2 or Ar to the solution. The gas flow rate is about 20 mL/min.

Figure 3 .

 3 Figure 3. The variation of transmittance of PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) self-assembly solution (1 mg/mL) during bubbling CO 2 to the solution. The transmittance was detected at the wavelength of 620 nm. The gas flow rate is about 20 mL/min. The photographs taken under natural light show the solution changes from turbid to transparent. Their pictures under UV light ( = 365 nm) show fluorescence in both cases.

Figure 4 .

 4 Figure 4. (a) Reversible protonation and deprotonation processes of DEAEMA m with CO 2 and Ar treatment in aqueous solution. (b-d) Cryo-EM images of PEG 45 -b-P(DEAEMA 36 -co-TPEMA 6 ) self-assembly solution without any treatment (b), treated by bubbling CO 2 for 20 min (c) and then treated by bubbling Ar for 40 min(d). (e) Schematic illustration of the transformation from polymer vesicles to micelles during CO 2 treatment, and of the return to vesicles that co-exist with a few intermediate morphologies during Ar treatment. The vesicles shown in(d) had so bigger sizes that they were observable only in part (see also FigureS16).
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