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AIE Polymer Micelles/Vesicles Photocatalysts Combined with Native Enzymes for Aerobic Photobiocatalysis

Biocatalytic transformation has attracted increasing attention in the green synthesis of chemicals due to the diversity of enzymes, their high catalytic activities and specificities, and environmentally benign conditions. Most redox enzymes in nature are dependent on nicotinamide cofactors like NAD + /NADH. The use of solar energy, especially the visible light, in the regeneration of cofactors through the combination of photocatalysis and biocatalysis provides an extraordinary opportunity to make complete green processes. However, the combination of photocatalysts and enzymes has been challenged by the rapid degradation and deactivation of the enzymatic material by photogenerated reactive oxygen species (ROS). Here, we design core-shell structured polymer micelles and vesicles with aggregation-induced emission (AIE) as visible-light-mediated photocatalysts for highly stable and recyclable photobiocatalysis under aerobic conditions. The NAD + from NADH can be efficiently regenerated by the photoactive hydrophobic core of polymer micelles and the hydrophobic membrane of the polymer vesicles, while the enzymatic material (glucose 1dehydrogenase) is screened from the attack of photogenerated ROS by the hydrophilic surface layer of polymer colloids. After at least 10 regeneration cycles, the enzyme keeps its active state, meanwhile polymer micelles and vesicles maintain their photocatalytic activity. These polymer colloids show the potential to be developed for the implementation of industrially relevant photobiocatalytic systems.

INTRODUCTION

Photobiocatalytic systems can be widely considered as those photocatalytic systems consisting of an enzyme, which enables the biocatalytic transformation under the tandem action of enzyme. [START_REF] Maciá-Agulló | Photobiocatalysis: The Power of Combining Photocatalysis and Enzymes[END_REF] Green algae and plants are natural photobiocatalytic systems par excellence, which has developed a very complex machinery through evolution to convert sunlight into highenergy biochemical compounds. [START_REF] Kumar | Co2 Sequestration and Hydrogen Production Using Cyanobacteria and Green Algae[END_REF] Biocatalytic transformation has attracted increasing attention in the green synthesis of chemicals due to the diversity of enzymes, their high catalytic activities and specificities, and environmentally benign conditions (e.g., aqueous media, ambient temperature and pressure, neutral pH). The use of solar energy in chemical synthesis through the combination of photocatalysis and biocatalysis provides an extraordinary opportunity to make complete green processes.

Redox enzymes (or oxidoreductases) that play a key role in biological energy transduction can be used to catalyze various synthetically useful redox reactions, [START_REF] Maciá-Agulló | Photobiocatalysis: The Power of Combining Photocatalysis and Enzymes[END_REF][START_REF] Kumar | Co2 Sequestration and Hydrogen Production Using Cyanobacteria and Green Algae[END_REF][START_REF] Lee | Photobiocatalysis: Activating Redox Enzymes by or Indirect Transfer of Photoinduced Electrons[END_REF] such as asymmetric reduction of carbonyl groups, oxygenation of C-H bonds, epoxidation of C=C bonds, and Baeyer-Villiger oxidation. [START_REF] Kroutil | Recent Advances in the Biocatalytic Reduction of Ketones and Oxidation of Sec-Alcohols[END_REF][START_REF] Wu | Methods for the Regeneration of Nicotinamide Coenzymes[END_REF][START_REF] Monti | Redox Reactions Catalyzed by Isolated Enzymes[END_REF] These redox reactions can be applied in the synthesis of pharmaceuticals, food additives, and fuels. [START_REF] Xu | Applications of Oxidoreductases: Recent Progress[END_REF] For example, the oxidation of alcohol is a crucial reaction in organic synthesis, and alcohol dehydrogenase can carry out highly selective conversions of primary alcohols to either aldehydes or acids. 8- 10 However, over 80% of oxidoreductases in nature are dependent on nicotinamide cofactors NADH/NAD + (-nicotinamide adenine dinucleotide) or NADPH/NADP + (nicotinamide adenine dinucleotide phosphate) for their catalytic activities. Nature has developed complicated electron transport chains to regenerate the required cofactor species, [START_REF] Munro | Electron Transfer Cofactors[END_REF] while the mimic of these natural processes is extremely challenging for synthetic systems. Therefore, alternative cofactor regeneration pathways have been investigated, for example, through enzymatic, chemical, electrochemical, or photochemical methods. [START_REF] Wu | Methods for the Regeneration of Nicotinamide Coenzymes[END_REF][START_REF] Zhao | Regeneration of Cofactors for Use in Biocatalysis[END_REF][START_REF] Hollmann | Non-Enzymatic Regeneration of Nicotinamide and Flavin Cofactors for Monooxygenase Catalysis[END_REF][START_REF] Quinto | Recent Trends in Biomimetic Nadh Regeneration[END_REF] Among them, photochemical method using visible light is an attractive and green way.

Visible-light-mediated photocatalysis has been largely developed to catalyze reactions under mild conditions, using mainly photocatalysts based on either transition metals [START_REF] Prier | Visible Light Photoredox Catalysis with Transition Metal Complexes: Applications in Organic Synthesis[END_REF] or organic catalysts [START_REF] Romero | Organic Photoredox Catalysis[END_REF] . Recently, photocatalytic systems in different forms like free organic dye molecules, polymers, nano or micro-particles, covalent organic frameworks (COFs) or metal organic frameworks (MOFs) have been implemented for cofactor regeneration. [START_REF] Zhang | Bioinspired Nadh Regeneration Based on Conjugated Photocatalytic Systems[END_REF] Unfortunately, these photocatalytic systems in normal aerobic enzymatic systems also produce reactive oxygen species (ROS), which actually limit the combination of these materials with enzymes because of the rapid degradation of the biomaterial caused by ROS. Compartmentalization strategies have been developed to prevent the deactivation and degradation of enzymes. [START_REF] Peters | Cascade Reactions in Multicompartmentalized Polymersomes[END_REF][START_REF] Ma | Polymer-Based Module for Nad+ Regeneration with Visible Light[END_REF][START_REF] Jo | Mimic of the Cellular Antioxidant Defense System for a Sustainable Regeneration of Nicotinamide Adenine Dinucleotide (Nad)[END_REF] For example, the immobilization of the enzymes or photocatalysts within silica nanoparticles has been used to avoid the contact of ROS with the biomaterial. [START_REF] Peters | Cascade Reactions in Multicompartmentalized Polymersomes[END_REF][START_REF] Ma | Polymer-Based Module for Nad+ Regeneration with Visible Light[END_REF] Superoxide dismutase and catalase were also co-encapsulated together with the enzyme to further protect the active enzymatic material. [START_REF] Jo | Mimic of the Cellular Antioxidant Defense System for a Sustainable Regeneration of Nicotinamide Adenine Dinucleotide (Nad)[END_REF] However, the enzyme immo-bilization within solid nanoparticles can significantly decrease its efficiency compared to the native enzyme. Recently, core-shell porous nano-photoreactors were designed, where cofactor NAD + was efficiently regenerated from NADH by the photoactive organosilica core, while the enzyme was screened from the photogenerated ROS by the non-photoactive organosilica shell. [START_REF] Wei | Aerobic Photobiocatalysis Enabled by Combining Core-Shell Nanophotoreactors and Native Enzymes[END_REF] Nevertheless, this inorganic core-shell strategy requires complicated elaboration of core and shell structures.

Polymer micelles and vesicles are also core-shell structures with hydrophilic polymer shell and hydrophobic polymer core formed by simple self-assembly of amphiphilic block copolymers (in vesicles, the core and the shell correspond, respectively, to the hydrophobic inner part and the hydrophilic outer layers of the membrane). It is worth mentioning that recently photocatalysis on lipid membranes of liposomes has been reported to mimic and understand natural photosynthesis and the role of the membrane in it. [START_REF] Rodriguez-Jimenez | Self-Assembled Liposomes Enhance Electron Transfer for Efficient Photocatalytic Co2 Reduction[END_REF][START_REF] Song | Mechanistic Insights into the Charge Transfer Dynamics of Photocatalytic Water Oxidation at the Lipid Bilayer-Water Interface[END_REF][START_REF] Pannwitz | Roadmap Towards Solar Fuel Synthesis at the Water Interface of Liposome Membranes[END_REF] Here, in polymer micelles and vesicles, the hydrophobic block can be designed as a photocatalytic polymer, and the hydrophobic cores constitute then nano-photoreactors. The mass transportation of hydrophilic NADH/NAD + within the hydrophilic polymer layer could be free. In contrast, large size enzymes could not diffuse into hydrophilic layer. Considering the relatively short lifetime of ROS, hydrophilic polymer shell with the appropriate thickness could be designed to trap and deactivate those photogenerated ROS to protect the active enzyme soluble in water. Therefore, these polymer micelles and vesicles readily dispersed in aqueous media could be promising and efficient photocatalytic materials for aerobic photobiocatalysis. For the photocatalytic polymer, a metal-free organic dye was intended as a side group to attach to the polymer backbone. As the visible-lightmediated photocatalysis is a prerequisite in this work, rose Bengal and similar dyes like eosin Y and erythrosine could be interesting candidates. [START_REF] Romero | Organic Photoredox Catalysis[END_REF] Nevertheless, the use of these classical hydrophobic dyes in hydrophilic media presents a problem known as aggregation-caused quenching (ACQ), [START_REF] Bünau | Photophysics of Aromatic Molecules[END_REF] because of their extended  conjugation and intrinsically planar structure. This structural feature leads to suppressed luminescence emission and to nonradiative decay in the aggregated state. The nonradiative decay pathways could also hamper the likelihood of photoinduced electron transfer in the excited state necessary for photoredox catalysis. [START_REF] Romero | Organic Photoredox Catalysis[END_REF] To circumvent the ACQ effect, an organic dye with aggregationinduced emission (AIE) characteristics was used in this study. It is a triphenylamine-thiophene-based AIE dye (noted as TTMN) as shown in Figure 1. [START_REF] Wang | Facile Synthesis of Red/Nir Aie Luminogens with Simple Structures, Bright Emissions, and High Photostabilities, and Their Applications for Specific Imaging of Lipid Droplets and Image-Guided Photodynamic Therapy[END_REF][START_REF] Xu | Three-Pronged Attack by Homologous Far-Red/Nir Aiegens to Achieve 1+1+1>3 Synergistic Enhanced Photodynamic Therapy[END_REF] The triphenylamine (TPA) moiety, a propeller-shaped nonplanar structure, can freely rotate in the solution state to result in nonradiative relaxation of excited states of the dye. However, restriction of intramolecular motions (RIMs) in aggregates blocks the nonradiative relaxation to produce enhanced emission and make the dye AIE-active. [START_REF] Mei | Aggregation-Induced Emission: Together We Shine, United We Soar![END_REF][START_REF] Luo | Aggregation-Induced Emission of 1-Methyl-1[END_REF] Its typical electron-donating and -accepting (D-A) feature facilitates intramolecular charge transfer (ICT) and thus allows longer wavelength absorption (visible light) and emission (red/NIR light). [START_REF] Xu | Three-Pronged Attack by Homologous Far-Red/Nir Aiegens to Achieve 1+1+1>3 Synergistic Enhanced Photodynamic Therapy[END_REF][START_REF] Sissa | The Effectiveness of Essential-State Models in the Description of Optical Properties of Branched Push-Pull Chromophores[END_REF][START_REF] Xu | Facile Synthesis of Aiegens with Wide Color Tunability for Cellular Imaging and Therapy[END_REF] The D-A effect also induces the decrease of the energy gap between the singlet excited state (S1) and triplet excited state (T1), and favors the intersystem crossing (ISC) process to T1. 32-33, Accordingly, the triplet excited state with lifetime on the order of microseconds to milliseconds should be the most relevant excited state in photoredox reactions. [START_REF] Romero | Organic Photoredox Catalysis[END_REF] As far as we are aware, AIE dyes with predominant triplet excited state have never been used as visible-light-mediated photoredox catalysts.

A series of amphiphilic block copolymers (PEG45-b-PTTMNMAn) with polyethylene glycol (PEG, degree of polymerization DP = 45) as the hydrophilic block and polymethacrylate bearing side group TTMN (PTTMNMAn) as the hydrophobic block have been prepared. Polymer micelles and vesicles obtained by simple self-assembly in water have been successfully used as the visible-light-mediated photocatalyst in a photobiocatalytic system in combination with the native enzyme of glucose 1-dehydrogenase. These polymer micelles/vesicles nanophotoreactors can effectively regenerate the enzymatic cofactor NAD + under the aerobic aqueous condition without affecting the native enzyme activity. After ten consecutive regeneration cycles, the glucose 1-dehydrogenase still works as the active enzyme. This work represents a proof of concept for the use of polymer micelles/vesicles as efficient photoredox catalysts in aerobic photobiocatalysis. Other AIE dyes combined with other enzyme/cofactor pairs, especially those that make reduction of substrates, can be developed in the future to establish industrially relevant photobiocatalytic systems.

RESULTS AND DISCUSSION

Syntheses of monomers and polymers

To synthesize amphiphilic polymer PEG-b-PTTMNMA, two triphenylamine-thiophene (TT) based monomers, namely TTAMA and TTMNMA, were prepared by adaption of procedures reported in the literature (see Scheme 1, Scheme S1, and the supplementary information for details). [START_REF] Wang | Facile Synthesis of Red/Nir Aie Luminogens with Simple Structures, Bright Emissions, and High Photostabilities, and Their Applications for Specific Imaging of Lipid Droplets and Image-Guided Photodynamic Therapy[END_REF][START_REF] Zhang | Fluorescent Polymersomes with Aggregation-Induced Emission[END_REF] TTAMA is an aldehyde-based monomer with yellow emission, which can further react with malononitrile to afford the TTMNMA with red emission (Figure S1). All the compounds were carefully purified and characterized by 1 H NMR and [START_REF] Hollmann | Non-Enzymatic Regeneration of Nicotinamide and Flavin Cofactors for Monooxygenase Catalysis[END_REF] C NMR (see Figure S2-S6). The monomer TTMNMA was first used to directly synthesize the amphiphilic polymer PEG-b-PTTMNMA by reversible addition-fragmentation chain transfer (RAFT) polymerization with mPEG45-CTA (Mn = 2400 Da) as macro-chain transfer agent and 2,2'-azobis(isobutyronitrile) (AIBN) as the initiator (Scheme S2). mPEG45-CTA was synthesized as described in our previous work. [START_REF] Chen | Fluorescent Polymer Cubosomes and Hexosomes with Aggregation-Induced Emission[END_REF] However, nearly no monomer conversion was detected by NMR spectra after 16h of reaction (Figure S7). To circumvent this problem, the monomer TTAMA was then used as the monomer to synthesize firstly PEG-b-PTTAMA by RAFT polymerization. PEGb-PTTAMA thus successfully obtained was transformed to the target amphiphilic polymers PEG-b-PTTMNMA through a post-polymerization modification (a Knoevenagel condensation with malononitrile as shown in Scheme 1). All the copol-ymers were characterized by [START_REF] Maciá-Agulló | Photobiocatalysis: The Power of Combining Photocatalysis and Enzymes[END_REF] H NMR and size-exclusion chromatography (SEC) (see Figure S8-S12). Taking polymer PEG45-b-PTTMNMA14 as an example (Figure S8-S11), the SEC profile of its precursor PEG45-b-PTTAMA14 is unimodal with narrow molar mass distribution (dispersity Đ =1.15). The 1 H NMR spectra show the disappearance of the peak assigned to the aldehyde group of precursor PEG45-b-PTTAMA14, suggesting the quantitative transformation of aldehyde groups to dicyanovinyl groups after the post-modification. By adjusting feed ratios of monomer TTAMA and PEG45-CTA, three amphiphilic diblock copolymers PEG45-b-PTTMNMAn (n = 8, 14, 21) with PEG block weight ratios fPEG (wt%) (PEG molar mass over the whole molar mass of the copolymer) of 28.8%, 19.6% and 14.4%, respectively, were finally prepared (see Table 1). They all display relatively narrow molar mass distributions (Đ = Mw/Mn = 1.17~1.37) as shown in the SEC curve (Figure S12). a Degree of polymerization (DP) of the hydrophobic block PTTMNMA, number-average molar mass (Mn) and hydrophilic weight ratio (f PEG) of the copolymer were determined by 1 H NMR spectroscopy.

Table 1. molar mass and molar mass distributions of copolymers PEG45-b-PTTMNMAn

Polymers DP of TTMNMA block (n) a Mn (Da) a Đ b fPEG (wt%) a PEG45-b- PTTMNMA21 21 
b Dispersity (Đ) = Mw/Mn; Mw and Mn here were measured by SEC using DMF as eluent and monodispersed polystyrenes as calibration standards.

Preparation of polymer micelles and vesicles by selfassembly in water

The nanoprecipitation method was used to prepare the selfassemblies of diblock copolymers PEG45-b-PTTMNMAn in water. Typically, the diblock copolymer was dissolved in 1 mL of organic cosolvent(s) at a concentration of 0.25 wt %. 5 mL of deionized water was injected via a syringe pump at an additional speed of 0.2 mL/h with slightly shaking. Finally, the dispersions of self-assemblies were dialyzed against water to remove the organic solvent. The self-assemblies were then characterized by cryogenic electron microscopy (cryo-EM), scanning electron microscope (SEM) and dynamic light scattering (DLS).

Effect of hydrophilic weight ratio (fPEG) on the morphology of self-assemblies

Dioxane was chosen as the cosolvent to study the effect of hydrophilic ratio (fPEG) on the morphology of self-assemblies of the diblock copolymers PEG45-b-PTTMNMAn (Figure 2). The ratio fPEG was changed as a function of the DP of hydrophobic block (n). As observed by cryo-EM (Figure 2A), PEG45-b-PTTMNMA8 (fPEG = 28.8%) self-assembled into spherical micelles. The diameter of their hydrophobic core (d) was measured to be 11.6 ± 1.2 nm from the FWHM (Full width at half maximum) of the electronic density profile along the diameter through statistical analysis of 30 micelles in collected cryo-EM images. The average hydrodynamic diameter was 31 nm, as measured by DLS (Figure S13A). Further increasing the DP to n = 14 and decreasing hydrophilic ratio to 19.6% (PEG45-b-PTTMNMA14), micelles were still the major morphology despite the presence of a few polymer vesicles (polymersomes) (Figure 2B). The hydrophobic core diameter of micelles and the membrane thickness (hydrophobic part, e) of polymer vesicles were measured as d = 15.5± 1.3 and e = 7.7 ± 1.4 nm, respectively. In contrast, PEG45-b-PTTMNMA21 (n = 21, fPEG = 14.4%) self-assembled into vesicles, as revealed by cryo-EM (Figure 2C) and further confirmed by SEM whose images show broken capsules (Figure S14). Their membrane thickness was measured as e = 12.5 ± 0.9 nm in cryo-EM images, and their hydrodynamic diameter (Dh) was 220 nm according to analysis by DLS (Figure S13C). The tendency of the morphological transformation from micelles to vesicles with the gradual decrease of hydrophilic ratio fPEG (from 28.8% to 14.4%), is in agreement with the empirical molecular packing model from conic shape to truncated cone with the increase of the volume of hydrophobic part (see also Figure 3B below). [START_REF] Blanazs | Self-Assembled Block Copolymer Aggregates: From Micelles to Vesicles and Their Biological Applications[END_REF] 

Effect of organic co-solvent on the morphology of selfassemblies

The effect of cosolvent on the self-assembly of PEG45-b-PTTMNMA8 (f PEG = 28.8%) and PEG45-b-PTTMNMA14 (f PEG = 19.6%) was also studied by using dioxane and DMF mixtures of different volume ratios as organic solvent (Figure 2D-2F and Figure S16-S18). Recall that the PEG45-b-PTTMNMA8 (fPEG = 28.8%) formed micelles in the dioxane/water system (Figure 2A). With DMF/dioxane as cosolvent at DMF fraction below 50%, PEG45-b-PTTMNMA8 still prefers to form micelles, as indicated by the SEM image in Figure S16A. The cryo-EM image in Figure 2E shows clearly the micellar structure formed by the copolymer with DMF/dioxane = 50/50. At the DMF contents of 60% and 70% (see Figure S16-S17 and Figure 2E), the vesicular structures could be found together with micelles. Further increasing the DMF fraction to 80%, only vesicles were obtained according to the collected cryo-EM images (Figure 2F). When the DMF fraction increased to 90%, the vesicles tend to coalesce to generate large compound vesicles (LCVs) as revealed by SEM and cryo-EM images (Figure S16E andS17B). The average hydrodynamic diameters of micelles and vesicles were measured by DLS (see Figure S18), their values (Dh) together with the micellar core diameters (d) and the membrane thicknesses (e) are summarized in Table S2. A similar tendency occurred for the self-assembly of PEG45-b-PTTMNMA14 (fPEG = 19.6%) in the DMF/dioxane/water system. In the dioxane/water system, the PEG45-b-PTTMNMA14 formed micelles with the coexistence of a few small polymersomes (Figure 2B). Polymersomes became the dominant morphologies when the DMF fraction was from 25% to 55% (see cryo-EM and SEM images in Figure S19). An increasing hydrodynamic diameter (Dh) was measured by DLS: 88 nm, 79 nm and 115 nm for the DMF fraction of 25%, 40% and 55%, respectively (Figure S20). When the fraction of DMF reached 60%, LCVs were observed as shown in the cryo-EM (Figure S19I) and SEM (Figure S19J) images. All the data were summarized in Table S3.

The above results suggest that both the hydrophilic block ratio fPEG and the co-solvent composition have a significant influence on the morphologies of self-assemblies, which occurs through the change of the molecular shape of block copolymers in different conditions as summarized in Figure 3. In the dioxane/water system, the polymer PEG45-b-PTTMNMA8 with fPEG = 28.8% has a micelle-forming conical shape, while PEG45-b-PTTMNMA21 with f PEG = 14.4% has vesicle-forming shape of the truncated cone. With the same ratio fPEG, the dimensions of both hydrophilic and hydrophobic domains during the self-assembly process were affected by their solubility in the organic co-solvent. The Flory-Huggins interaction between polymer and solvents (ꭓp-s) can be used to evaluate their solubility. The value of ꭓp-s < 0.5 indicates the polymer dissolves well in the solvent, and a higher value of ꭓp-s implies relatively poor miscibility between the polymer and solvent (see SI and Table S4 for their calculation). With the increase of DMF content in DMF/dioxane mixtures from 0% to 90%, the Flory-Huggins interaction between PEG and solvent mixture (ꭓPEG-S) gradually increases from 0.34 to 0.84. It means that the hydrophilic PEG block becomes less and less swollen with the increase of DMF content. In contrast, the ꭓPTTMNMA-S value between hydrophobic block PTTMNMA and solvent mixture stays between 0.34 -0.43 for all solvent mixtures (except ꭓPTTMNMA-S = 0.52 for 90% DMF) that indicates a good solubility of PTTMNMA in solvent mixtures. Consequently, the interfacial curvature towards the hydrophobic core decreases with the DMF content increasing (Figure 3B). A corresponding morphological change from micelles, to vesicles, to large compound vesicles (LCVs) were observed. The increasing tendency of hydrodynamic diameters of vesicles with the increase of DMF fraction observed in PEG45-b-PTTMNMA14 also reflects this reduction of the interfacial curvature towards the hydrophobic core.

In summary, pure polymer micelles and vesicles could be prepared using the nanoprecipitation method either by varying the length (n) of the hydrophobic part in the block copolymer or by varying DMF content in the co-solvent mixture of DMF/dioxane. Meanwhile, the hydrodynamic diameters of polymer vesicles could also be adjusted in the window from 50 nm to 220 nm, an interesting range for their possible application in nanomedicine.

Photophysical properties of polymer micelles and vesicles

The TTMN side group possesses a typical donor-acceptor (D-A) structure with a triphenylamine (TPA) fragment serving as electron donor, a thiophene group as electron donor and πbridge, and two cyano units as electron acceptor. This is confirmed by density functional theory (DFT) calculation of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of MeOTTM, the small molecular model of luminogenic side group of PEG45-b-PTTMNMAn (Figure 4A, MeOTTMN structure is shown in Scheme S3). The electron clouds of HOMO of MeOTTMN were rather delocalized at the TPA moiety, while those of LUMO were primarily contributed by the orbitals of dicyanovinyl and thiophene groups, indicating the separation of HOMO-LUMO and typical D-A features. The small HOMO-LUMO energy gap of 2.495 eV implies its visible light absorption and red/NIR emission properties (Figure 4C and Figure S21-S22). On the other hand, the TPA moiety is a twisted nonplanar structure, where three benzene groups can freely rotate in the solution state, thus resulting in weak emission in the solution because of nonradiative relaxation. Such a kind of relaxation could be validly blocked in the aggregated state by suppressing the intramolecular rotation. Meanwhile, the propeller shape of TPA can act as a steric impediment to prevent perfect anti-parallel stacking of dipolar chromophores upon aggregation. As such, the activation of radiative channels occurs in aggregates, leading to AIE features with red/NIR emission, which is shown in Figure S22-S24 for the monomer TTMNMA aggregates formed by adding water into its DMF solution.

The polymer micelles and vesicles are well-structured aggregates exhibiting similar photophysical behavior as TTMNMA monomer aggregates. Figure 4C and Figure S25 show the ab-sorption and emission spectra of PEG45-b-PTTMNMAn micelles and vesicles, with an absorption peak at around 500 nm and a maximal emission at around 680 nm. Interestingly, the maximum absorption peak of the PEG45-b-PTTMNMA21 vesicles red-shifted to 518 nm (Figure S25). Similar red shift in absorbance was observed for polymersomes formed by either PEG45-b-PTTMNMA8 or PEG45-b-PTTMNMA14 in DMF/dioxane/water system (Figure S26-27). This is probably because of the different packing models of luminogenic units within the membrane of polymersomes from those in the core of micelles. Luminescence quantum yields (Ф) of all assemblies were measured as around 0.9%, by using 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4Hpyran as the standard (Ф = 43%) (Table S5).

More interestingly, such a D-A structure of TTMN unit also allows the decrease of the energy gap between the lowest excited singlet (S1) and the lowest excited triplet (T1). The singlet-triplet energy gap (∆ES1T1) was calculated to be around 0.74 eV, suggesting an efficient intersystem crossing (ISC) process (Figure 4B). Moreover, the suppressed molecular rotation of AIEgens in the aggregation state is beneficial for the ISC process. [START_REF] Yang | Aggregation-Induced Intersystem Crossing: A Novel Strategy for Efficient Molecular Phosphorescence[END_REF] The lifetime of the triplet excited state is normally longer than that of the singlet excited state. Then, the favored triplet excited state of the dye can be involved either in photosensitization or in photoredox catalysis. In the first case, the triplet excited state engages in energy transfer processes, particularly the "sensitization" of molecular oxygen (O2) to produce singlet oxygen ( 1 O2), or in electron transfer processes to produce superoxide anion radicals which can further generate hydrogen peroxide and hydroxyl radicals. All these active species are called reactive oxygen species (ROS) that can be used for photodynamic therapy (PDT) to kill cancer cells or to inactivate bacteria, [START_REF] Abrahamse | New Photosensitizers for Photodynamic Therapy[END_REF] and the dye is normally called a photosensitizer. In the second case where the dye is called a photoredox catalyst, the triplet excited state participates in a redox reaction through electron transfer and a subsequent turnover step to return to the ground state. [START_REF] Romero | Organic Photoredox Catalysis[END_REF] Some organic chromophores, like rose Bengal, can be used as both photosensitizers and photoredox catalysts. The goal of this work was to investigate the possibility of using PEG45-b-PTTMNMAn polymer nanoparticles as photoredox catalysts in a photobiocatalysis to regenerate the co-factor NAD + necessary for the biocatalytic activity of a related enzyme (see the next section). Beforehand, the ROS generation by these polymer nanoparticles was first evaluated, because ROS are harmful to the enzyme.

Previous works showed that singlet oxygen ( 1 O2) was the principal ROS produced by the dye based on TTMN structure. [START_REF] Wang | Facile Synthesis of Red/Nir Aie Luminogens with Simple Structures, Bright Emissions, and High Photostabilities, and Their Applications for Specific Imaging of Lipid Droplets and Image-Guided Photodynamic Therapy[END_REF] Therefore, the 1 O2 generation was evaluated using an indirect way with 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) as the indicator and rose Bengal as the standard reference (the 1 O2 quantum yield for rose Bengal in water is 75%). The sample solution or dispersion in the presence of ABDA was illuminated by a LED white light (see Figure S28 for LED spectrum), the light intensity on the sample being 30 mW•cm -2 . The ABDA reacted with the produced 1 O2 to yield corresponding anthracene endoperoxide (Figure S29), which resulted in the decrease of UV-visible absorption of the indicator (Figure 4D). The 1 O2 production rate, equivalent to the ABDA transformation rate, could be evaluated and the 1 O2 quantum yields was calculated (see Method in SI and Figure S30). For monomer TTMNMN and copolymer PEG45-b-PTTMNMA14 in DMF solution, slow transformation rates of ABDA were observed during irradiation (Figure 4E), and their 1 O2 quantum yields were measured to be 0.7% and 1.9%, respectively. In contrast, PEG45-b-PTTMNMA8 micelles, PEG45-b-PTTMNMA14 micelles/vesicles and PEG45-b-PTTMNMA21 vesicles formed in dioxane/water system exhibited higher 1 O2 generation efficiency as they induced faster transformation of ABDA (Figure 4E), and their 1 O2 quantum yields were 40.6%, 28.8% and 7.2%, respectively. The relatively low value of 1 O2 quantum yield measured for pure polymersomes was probably due to the inefficient reaction between generated 1 O2 and the indicator [START_REF] Zhang | Polymersomes with Red/near-Infrared Emission and Reactive Oxygen Species Generation[END_REF] , as well as the dense packing of the AIEgens in the vesicles membrane [START_REF] Cai | Multifunctional Liposome: A Bright Aiegen-Lipid Conjugate with Strong Photosensitization[END_REF] . In fact, 1 O2 produced by the inner leaflet of the membrane might be trapped by the interior environment instead of the indicator ABDA, since ABDA added in the dispersion was essentially located outside the vesicles (see Figure S32 in SI). On the other hand, the AIEgens in vesicles packed denser than that in micelles, as indicated by the fact that the membrane thickness is smaller than the micellar diameter for the same polymer PEG45-b-PTTMNMA8 (Table S2). Dense packing of the AIEgens could induce worse oxygen diffusion inside the hydrophobic domain, then lower 1 O2 quantum yield. Similar results were obtained for micelles and vesicles formed in DMF/dioxane/water system (Figure S33). 1 O2 quantum yield measured for PEG45-b-PTTMNMA8 micelles (with DMF/dioxane =50/50) was 35.2%, while the value measured for PEG45-b-PTTMNMA8 vesicles (with DMF/dioxane = 80/20) was 21.6% (Table S6).

It is worth noting that in the photobiocatalytic system (Figure 1B) the co-factor NADH will enter in competition with the molecular oxygen as the substances that react with the triplet excited state of the dye. Therefore, the 1 O2 quantum yields in the photobiocatalytic system will surely be lower than the above-measured values that can be considered as the upper limits.

Polymer micelles and vesicles as photocatalysts for NAD + regeneration in a photobiocatalytic system

The polymer micelles and vesicles studied as photocatalysts to regenerate NAD + necessary for a continuous oxidation of glucose by the glucose 1-dehydrogenase were made from PEG45b-PTTMNMA8 with 50/50 and 80/20 DMF/dioxane mixtures as organic cosolvents, respectively (see Figure 2D and2F). Their ability as photocatalysts to regenerate NAD + from NADH upon visible light illumination was first examined by [START_REF] Maciá-Agulló | Photobiocatalysis: The Power of Combining Photocatalysis and Enzymes[END_REF] H NMR and UV-vis absorption spectra. Taking the polymer vesicle as an example, the 1 H NMR spectra of NADH added in the water dispersion of S28). The formation of NAD + under irradiation was confirmed by the appearance of signals at δ = 8.77, 9.10 and 9.28 ppm corresponding to the nicotinamide group in NAD + . This NAD + regeneration from NADH can also be monitored by the change of characteristic absorption peak of NADH at 340 nm (Figure S35). As shown in Figure 5A, a gradual decrease of absorption at 340 nm was observed during irradiation of polymer vesicles dispersion (containing 20 μM TTMN units) in PBS buffer under ambient and aerobic conditions. The conversion of NADH to NAD + as a function of illumination time (Figure 5B) could be calculated according to the NADH standard curve (Figure S36). The higher the concentration of polymer vesicle photocatalyst, the higher the NAD + regeneration speed is (Figure 5B, Figure S37 and Table S7). For example, 250 μM of NADH was completely oxidized in 1h by vesicles containing 10μM TTMN units, but only in 30 min by vesicles containing 40μM TTMN units. For simplicity, in the following texts, these concentrations will be written as 10μM or 40 μM vesicles (or micelles), which means the molar concentration of photocatalytic sites in vesicles (or micelles). The polymer micelles also exhibited photocatalytic activity to oxidize the NADH to NAD + as shown by [START_REF] Maciá-Agulló | Photobiocatalysis: The Power of Combining Photocatalysis and Enzymes[END_REF] H NMR (Figure S38) and UV-vis absorption spectra (Figure S39). Moreover, the rates of NAD + regeneration were higher when catalyzed by polymer micelles than by vesicles. For example, at the concentration of 20 μM polymer nanoparticles, full conversion of NADH to NAD + was achieved in 30 min by micelles, but in 40 min by vesicles. The average NAD + generation rates catalyzed by micelles and vesicles were calculated as 665.6 and 551.8 μmol/h, respectively (Table S7). The probable reason is attributed to the incomplete contact between NADH and photocatalyst sites. The NADH was mainly located outside the vesicles and only a few NADH might enter the interior compartment of vesicles across the hydrophobic core of the membrane. Therefore, the catalytic site in the inner leaflet of the membrane could not efficiently oxidize NADH to NAD + . As a result, lower NAD + regeneration rates by polymer vesicles were observed. All the results also suggest that the diffusion of NADH and NAD + from aqueous environment to photocatalytic sites across the hydrophilic PEG is free. A whole vesicle (or micelle) constitutes then a nanophotoreactor.

To elucidate the mechanism of the photocatalyzed NAD + regeneration, a series of control experiments were performed (Figure 5C and Figure S40-S41). Taking the polymer vesicle as an example, by adding 5mM of NaN3 ( 1 O2 quencher) to the solution, the rate of NADH oxidation was maintained (Figure S40A). Therefore, the 1 O2 didn't contribute to the NAD + regeneration. Moreover, the molecular oxygen O2 was not essential for the NADH oxidation, because NADH oxidation still took place when the reaction system was degassed to remove the oxygen by bubbling argon (Figure S40B). In contrast, the addition of ascorbic acid (a scavenger of photogenerated hole) [START_REF] Ma | Polymer-Based Module for Nad+ Regeneration with Visible Light[END_REF] significantly slowed down the NADH photooxidation rate (Figure S40C). Finally, light illumination was blocked to test the possible reaction in the dark. No NAD + was generated from NADH in the dark (Figure S40D). In conclusion, a reaction mechanism via electron transfer process between excited triplet state and NADH is plausible, as also proposed in the literature (Figure S42). [START_REF] Romero | Organic Photoredox Catalysis[END_REF][START_REF] Ma | Polymer-Based Module for Nad(+) Regeneration with Visible Light[END_REF][START_REF] Liao | Bioinspired Cooperative Photobiocatalytic Regeneration of Oxidized Nicotinamide Cofactors for Catalytic Oxidations[END_REF] Figure 6A illustrates the photobiocatalytic system with the combination of polymer vesicles with glucose 1dehydrogenase for continuous oxidation of -D-glucose. In the biocatalytic reactions with NAD + as the cofactor and -Dglucose as the substrate, -D-glucose was oxidized to gluconolactone, while NAD + was reduced to NADH. Following these biocatalytic reactions, NAD + could be regenerated from NADH by polymer micelle/vesicle photocatalyst to sustain the catalytic cycle. To avoid the problem of photogenerated ROS, we have first tested the biocatalytic system in an anaerobic condition by bubbling the solution with argon. Unfortunately, the biocatalytic reactions didn't occur in the absence of oxygen (see Fig- ure S43). So, the normal aerobic condition was used. Initially, NAD + , glucose, glucose 1-dehydrogenase and polymer micelle/vesicle were added into PBS buffer in the dark (see method part and Figure S44 in SI). For the first biocatalytic cycle, selective oxidation of glucose to gluconolactone occurred in the dark together with the reduction of NAD + to NADH, the NADH concentration being monitored after 15 min of reaction (see the points at t = 15 min in Figure 6B). Afterwards, the mixtures were irradiated with the white LED light (30 mW/cm 2 ) for 15min. A decrease in the NADH concentration was observed because of the photocatalyzed regeneration of NAD + from NADH (see the points at t = 30 min in Figure 6B). This is the first complete biocatalytic and photocatalytic cycle. The variation of NADH concentration (up and down) also suggested that the photocatalytic regeneration of NAD + from NADH was faster than its reverse reaction involved the enzymatic reaction, because photocatalyzed NADH to NAD + reaction occurred only upon light illumination, while enzyme catalyzed NAD + to NADH reaction occurred both in the dark and in the light. For comparison, the data using micelle, vesicle and rose Bengal (reference) as photocatalysts are presented in the same graph (Figure 6B). In the system with rose Bengal, it is interesting to observe that upon the first cycle of light illumination the concentration of NADH was completely returned to zero. Very likely, the enzymatic reaction was already depressed in the first light cycle. Then the LED was switched off to start the second biocatalytic and photocatalytic cycle, and so on. Each cycle was composed of 15 min in the dark and 15 min in the light before the monitoring of NADH concentration. With rose Bengal, no NADH was produced in the second biocatalytic cycle (see green triangle at t = 45 min), indicating the enzyme was deactivated. This result also confirmed the above observation for the first light cycle. The photogenerated ROS by rose Bengal in the first photocatalytic cycle had damaged the enzyme. Note that rose Bengal is soluble in PBS aqueous solution, and the produced ROS can freely diffuse to get in contact with the enzyme. In contrast, in the systems with polymer micelles and vesicles, the NADH was produced in successive biocatalytic cycles following photocatalytic cycles (see red and black points and curves in Figure 6B). Therefore, the enzyme remained active, despite the presence of ROS photogenerated by micelle and vesicle. As a matter of fact, ROS have a very limited lifetime and diffusion distance. For example, the lifetime of 1 O2 in aqueous solution is about 3.1 μs. [START_REF] Egorov | Rise and Decay Kinetics of Photosensitized Singlet Oxygen Luminescence in Water. Measurements with Nanosecond Time-Correlated Single Photon Counting Technique[END_REF] Within this time span, its diffusion is possible only within a radius estimated in the order of 10 nm. [START_REF] Moan | On the Diffusion Length of Singlet Oxygen in Cells and Tissues[END_REF][START_REF] Sies | Singlet Oxygen Induced DNA Damage[END_REF] Given that micelles and vesicles have a very dense PEG layer at the surface (PEG is attached to each hydrophobic block), the PEG may adopt squeezed conformation at micelle and vesicle surfaces with thickness H: 2Rg < H < L, where Rg is the radius of gyration of PEG in water and L the fully extended length of PEG. [START_REF] Tockary | Tethered Peg Crowdedness Determining Shape and Blood Circulation Profile of Polyplex Micelle Gene Carriers[END_REF] As the PEG45 (Mn=2000 Da) has a Rg of 4.3 nm, [START_REF] Linegar | Hydrodynamic Radius of Polyethylene Glycol in Solution Obtained by Dynamic Light Scattering[END_REF] and a L estimated as 12.5 nm, [START_REF] Oesterhelt | Single Molecule Force Spectroscopy by Afm Indicates Helical Structure of Poly(Ethylene-Glycol) in Water[END_REF] the PEG thickness H is 8.6 nm < H < 12.5 nm, thus in the same order of the limit of ROS diffusion distance (Figure 1B). Considering the larger size of enzyme, it is unlikely for enzyme to diffuse into the dense hydrophilic PEG layer. Therefore, the hydrophilic layer plays effectively the role of a barrier to prevent the contact between ROS species and enzyme and to preserve the enzymatic activity. As shown in Figure 6B, the enzyme still works well after 10 photocatalytic and biocatalytic cycles in the photobiocatalytic system. Over 70% of enzyme activity is preserved after 10 cycles as shown in Figure 6C, and only around 3% of enzyme activity loss occurs per cycle, which is probably caused by minor amount of ROS escaped from the PEG layer.

The photocatalytic activities of polymer micelles and vesicles are 85% and 98%, respectively, after 10 cycles with 150 min LED illumination in total (Figure 6D). This suggests that polymer micelles and vesicles have very good photostability and catalytic performance. Figure S45 shows that the polymer micelles exhibit good chemical structure stability after 1 h of continuous irradiation. These photocatalysts are also very stable in an aqueous solution, Figure S46 showing the vesicle size stability with 2 months of storage (at 4°C). The photobiocatalytic approach also works when we combine the polymer micelles with glycerol dehydrogenase to convert glycerol to dihydroxyacetone (Figure S47). The enzyme glycerol dehydrogenase and micelles photocatalyst still work well after 10 regenerations photocatalytic and biocatalytic cycles.

In summary, an environmentally friendly photobiocatalytic system has been developed using AIE polymer micelles and vesicles as photocatalysts. Moreover, considering that the absorption of these photocatalysts is in the range of visible light, still less to the biological system is ensured compared to photocatalysts activated by UV light. These photocatalyst systems may also have the potential to manipulate cofactor balance in vivo to regulate metabolic flux in a controlled way. [START_REF] Tan | Regulating Cofactor Balance in Vivo with a Synthetic Flavin Analogue[END_REF][START_REF] Huang | Targeted Photoredox Catalysis in Cancer Cells[END_REF] CONCLUSION Three amphiphilic polymers PEG45-b-PTTMNMAn (n = 8, 14, 21) with hydrophilic ratios (fPEG) of 28.8, 19.6 and 14.4% have been synthesized. They formed micelles, vesicle/micelle mixtures, and vesicles, respectively, using the nanoprecipitation method in water with dioxane as co-solvent. In addition, the morphology of these polymer self-assemblies and the size of polymer vesicles could also be adjusted by the composition of cosolvent mixtures. Pure polymer micelles and vesicles were prepared by the same polymer PEG45-b-PTTMNMA8 just by varying DMF/dioxane ratio in the solvent mixture of DMF and dioxane (50/50 for micelle and 80/20 for vesicle formation). The size of polymer vesicles ranging from 50 nm to 220 nm, interesting sizes for their possible application in nanomedicine, were also obtained by changing the DMF/dioxane ratio.

Thanks to the relatively low HOMO-LUMO energy gap, efficient ISC process and AIE feature of TTMN side group, the PEG45-b-PTTMNMAn self-assemblies exhibited interesting photophysical properties, such as visible light absorption and red/NIR emission. Most importantly, their excited triplet states could play both the role of photosensitizers to produce ROS and the role of photocatalysts to catalyze redox reactions.

The polymer micelles and vesicles have been successfully used as visible-light-mediated photocatalysts for the regeneration of enzyme cofactor NAD + in a photobiocatalytic system in an aqueous solution at ambient and aerobic conditions. In the presence of NAD + , glucose 1-dehydrogenase catalyzes the selctive oxidation of glucose; the process is accompanied by the reformation of NADH. After the biocatalytic cycles, the polymer colloidal photocatalysts regenerate the cofactor NAD + from NADH. In the core-shell structure of micelles and vesicles, the ROS photogenerated in the same time of the photocatalytic reactions are screened by the dense PEG coat on their surfaces, which preserves the activity of the native enzyme. This photobiocatalytic cycle could be repeated over at least ten consecutive cycles. The enzyme, maintained in its active state, exhibits over 70% of enzymatic activity after 10 cycles. The photocatalytic activities of polymer vesicles and micelles are 98% and 85%, respectively, after 10 cycles, ensuring highly efficient NAD + regeneration from NADH. In principle, these polymer colloidal photocatalysts could be used to combine with any kind of NAD + dependent enzyme, which may pave the way to establish industrially relevant photobiocatalytic system in the future, or to regulate metabolic flux in vivo in a controlled way. Since many synthetically useful reactions that are catalyzed by oxidoreductases require the reduced form of the cofactor (NADH) rather than the oxidized form (NAD + ), [START_REF] Maciá-Agulló | Photobiocatalysis: The Power of Combining Photocatalysis and Enzymes[END_REF] the research on photobiocatalytic systems including polymer micelles and vesicles for NADH regeneration in enzymatic reduction reactions is in progress in our laboratory.

EXPERIMENTAL/METHODS

Synthesis of polymer PEG-b-PTTMNMA. Taking PEG45-b-PTTMNMA14 as an example was described as follows: The monomer TTAMA (150mg, 0.3mmol), mPEG-CTA (64.3mg, 0.027mmol) and AIBN (0.88mg, 0.005mmol) were added into a 25 mL Schlenk tube equipped with a Teflon coated stirring bar. Then 2 mL distilled THF was added. After the solution was clear, the Schlenk tube was degassed by three freezepump-thaw cycles. The mixture was stirred at 70 ℃ for 16h. The polymerization was terminated by freezing the mixture in liquid nitrogen. The mixture was then poured drop wisely into cold 2-propanol to obtain the crude copolymer precipitate (PEG45-b-PTTAMA14). The precipitate was collected by centrifugation. Then the polymer (1.0 eq) and Et3N (two drops) were dissolved in 20 mL chloroform before the addition of malononitrile (10 eq) solution. The reaction mixture was stirred at room temperature. After 4h, the solvent was removed by vacuum. The residue was purified by precipitation in 2propanol two times to recover the pure product as a red solid (PEG45-b-PTTMNMA14).

Nanoprecipitation. Around 2.3 mg of the diblock copolymer was dissolved in 1 mL of organic solvent (or organic solvent mixtures). A total volume of 5mL of deionized water was injected slowly at the rate of 200 μL/h with slight shaking. The whole process of nanoprecipitation was carried out at room temperature. The obtained turbid mixtures were then dialyzed against deionized water for 3 days to remove the organic solvent using a Spectra/Por® regenerated cellulose membrane with a molecular weight cutoff (MWCO) of 3500 Da.

The photobiocatalytic system with the combination of polymer micelle/vesicle and glucose dehydrogenase. To a 3.5 mL quartz cuvette, NAD + (1 mmol/L), polymer micelles or vesicles (20 or 40 μM), glucose dehydrogenase (0.1 μg/mL), 2 mL phosphate buffer (50 mmol/L, pH 7.4) were added. To start the reaction, glucose (5 mmol/L) was added to the mixture under dark condition. UV absorbance of the mixture was recorded after keeping it in dark for 15 min. After that, a white-LED (400-700 nm, 30 mW/cm 2 ) was used to irradiate the sample mixtures for another 15 min. UV absorbance of the mixture was measured. This is the first biocatalytic and photocatalytic cycle. Ten cycles were conducted.
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Figure 1 .

 1 Figure 1. (A) The chemical structure of TTMN-based AIE block copolymers and their micelles and vesicles models. (B) Schematic representation of the aerobic photobiocatalysis system with the combination of micelle/vesicle photocatalyst and glucose 1-dehydrogenase to perform the photobiocatalytic tandem reactions in an aqueous solution. The enzyme maintains its activity because the hydrophilic PEG layer servers as a shield (thickness H ~ 8.6 nm to 12.5 nm) to avoid the contact between enzyme and photogenerated ROS ( 1 O2 etc.) (diffusion distance ~ 10 nm).

Figure 2 .

 2 Figure 2. Self-assembly morphologies. Cryo-EM images (A-C) of the assemblies formed by PEG45-b-PTTMNMAn by nanoprecipitation in dioxane/water system. (A) PEG45-b-PTTMNMA8 (f PEG= 28.8%). (B) PEG45-b-PTTMNMA14 (fPEG= 19.6%). (C) PEG45-b-PTTMNMA21 (fPEG= 14.4%). Cryo-EM images (D-F) of the assemblies formed by PEG45-b-PTTMNMA8 in DMF/dioxane/water system with varied DMF/dioxane ratio: DMF/dioxane = 50/50 (D), 70/30 (E), 80/20 (F).

Figure 3 .

 3 Figure 3. A) Morphological phase diagram of the self-assemblies of PEG45-b-PTTMNMAn. B) Schematic representation of the molecular shapes of PEG45-b-PTTMNMAn with n = 8 and 21 in dioxane/water, and of PEG45-b-PTTMNMA8 in DMF/dioxane/water system with DMF/dioxane =0/100 and 80/20, resulting in micelle and vesicle, respectively.

Figure 4 .

 4 Figure 4. A) HOMO-LUMO distribution of side unit MeOTTMN of polymers PEG45-b-PTTMNMAn. B) Singlet and triplet energy levels and ΔES1T1 values of side unit model MeOTTMN. C) Normalized UV-vis absorption and photoluminescence spectra of micelles formed by PEG45-b-PTTMNMA8, Excitation: 500 nm. E) The UV-visible absorption spectra of ABDA (50 μM) in the presence of PEG45-b-PTTMNMA8 micelles. D) The ln(A0/A) as a function of irradiation time (t) for monomer TTMNMA and PEG45-b-PTTMNMA14 in DMF solution, and PEG45-b-PTTMNMAn self-assemblies in water dispersion formed in dioxane/water system. A0 and A are the absorbances of ABDA at 378 nm before (t = 0) and after irradiation (t), respectively. The slope of the fit by linear function gives the 1 O2 production rate (K) (s -1 ).

Figure 5 .

 5 Figure 5. NAD + regeneration catalyzed by polymer vesicles. A) Absorbance spectra of NADH as a function of irradiation time.The reaction was performed in the dispersion of vesicles (containing 20 μM TTMN units) in PBS buffer under ambient and aerobic conditions using LED white light (30 mW/cm 2 ). B) NAD + regeneration yield at different photocatalyst concentrations of polymer vesicles (TTMN unit molar concentration, simply noted as 10, 20, 40 μM vesicles). C) NAD + regeneration yield catalyzed by vesicles (20 μM) under different conditions polymer vesicles (FigureS34) show that the characteristic chemical shifts at δ = 8.43 and 8.17 ppm assigned to the adenine protons of NADH become smaller and smaller under irradiation of LED white light (30 mW•cm 2 , 400-700 nm, FigureS28). The formation of NAD + under irradiation was confirmed by the appearance of signals at δ = 8.77, 9.10 and 9.28 ppm corresponding to the nicotinamide group in NAD + . This NAD + regeneration from NADH can also be monitored by the change of characteristic absorption peak of NADH at 340 nm (FigureS35). As shown in Figure5A, a gradual decrease of absorption at 340 nm was observed during irradiation of polymer vesicles dispersion (containing 20 μM TTMN units) in PBS buffer under ambient and aerobic conditions. The conversion of NADH to NAD + as a function of illumination time (Figure5B) could be calculated according to the NADH standard curve (FigureS36). The higher the concentration of polymer vesicle photocatalyst, the higher the NAD + regeneration speed is (Figure5B, FigureS37and TableS7). For example, 250 μM of NADH was completely oxidized in 1h by vesicles containing 10μM TTMN units, but only in 30 min by vesicles containing 40μM TTMN units. For simplicity, in the following texts, these concentrations will be written as 10μM or 40 μM vesicles (or micelles), which means the molar concentration of photocatalytic sites in vesicles (or micelles). The polymer micelles also exhibited photocatalytic activity to oxidize the NADH to NAD + as shown by[START_REF] Maciá-Agulló | Photobiocatalysis: The Power of Combining Photocatalysis and Enzymes[END_REF] H NMR (FigureS38) and UV-vis absorption spectra (FigureS39). Moreover, the rates of NAD + regeneration were higher when catalyzed by polymer micelles than by vesicles. For example, at the concentration of 20 μM polymer nanoparticles, full conversion of NADH to NAD + was achieved in 30 min by micelles, but in 40 min by vesicles. The average NAD + generation rates catalyzed by micelles and vesicles were calculated as 665.6 and 551.8 μmol/h, respectively (TableS7). The probable reason is attributed to the incomplete contact between NADH and photocatalyst sites. The NADH was mainly located outside the vesicles and only a few NADH might enter the interior compartment of vesicles across the hydrophobic core of the membrane. Therefore, the catalytic site in the inner leaflet of the membrane could not efficiently oxidize NADH to NAD + . As a

Figure 6 .

 6 Figure 6. NAD + regeneration catalyzed by polymer vesicles or micelles. A) Illustration of the combination of polymer vesicle photocatalyst with glucose 1-dehydrogenase. B) The combination of glucose 1-dehydrogenase and polymer vesicle, micelles and rose Bengal photocatalysts for the generation of NADH and NAD + alternately by controlling the LED light "off/on". The blue shadows indicate LED off (in the dark) and no shadow ranges correspond to LED on (in the light). C) Enzymatic activity of glucose 1-dehydrogenase in the presence of vesicle, micelle and rose Bengal after each biocatalytic and photocatalytic cycle. D) Photocatalytic activity of polymer vesicles and micelles after each biocatalytic and photocatalytic cycle.
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