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Driven by the controlled release of stimuli-responsive drug delivery, the third chapter attempts to incorporate PISA into synthesizing particles sensitive to reactive oxygen species (ROS) that are overexpressed in tumor cells. We will demonstrate for the first time, the synthesis of an H2O2-responsive N-(2-(methylthio)ethyl)acrylamide monomer (MTEAM), which could be polymerized with a poly((poly(ethylene glycol) methyl ether methacrylate)-co-(poly(ethylene glycol) methacrylate)) macro-CTA. The resulting spherical and vesicle morphologies will be examined regarding their respective effects on bio-relevant stability, controlled release in H2O2rich environments, and in vitro cell cultures in prostate and breast cancer cells.

Finally, the fourth chapter aims to adopt a combinational approach through which PISA is used to prepare polymersomes with controlled release and targeting properties. We will employ the same H2O2-sensitive MTEAM monomer prepared in the third chapter, to polymerize with a biocompatible poly(N-2-hydroxypropyl methacrylamide) (P(HPMAm)). The P(HPMAm) chain lengths will be discussed to exploit whether they exert an influence on the final sizes, morphologies, and sensitivity in the oxidative environment. The polymersomes obtained will be further functionalized with folic acid to confer a targeting effect toward a substantial presence of folate receptors on tumor cells.
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General introduction

This bibliography chapter features the fundamental knowledge of living polymerization, with a particular focus on RAFT method due to its great compatibility with a range of vinylbased monomers and high control over polymerization rates. The reaction is carried out with high precision and affords narrow molecular weight distribution through the use of a welldesigned RAFT agent. Thanks to its properties and great versatility, RAFT was widely exploited in a plethora of materials sciences and drug delivery applications, since it facilitated the synthesis of highly complex polymer architectures, thus providing realistic solutions to tackle the currently demanding research challenges in medicines, pharmacies, and biotechnologies. One of the representative examples is the utilization of RAFT to mediate PISA, a newly emerged technique to produce NPs at high yields and with good robustness and reproducibility. Furthermore, their sizes and shapes can be readily tuned to meet specific demands of therapeutic drug delivery designs. PISA-made particles were then further exploited to exert more smart functions benefiting drug encapsulation, targeting ligand conjugation, and controlled drug release.

Principles and mechanisms of RAFT polymerization 1.RAFT polymerization process

The synthesis of polymers with well-defined structures can be typically achieved via living polymerization, as it enables a sequential addition of monomers via one added at a time with limited irreversible transfer and termination reactions, thus imparting high control and effective propagation capacity over the polymerization. [1][2][3][4][5] Living polymerization can be further divided into three major groups: living anionic polymerization, living cationic polymerization and living free-radical polymerization. 6 In particular, living free-radical polymerization as in reversibledeactivation radical polymerization (RDRP) has emerged as a synthetic technique for the preparation of a wide range of functional vinyl-based polymers with high precision over molecular weights, dispersity, and architectures. [7][8][9][10][11] This is because RDPR involves an equilibrium process, through which the chain ends are continuously activated and deactivated to allow a uniform monomer propagation, hence avoiding irreversible chain transfer and termination that cause broad chain length distributions and inactive "dead" polymers, as usually seen in other radical polymerization methodologies. 12 The most widely studied techniques of RDRP includes atom transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP) and reversible addition-fragmentation chain transfer polymerization (RAFT). 13 Of all RDRP synthetic routes, since the first reports by CSIRO in 1998 and by Corpart et al. in 1999, RAFT has gained a considerable attention, as it correlates closely with the main principle of RDRP for being applicable to a wide variety of vinyl functional monomers, while displaying faster chain extension, devoid of heavy metal catalysts and thus limiting tedious purification. [14][15][16][17] NMP and ATRP are proceeded upon reversible termination reactions and likely leading to a loss of the "living" chain end. However, RAFT is governed by degenerative chain transfer through a RAFT agent containing a thiocarbonylthio function and on which all polymer chains are equally propagated. This approach retains the same number of chains with the thiocarbonylthio end-groups during the polymerization, regardless of the extent of termination. 18 Therefore, RAFT can precisely control the growth of very complex polymers with highly ordered macromolecular structures and with low molar mass dispersity. A typical RAFT reaction is proceeded via several steps, starting with the activation of radical initiators to equilibria states between active and dormant polymer chains to the eventual formation of complete and active polymer, which is detailed as follows (Figure 1). 19 Initiation: First, radical initiators (I • ) are generated from a radical source such as 2,2'azobis(isobutyronitrile) (AIBN) or 2,2'-azobis(2-(2-imidazolin-2-yl)propane)dihydrochloride (VA-044) then initiate a monomer molecule (M) to form a propagating polymer radical chain (Pn • ).

RAFT equilibrium: Such polymer radical is reacted with a RAFT agent (chain transfer agent, CTA) (1) to enter an equilibrium between active and dormant species, producing a RAFT adduct radical (2) which can be fragmented into a polymeric thiocarbonylthio constituent (3) and a radical group R • . This is a reversible step through which the adduct RAFT radical can lose either the R • group or the polymeric radical chain (Pn • ).

Re-initiation: The leaving group R • then reacts with another monomer molecule to initiate another polymer radical chain (Pm • ).

Main RAFT equilibrium: This is when the existing polymer radicals rapidly exchange around the dormant thiocarbonylthio group capped species (3) at an equal pace yielding an equivalent probability for all chains to grow and polymers of narrow polydispersity. The interchange in the chain transfer step occurs rapidly to ensure that the concentration of growing polymer radicals is kept lower than such of the RAFT adduct radical intermediates (4), therefore preventing undesired termination reactions.

Termination: Following a complete addition of monomers, these two propagating radical chains react according to a bi-radical termination forming a dead polymer. 

RAFT agent

As mentioned earlier, RAFT process is differentiated from other living polymerization approaches due to the presence of a RAFT or CTA agent, which facilitates a uniform distribution of polymer chains and limits the loss of dead end-groups throughout the polymerization. RAFT agent is composed of a thiocarbonylthio center linked with Z and R groups, see Figure 2. The thiocarbonyl bond plays a vital role in the reactivity of a RAFT agent, and that C=S bond has to be more reactive than the C=C bond of the monomer, thus favoring the radical addition toward it. The R and Z groups impose different key roles and impact the overall reactivity of the thiocarbonylthio function which is strongly correlated to the regulation of the RAFT process. 21 The Z-functionality is critical for yielding an effective and controlled mediating impact on the chain transfer process within the equilibrium stages. An ideal RAFT process is considered when the addition and fragmentation of radical chains occur rapidly, or the intermediate polymeric thiocarbonylthio radicals have minimal stability to facilitate a convenient leaving of radical chains. To this sense, the Z-group should confer the addition of polymer radicals to the C=S bond and the fragmentation of the intermediate adduct radical to release the R-group. By the end of the polymerization, the thiocarbonylthio group can be either leveraged for chain end functionalization or removed from the polymer for other utilities. Nevertheless, the thiocarbonylthio group are usually removed via either thermolysis or radical-based transformation. Thermolysis refers to the use of high temperature 150 -250 o C for removing the end-group while introducing an alkene at the chain end. Radical-induced removal allows for eradication of the end group and replacing it with an alternative chain end functionalization. 18,22 Besides the Z-moiety, the R group is key to orchestrating some important functions of the RAFT agent, first, it has to be a good leaving group and readily fragmented in the intermediate adduct radical to form a radical R; second, the formed radical R should be greatly reactive to be able to reinitiate more monomer addition and make sure the polymer chains are equally grown to obtain a narrow dispersity. Therefore, an ideal R group should hold a sustainable radical stability, being able to rapidly disassociate to form radicals, while remaining its high activity for the re-initiation and growth of monomers. The R group also involves steric factors and polar

effects. An increase of steric bulk confers the R group with good fragmenting ability but can negatively affect the re-initiation step owing to the steric repulsion. The R group bearing electron withdrawing functionality could easily reinitiate electron-rich vinyl functional monomers. 18,22 1.2.2. Monomers Generally, RAFT allows control over polymerization of a plethora of vinyl functional monomers. There are two major types of such monomers, categorized based on their reactive levels: more activated monomers (MAMs) bearing vinyl groups linked to a double bond (butadiene, isoprene), an aromatic ring (styrene, vinylpyridine), a carbonyl group ((meth)acrylates, (meth)acrylamides, maleimide), or a nitrile (acrylonitrile); less activated monomers (LAMs) possessing vinyl groups coupled to a double bond close to oxygen, nitrogen, halogen, sulfur lone pairs, or saturated carbons adjacent to oxygen, nitrogen, halogen, sulfur lone pairs, or saturated carbons (e.g., vinyl acetate, N-vinylpyrrolidone, vinyl chloride, 1-alkenes). 23 

Radical sources

Thermal initiation has been a powerful and versatile approach to generate radicals from different initiators upon exposure to certain temperatures. In general, the concentration of radicals affects the polymerization controllability as to (1) polymerization rate, as it is directly implicated by radical concentration; (2) reaction yield, as the number of polymers is proportional to the number of radicals; (3) reaction conditions, for example temperature. It was demonstrated that initiator concentration exerts an influence on the polymerization rate, thus controlling the initiator concentration via calculating adequately the ratio of CTA to initiator has been one of the crucial steps to achieve a successful polymerization. 18 

Combination of RAFT with ROP to synthesize biodegradable polymers

To apply polymer-based products into biomedical settings, it is of utmost importance to produce polymers that are biodegradable and biocompatible, and at the same time, being finely tuned over their molecular weights, architectures, and physicochemical properties. Therefore, integrating the biodegradability of ROP with the high control of RAFT, to produce amphiphilic block copolymers constituting hydrophobic polyesters and vinyl-containing hydrophilic segments has been fruitfully discussed in the past few years, including our previous review on this matter. [24][25][26][27][28][29][30][31] To this approach, the RAFT agent is designed with a hydroxyl end group and used as an initiator in ROP, also known as dual initiators.

Firstly, cyclic esters are polymerized via ROP initiated by the hydroxyl group of the dual initiator, followed by RAFT polymerization with a hydrophilic monomer in the presence of the newly synthesized polyester-containing RAFT agent, either in a separate or one-pot strategy (Figure 3). The orthogonal one-step pathway is also possible for the synthesis of block copolymers.

Figure 3. Mechanism of synthesizing block copolymers using ROP and RAFT.

The group of Rachel K. O'Reilly and co-workers has pioneeringly explored the concept of crystallization-driven self-assembly (CDSA) of diblock copolymers constituted of polylactide via ROP, then by RAFT polymerization of one of these hydrophilic blocks such as poly(N,Ndimethylacrylamide) (PDMA), 32 poly(ethylene oxide) (PEO), 32 poly(4-acryloyl morpholine) (P4AM), 32 and poly(acrylic acid) (PAA). 33 The resulting copolymers containing a crystalline block (PLA) and a stabilizing block readily resulted in self-assemble structures with varying morphologies. For example, PDMA-b-PLLA was self-assembled in ethanol at 90 0 C and upon cooling to 20 0 C, the shape selections were specifically solvation-dependent. Particularly, the high solubility of the block copolymers in ethanol yielded uniform 2D diamond platelets, while the less soluble ones produced cylindrical micelles or mixed morphologies (Figure 4). cylinder-formed micelles. Reproduced from 34 with permission

In addition, the research area on photo-induced controlled radical polymerizations has attracted a growing interest, as a result of their versatility and facile synthetic conditions without tedious purifications of by-products. 35,36 This was reflected in the work of Fu C. et al. that block copolymers of poly(ε-caprolactone)-b-poly-(methyl acrylate) (PCL-b-PMA) were controllably polymerized at room temperature under low energy visible light (λmax = 460 nm, 0.7 mW/cm 2 ).

PCL-b-PMA was synthesized via merging diphenyl phosphate (DPP)-catalyzed ROP and iridium-catalyzed photoinduced electron/energy transfer (PET-RAFT) in the presence of 2-hydroxyethyl 2-(((butylthio)-carbonothioyl)thio)propanoate (HEBCP) as a bifunctional initiator.

Interestingly, the reactions were implemented according to three distinct mechanisms, one-pot sequential ROP then PET-RAFT and vice versa or in one-step simultaneous route, all yielding the narrow dispersity of molecular weights (Figure 5). 37 In summary, RAFT process has revolutionized the concepts and practices of polymerization, providing a realistic and widely applicable method to synthesize highly complex polymer materials with high precision and versatile functionalities. Their applications span across multiple scientific aspects, from biotechnology, drug delivery, cosmetics, paints to microelectronics. 38 In the scope of this thesis, the use of RAFT to benefit drug delivery formulations will be discussed, focusing on block copolymer carriers to address unmet clinical needs, while aligning its preparation with industrialized purposes. In this regard, block copolymer NPs could be prepared using RAFT-governed PISA, which will be explained in detail in the next section.

RAFT-mediated PISA

2.1. Characteristics of PISA 2.1.1. Amphiphilic block copolymers: definition and main concerns Amphiphilic block copolymers are composed of hydrophilic and hydrophobic segments in the form of AB diblock, ABA triblock, BAB triblock or ABC triblock copolymers. Owing to the hydrophobic effect, they can spontaneously self-assemble in a selective solvent (or solvent mixture) to form NPs, 39,40 thus minimizing tedious synthetic efforts and maintaining batch-tobatch consistency. The AB diblock is one of the most prevalent and well-established compositions due to its simpler architecture. 41 Such diblock has been widely exploited in a range of therapeutic purposes, including drug delivery, [42][43][44][45][46][47][48][49][50] gene therapy, [51][52][53][54][55][56][57][58] tissue engineering, [59][60][61][62][63][64][65][66] as well as intracellular imaging and diagnosis. [67][68][69][70][71][72][73][74][75][76] Typically, the room temperature self-assembly of amphiphilic block copolymers with a glassy hydrophobic block is obtained using the co-solvent or solvent switch method. 77 In this technique, the amphiphilic block copolymer is initially dissolved in an organic solvent such as DMF, acetone, or THF that is compatible with both blocks. Subsequently, a good solvent for one block, e.g., water, is added dropwise into the polymer mixture, leading to the microphase separation and self-assembly into nano-objects with a solvophobic core coated by a solvophilic layer. 40 However, this allows a relatively low polymer concentration (<1 wt%) to be used. [78][79][80][81] In addition, the self-assembly usually occurs via post-polymerization from well-defined precursor copolymers, and hence is not economically ideal for scale-up and industrial purposes. Although the solution-phase self-assembly can still leverage a diverse set of particle morphologies such as micelles, nanofibers, or vesicles, 82,83 which is primarily dictated by the packing parameter (p), 77 in practice it is tedious to obtain higher order morphologies.

2.1.2. How can PISA address the main issues of conventional self-assembly?

Given these current challenges of formulating nano-assemblies, it is key to looking for alternative methods that facilitate polymer and particle synthesis at high yield but involve less complex and laborious preparations.

Introduction of PISA

To this sense, PISA has emerged to jointly facilitate the polymerization and self-assembly of block copolymers in an one-pot approach, conferring spontaneous self-assembly, high polymer concentrations, and morphological diversity. [84][85][86][87][88][89][90][START_REF] Xu | Polymeric Nanoparticles Responsive to Intracellular ROS for Anticancer Drug Delivery[END_REF] • Direct and spontaneous self-assembly PISA involves the in situ growth of a solvophilic homopolymer with solvophilic monomers using radicals or catalysts, until this monomer turns into a solvophobic block polymer. Due to the solvophobic effect, the solvophobic block precipitates into a solvophobic core surrounded by a solvophilic external layer. Therefore, PISA allows the block copolymer synthesis and selfassembly to occur in the same reaction pot.

• High total solid contents Moreover, PISA can be implemented at relatively high solid contents, for instance, the block copolymer concentrations can be up to 50 %wt, and usually imparts very high monomer conversions to be reached within short reaction times compared to conventional solution selfassembly. [START_REF] Yoo | Protease-Activatable Cell-Penetrating Peptide Possessing ROS-Triggered Phase Transition for Enhanced Cancer Therapy[END_REF] • Morphological variations PISA generates in situ self-assembled nano-objects with various morphologies that can be predicted and well-controlled through kinetics study, depicted in Figure 6. This is a very important and valuable asset compared to the typical nanoprecipitation technique, through which mostly spherical particles are produced, while the same copolymers by PISA can be shaped in several ways. [START_REF] Gracia Lux | Biocompatible Polymeric Nanoparticles Degrade and Release Cargo in Response to Biologically Relevant Levels of Hydrogen Peroxide[END_REF] The morphological evolution initially starts with the early formation of spherical micelles and provides a not-kinetically-frozen structure that evolves to cylindrical or worm-like NPs, and finally to vesicles. [25][26][27][28][29][30][31] Different conditions and reaction parameters applied to dictate particle sizes and shapes will be further discussed in section 2.2. either in an organic solvent or water-based systems. Once a critical degree of polymerization of the core-forming block is reached, this block becomes insoluble and tends to precipitate. The initial particles act as the loci for the polymerization on which monomers continue to be added covalently to the stabilized particles. Meanwhile, the second method, emulsion polymerization, is usually implemented in water, using a soluble homopolymer precursor that is chain-extended with an immiscible monomer to a critical degree of polymerization. This leads to the formation of monomer droplets stabilized by the initial homopolymers.

Initiation sources

RAFT dispersion or emulsion PISA processes can be initiated via various approaches, most commonly by thermal initiation but also by other new alternative approaches such as under photochemical, ultrasound and microwave activations, or using enzymes. [START_REF] Yoo | Protease-Activatable Cell-Penetrating Peptide Possessing ROS-Triggered Phase Transition for Enhanced Cancer Therapy[END_REF] 2.2. Controlling particle shape and size

Control of particle shape

In general, controlling particle shape is of substantial importance to the performances of drug delivery systems as each morphology has its own effects on the in vivo fate, biodistribution and cellular uptake after administration. [118][119][120][121][122][123][124][125][126][127] Particles, prior to navigating themselves nearby or be uptaken by cells must first reach and cross the endothelial cell walls of blood vessels. Nonspherical particles were known to follow lateral drift within the linear lamellar blood flow that allows higher contacts and margination on the vessel war edges, thereby increasing chances of interacting with cell wall receptors or extravasating through gaps between endothelial cells, whilst spherical particles are likely to flow toward the center of the vessel and cause less accumulation on the blood wall (Figure 7). 128 Elongated morphologies could also bind more strongly to blood vessels and resist profoundly against linear sheer flow forces as compared to spherical shapes under the same physiological environment. 129 Oblate particles exhibit a reduced uptake by macrophages and a prolonged blood circulation, strongly enhancing the odds of reaching the targeted sites. [130][131][132] In addition to the vascular transport, particle shape is also critical to dictating their interactions with cell membranes. Due to the high surface areas, elongated NPs can form stronger and multivalent ligand-receptor bindings compared to nanospheres, and thus improving the selectivity and specificity during endocytosis. [133][134][135] On the other hand, NPs with sharp edges can disrupt the endosomal membranes, inducing less exocytosis, thereby stay longer in the cytoplasm than spherical particles. 136 By producing a wide scope of well-controlled nanostructures, PISA can provide more possibilities for particles to achieve prolonged blood circulation and better cellular uptake and tracking, 137 which ultimately results in an improved bioavailability of the NPs and their internal therapeutic agents. In fact, the concept of self-assembly of an amphiphilic block copolymer in solvent is adopted from that of a surfactant molecule in which the hydrophobic block resembles the hydrophobic surfactant tail and the hydrophilic segment represents the polar head. 138 The formation of different particle structures is dependent on the minimization of free energy between two blocks in solvent, such as polymer-polymer interaction parameter and the interaction of each block with the surrounding solvent (polymer-solvent interaction parameter), which can be governed by relative volume fractions (f), the solvophobicity, and DP of each block and packing parameter (p). 139,140 In theory, p enables the understanding of relationship between surfactant molecular structure, including head group area ao, hydrophobic tail length lc, and volume of the hydrophobic block, v, and the resultant particle morphology, presenting in the formula of p = v/aolc. Adjusting these parameters provides a tunability of different interfacial curvatures, and thus variable particle shapes. As such, p ≤ 1/3 having the highest curvature produces spherical micelles being the most easily accessible form of self-assembly, while at ⅓ < p < ½, cylinders are formed and ½ < p ≤ 1, vesicles are observed (Figure 8). 141 In practice, p is extremely complicated to calculate and therefore, in the case of PISA, it is particularly important to investigate a range of reaction conditions and mechanical parameters that might lead to different structural variations of the self-assembled NPs. Regarding pH, higher pH induced an increased ionization of AA and subsequently particles switched from fibers/vesicles (pH 3, 6) to spheres (pH 8). This was due to the greater repulsion between the block copolymers, thus limiting the possibility to reorganize from spheres to higherorder shapes. Moreover, at pH 8, increasing NaHCO3 concentration favored the transition from spheres to long fibers (> 1 µm) and vesicles. That said, acidic pH or high salt concentration was prone to non-spherical shapes and the presence of charges in the hydrophilic block could influence the final particle morphology. As a result, it is necessary to control conditions of the continuous phase such as pH and salt concentration to dictate the particle shapes. 146 pH was illustrated to be a critical aspect for controlling particle shape in the study of aqueous dispersion polymerization of 2-hydroxypropyl methacrylate (HPMA) using non-ionic poly(glycerol monomethacrylate) (PGMA) macro-CTA with DP of HPMA ranging from 175 to 250. PGMA43-b-PHPMA175 and PGMA43-b-PHPMA200 generated vesicles at pH 3.5, and increasing to pH 5, the carboxylic acid end-moiety of the macro-CTA was ionized, which in turn switched these vesicles to spherical and worm-like particles. 147 The similar approach was applied to anionic block copolymer NPs, by which HPMA was polymerized with a binary mixtures of anionic poly(potassium 3-sulfopropyl methacrylate)

(PKSPMA) and non-ionic PGMA macro-CTAs in the presence of salt to decrease the density charge on the stabilizing block corona, thus facilitating access to vesicles. 149 c) Core-forming monomer solubility

The type of core-forming monomer could possibly impact particle morphology. In ) induced spheres when using short hydrophilic chain PHPMA16, but promoted to vesicles when using longer PHPMA43, at the same hydrophobic block DP300. It was hypothesized that longer P(HPMA)43 macro-CTA generated a higher number of hydrogen bonds with water, which increased its rigidity and lowered the degree of interfacial curvature between the two blocks, thus driving toward higher-ordered vesicle forms (under review). the macro-CTA also influenced the particle size, by which MAA:PEOMA = 50:50 generally caused smaller spheres than such at MAA:PEOMA = 67:33 under the same conditions. Also, more PEOMA side chains allowed higher number of obtained particles and larger stabilized surface area, as the PEO chains are key to the stability of the hydrophilic block. In other words, an increase of PEO side chain length significantly exhibited an improved stability of the macro-CTA at low pH which possibly enhanced the particle self-stabilizing quality. Taken as a whole, the particle diameter was considerably governed by the DP of the core-forming block, whereas the composition of the macro-CTA, e.g., increasing the PEO size chain within the hydrophilic segment determined the particle size, number and stabilization. 160 A study by This was explained based on the hydrophilic to hydrophobic equilibrium, shorter hydrophilic chains caused large particles and big aggregations of 2 µm. Hence, at the same DP 300, longer hydrophilic chains were necessary to balance and stabilize the high hydrophobicity of PHPMA segment, which ultimately reduced their sizes and narrowed the size distributions. 163 Summary of the effects on particle sizes and shapes

In conclusions, PISA offers a diverse set of particle sizes and shapes at high concentrations, which can be controlled and tuned by numerous reaction parameters.

Particularly, DP of the hydrophobic block affects both sizes and shapes, through which higher DP results in larger sizes and transition to higher-order morphologies. The properties of the hydrophilic segment also exert an effect on sizes and shapes. For example, tuning the chain topology could change the interfacial curvatures of the block copolymer obtained, which is associated with different morphologies. The length of hydrophilic block and the hydrophilic to hydrophobic balance are important assets to dictate particle sizes and shapes. In some cases, acidic pH or high salt concentration was prone to non-spherical shapes. On the other hand, the different solubilities of the core-forming block may lead to different interesting morphologies.

Furthermore, using the macro-CTA with more hydrophobic chain-end groups could enable vesicle forms. In the end, with scalable and simple chemistry, PISA opens up a new opportunity to access various sizes and shapes.

Applications of PISA in drug delivery and biomaterials

The outstanding benefits of PISA over traditional self-assembly methodology have led to a plethora of applications in drug delivery and biomedical technologies. Of which, PISA-based block copolymer particles have been largely exploited as efficient nano-carriers that can be used to encapsulate genetic materials/drugs or functionalize with therapeutic molecules such as drugs or targeting ligands at high polymer concentrations. In this regard, drugs could be physically entrapped during the self-assembling process by simply combining drugs and monomers together, however, despite its simplicity, some drugs might interfere with the micelle aggregation thus likely reducing the loading capacities or only obtaining spheres without further morphological transitions. To address this challenge particles were firstly formed by PISA and then surface post-modified with therapeutic agents. Despite requiring additional functionalization steps, this method simplifies the control over particle sizes, shapes, and concentration of the conjugated drugs. Third, therapeutic agents could be initially linked to coreforming monomers as monomer-drug conjugates then automatically incorporated into the coreforming blocks of self-assemblies formed during PISA, or directly bound to polymer chains of PISA-preformed particles. In both cases, drugs can be attached via stimuli-responsive linkages, hence improving both drug loading contents and on-demand drug release. Finally, drugs could also be simultaneously encapsulated into particles consisting of stimuli-liable polymer chains to provide particle disassociation thus programmed drug release. This section will be focused on highlighting recent literature on PISA-inspired drug delivery systems developed upon these four formulative techniques with the aim to prove the tunability and versatility of PISA in different preparation methods, thus possibly expanding its wide applicability in nanomedicine formulations at an industrially relevant scale. 

Stimuli-responsive PISA-generated NPs

The highly complex behavior of diseases demands that drug delivery systems and biomaterials should be designed in such a way that they can respond to various pathogenic environments in an opportune and judicious manner. To improve the therapeutic reliability, it is of utmost importance for particles to exhibit high drug loading and site-specific delivery, while efficiently favoring drug release in the diseased body areas. 175,176 In this regard, functionalized materials displaying such tailored features have rapidly emerged as a promising toolbox for the design of many advanced drug delivery systems. 177,178 The functionalization can be achieved via the encoding of stimuli-sensitive functionalities into molecular structures, thus endowing ondemand responses to endogenous factors such as pH, oxidation, and reduction, or to exogenous triggers such as photoirradiation, temperature, and ultrasound activation. [179][180][181][182][183][184][185] Altogether, stimuli-responsive polymer-based nanocarriers have gained rapidly growing research attention in the biomedical sciences as a versatile and exciting platform for materials design strategies. [186][187][188][189][190] On the other hand, although the in situ drug entrapment enables drugs to be readily compartmentalized via one step, the challenges are often relatively low drug loading and efficiency as well as low sensitivity of drug-loaded particles toward disease-related environments or limited controlled drug release. Alternatively, drugs can be pre-conjugated to monomers of one of the two blocks, mostly with hydrophobic monomers so that they can be automatically encapsulated within the hydrophobic cores of block copolymer self-assemblies during PISA. The incorporation of drug into particles can also be realized after PISA, typically on PISA-preformed particles through covalent reactions between drugs and functional groups of polymer chains of particles. In either way, drugs are bound to particles via stimuli-cleavable links that provide efficient controlled and tunable drug release, while potentially exerting high drug encapsulation efficiency owing to drug-particle covalent chemistries. Another possibility is that drugs are simultaneously loaded into nano-carriers made up of stimuli-liable monomers or block polymers that can be cleaved to release the drugs controllably.

Based on simple and accessible formulations of NPs from PISA, an extensive amount of literature has been focused on producing stimuli-sensitive NPs, using mostly RAFT and some ROP/ROMP combination, thereby conferring an efficient programmable drug release through a timely and direct nano-formulation.

pH-Responsive systems

Differences in pH profiles under pathogenic conditions compared to normal cell microenvironments is one of the most prominent features to exploit in the development of intelligent tools in nanomedicine. Many inflammation sites and solid tumors display relatively acidic pHs (<6.5) compared to normal tissues (pH 7.4). 191,192 Integrating functionalities into particles that are stable under physiological pH whilst cleavable at low pH thus triggering drug unloading in a well-programmed way.

For example, Karagoz et al. described a one-pot PISA synthetic route to asymmetricblock-copolymer NPs: poly(oligo(ethyleneglycol)methacrylate)-b-poly(styrene-co-vinyl benzaldehyde) (POEGMA-b-P(St-co-VBA)) was obtained using a RAFT-mediated dispersion polymerization in methanol and enabling self-assembly into various morphologies from spheres, worm-like and rod-like to vesicles. 101 After the particle synthesis, the aldehyde groups in the core-forming blocks were conjugated with DOX via its amine functional groups to form pHresponsive imine moieties (-C=N-) on Schiff bases. A release study demonstrated that more than 80 % DOX was liberated from the NPs at pH 5 due to the acidic pH-breakable bonds, whereas only 10 % were released at pH 7.4. Furthermore, while particle morphologies did not affect the DOX release, they had a significant impact on the cell internalization in MCF-7 breast cancer cell line, whereby worm-and rod-like particles displayed an improved cell internalization compared to spherical micelles and vesicles. The authors reasoned that cylindrical morphologies impart greater aspect ratios or surface areas, allowing for higher adhesions to cell membranes and thus favoring cell uptake. In addition, rod-like and worm-like DOX-particles exhibited higher cytotoxicity than vesicles and micelles, as observed from IC50 variations on MCF-7 cell line (Figure 16). In summary, this system, among all the possible obtained morphologies, has demonstrated an effective combination of responsiveness, cellular internalization, and cytotoxicity, a feature that is very difficult to achieve from a conventional nanoprecipitation. 17).

Another recent example was reported on the synthesis of cisplatin drug-encapsulated spherical micelles using ROMPISA. 195 One of the most attractive features of ROMPISA is its tolerance with a wide range of initiators and functionalities, allowing the straightforward polymerization of monomers in one pot. Amphiphilic block copolymers were synthesized in water, particularly a poly(oligo ethylene glycol) macro CTA, which was chain-extended by comonomers of cisplatin norbornene analogue and pH-responsive 2-(diisopropylamino)ethyl norbornene dicarboximide. The effect of sizes and surface charges of the resulting micelles on cell uptakes and cytotoxicity was investigated, indicating that smaller sizes exhibited improved cell uptakes and cytotoxicity, whilst positively charged NPs were better absorbed than the neutral or negatively charged ones. A drug loading of 20 % was achieved, with a selective release at pH 6. 

Reduction-responsive systems

High intracellular redox potential is another hallmark of carcinogenesis, resulting from an overproduction of reductive agents such as the glutathione tripeptide γ-glutamyl-cysteinylglycine (GSH), whose concentration ranges from 2 to 10 mM in the cytosol of tumor cells compared to the 1-2 mM concentration typical of normal cells. It is thus widely adopted to facilitate targeted and on-demand drug releases. [196][197][198][199] Reductive responsiveness is also critically important in hypoxia, a biological condition associated with oxygen deprivation in various diseases such as rheumatoid arthritis, ischemic stroke, and solid tumors. Hypoxia is associated with the presence of reductive species such as azoreductases and nitroreductases (NTR), thus nanomedicine tools can be tailored using azobenzene (Azo), nitroaromatic or quinone derivatives as hypoxia-responsive functionalities which are likely cleavable within hypoxia-affected areas. 200,201 In this regard, anticancer drug camptothecin (CPT) was integrated in a prodrug monomer (CPTM). 2-(2-(Methoxyethoxy)ethyl methacrylate (MEO2MA) and the obtained CPTM comonomer were then polymerized in the presence of poly(ethylene glycol)-4-cyano-4-((phenylcarbono-thioyl)thio) pentanoic acid (PEG113-CPDB) used as macro-CTA, via a RAFT dispersion technique, leading to the PEG-b-P(MEO2MA-co-CPTM) diblock prodrug copolymer. 202 This synthetic technique resulted in prodrug NPs with a three-layered structure. In particular, the reduction-sensitive core was cross-linked via a copolymerization of benzyl methacrylate (BzMA) and N,N-cystaminebismethacrylamide (CBMA); the second layer contained the CPT-copolymer with the CPT conjugated to the polymer chains via reductivesensitive disulfide linkages; and the outer layer included stabilizing hydrophilic PEG chains.

This prodrug NPs facilitated the cleavage of the conjugated CPTs upon exposure to a reductive microenvironment, e.g., at high levels of GSH in the cytosol. The synthetic strategy enabled an drug delivery system achieving (1) a one-pot simultaneous polymerization and drug encapsulation at a relatively high concentration of 100 mg mL -1 , (2) a high monomer conversion,

(3) a simultaneous core-cross-linking during prodrug particle preparation, (4) a CPT concentration that could be precisely tuned by altering the MEO2MA / CPT ratio, and (5) an efficient drug unloading upon cell internalization due to the high concentration of GSH in the cytoplasm.

Recently, the development of dual-functional polymer NPs exhibiting a fluorescenceassisted tracking capability and reduction-responsive triggered drug release was reported. 203 Accordingly, aza-boron dipyrromethene (BODIPY), a near-infrared (NIR) fluorescence dye, was loaded in situ into particles via a RAFT aqueous dispersion PISA without specific purifications.

Firstly, a reduction-responsive polyprodrug camptothecin-monomer (pCPTM) was prepared via a chain extension of a PPEGMA macro-CTA during the RAFT copolymerization of PEGMA and CPTM. Secondly, PEGMA comonomers and pre-synthesized NIR fluorescent monomer (NIRM) were co-polymerized in the presence of the PPEGMA macro-CTA, yielding pNIRM.

The last step was required to prepare core-crossed-linked bifunctional NPs, wherein pCPTM and pNIRM were hydrophilic macro-CTA agent chain-extended with the HPMA monomer and dimethacrylate cross-linker (EGDMA) in a one-pot RAFT aqueous dispersion polymerization.

The resulting spherical micelles had a three-layered structure, with a cross-linked core encapsulating the CPT drug, surrounded by the pNIRM fluorescent layer, and externally coated by the hydrophilic PPEGMA corona. The covalent attachment of BODIPY imaging agent endowed distinctive optical properties to the spheres, enabling the real-time monitoring and tracking of the loaded drugs and NPs via an NIR imaging technique. In addition, both cell internalization and intracellular drug release induced by a high level of GSH (10 mM) was confirmed in HeLa cells in vitro. Also, the in vivo imaging clearly indicated a passive targeting of the spherical micelles in tumor site over time. To summarize, PISA has successfully allowed the preparation of highly delicate spherical micelles with reductive-responsive drug release and stable optical characters via a direct and simple one-pot formulation strategy, and thus paving a novel pathway for tracking dynamic processes and biological imaging therapies (Figure 18). tumors and transitioned from a hydrophobic to a hydrophilic state, which in turn enabled an increased drug release and cancer cell uptake.

Oxidation-responsive systems

While a moderate level of reactive oxygen species (ROS) is a key necessity to maintain normal functions in cell signaling pathways and metabolism through oxygen-regulating homeostasis, a large increase in ROS is associated with a variety of pathological conditions such as cancer, diabetes, and inflammations. 206,207 Hence, the overexpression of ROS has been employed for the design of smart oxidation-responsive polymer-based nanomaterials. [208][209][210][211][212] Having realized the current stimuli-sensitive nanocarriers usually require tedious preparations, Sobotta et al. developed a one-pot synthetic pathway using RAFT-mediated dispersion PISA to produce well-defined spherical micelles of tunable sizes and displaying ROStriggered drug release. 213 A series of block copolymers with varying chain ratios was prepared, whereby poly(N-acryloylmorpholine) (PNAM) was utilized as a macro-CTA for chain extension 

Carbon dioxide (CO2)-responsive systems

Unlike other experimental models for stimuli that usually involve chemical stimulations and possibly generate by-products that can have side effects on biological cells, CO2 appears as

an alternate stimulus since it is a key endogenous metabolite. Additionally, CO2 exhibits excellent biocompatibility and membrane permeability. [214][215][216][217][218] Even though CO2 responsiveness has not been largely adopted in the context of therapeutic treatments, some of the designs available for CO2-sensitive polymeric materials have been considered as proof-of-concepts for uses in drug delivery.

Recently, silica nanoparticles (SiO2 NPs) have been utilized as effective adhesives for hydrogels and biological tissues. 219,220 It was reported that SiO2 NPs (20 nm) can be encapsulated Under CO2 treatment, the core-contained DMAEMA was protonated and became hydrophilic, in a similar way to the aforementioned studies. However, due to the AMA cross-linked core, the vesicles did not disrupt but became prone to swelling or expansion in volume and size. On the other hand, when purging with N2, the swelling vesicles shrunk because of the deprotonation of DMAEMA under these inert conditions. This swelling-shrinking process was reversible over four CO2/N2 cycles. Methylene Blue (MB) dye was used as a drug model in a proof-of-concept release experiment and revealed enhanced release when subjected to a CO2 environment.

In the meantime, these CO2-sensitive vesicles could carry an increased amount of SiO2

NPs after the CO2 treatment. This was explained by the interactions between SiO2 NPs with tertiary amines on DMAEMA in the hydrophobic block and the higher surface area of the vesicles favoring more SiO2 NPs to be loaded (Figure 22). The targeted DP was maintained relatively low to explore the thermo-responsiveness of the PHPMA core-forming block. SAXS confirmed that the release of SiO2 NPs occurs within the first 12 min upon cooling to 0 °C, as the PGMA58-b-PHPMA250 diblock copolymer underwent a morphological transformation from vesicles to a mixture of spherical and short-worm micelles, thereby triggering the release of internal cargos. Furthermore, an onset of vesicle dissociation was observed at about 10 °C, and promptly increased as the temperature decreased. The authors reported this smart formulation and effective on-demand release of SiO2 NPs would be applied to self-healing adhesives of synthetic hydrogels and living tissues, thus enabling a possible model for encapsulating globular proteins (BSA), enzymes, and antibodies (Figure 23). Staphylococcus aureus at 4°C, the temperature at which nanoworm degelation occurred, and led to worm-to-sphere transition, thus lowering the solution viscosity. This solution was then filtered through a 0.45 µm membrane, allowing for the smaller diblock copolymer particles to cross whereas the micrometer-sized bacteria stayed on the membrane. Brought back to ambient temperature, the obtained solution reversibly shifted from spheres to worms, favoring the gelation, which in turn served as an injectable scaffold for stem cell growth. Later, the same research group exploited the use of PGMA-b-PHPMA diblock copolymer nanoworm gel in human Pluripotent Stem Cells (hPSCs) and human embryos. 227 When cooled down from 37 to 5 °C, PGMA-b-PHPMA worm gels switched from worms to spheres, allowing for a reversible gel formation-destruction via an order-order transition, on which cells can be embedded and recovered. These worm gels showed a good aptitude at mimicking natural mammalian mucins and at forming an excellent 3D matrix to maintain hPSCs viability and pluripotency without any passaging for 14 days, as well as for possible short-term storage of hPSCs and human embryos without a need for cryopreservation.

Enzymatically responsive systems

Enzymes are key components in cell regulation, and enzymatic dysfunction or overexpression is associated with a number of pathological conditions, particularly in cancer. 228- 230 These dysfunctions or overexpression can be exploited as a potential target in drug delivery designs. For instance, drugs can be leveraged when being exposed and degraded in a dysfunctional enzyme environment.

Although a majority of reported examples has been using RAFT-PIS, other potential types of polymerizations can be of interest for the production of biodegradable and responsive polymer NPs. To address the challenge of high polymerization temperatures and strictly oxygen-free conditions, ROMPISA has been introduced to synthesize particles with high control over the polymerization process under aerobic conditions.

In a recent report, Wright et al. generated peptide-based NPs sensitive to the proteolytic enzyme thermolysin in aqueous media, via a one-pot method in open air upon ROMPISA at a high solid concentration (10 w%). 106 Such enzyme-responsive poly(norbornene) block copolymers are key to a series of future applications where more enzymatically sensitive biodegradable materials can be prepared from the versatile and robust ROMPISA method.

Recently, vesicles made from the ROP of N-carboxyanhydride (NCA)-induced selfassembly (NCA-PISA) have been described. The polymerization of the L-phenylalanine NCA (L-Phe NCA) was initiated by methoxypolyethylene glycol amine (PEG45-NH2) at 10 °C without the need for degassing, using a 20 % solid contents. 104 The obtained vesicles were then degraded by trypsin over 96 h.

Dual photo-and pH-responsive systems

The following formulations have a dual responsiveness, endowing particles with the UVinduced cross-linking for enhanced colloidal stability under physiological conditions, while conferring pH-triggered drug unloading in acidic microenvironments. In this contribution, two photosensitive monomers, 2-nitrobenzyl methacrylate (NBMA) and 7-(2-methacryloyloxyethoxy)-4-methyl-coumarin (CMA) were employed as comonomers in a RAFT aqueous dispersion polymerization with poly(N-(2-hydroxypropyl) methacrylamide (PHPMAm) as a macro-CTA agent. This approach readily afforded well-defined polymeric nano-structures with four types of morphologies: spheres, worms, lamellae, and vesicles. 231 Upon UV irradiation (365 nm), the NBMA moieties were cleaved and replaced with methacrylic acid (MAA), inducing the hydrophobic-to-hydrophilic transition of the core-forming block; at the same time, the coumarin segments were dimerized to generate a core cross-linking, thus preventing the NP disassembly.

DOX was loaded into the PHPMAm-b-P(MAA-co-CMA) nano-objects via an electrostatic interaction between the -NH3+ ammoniums on DOX and the -COO-carboxylates on P(MAAco-CMA) in water, enabling a relatively high drug loading of 24.9 % wt. In vitro release revealed that DOX rapidly escaped from the nano-objects at pH 5. 

General Conclusions of the Introduction

RAFT has thrived into different aspects of materials science, especially RAFT-PISA has provided a powerful tool for creating highly functional block copolymer nanoparticles which can solve more demanding challenges of drug delivery formulations. This state-of-the-art chapter has featured the main theoretical knowledge of RAFT while emphasizing the structures and roles of different functional groups (R or Z group) on the activity of RAFT agent towards a controlled and high-yield RAFT process. Later, RAFT found its promising potentials in developing block copolymer nanoparticles at high efficiency through RAFT-mediated PISA, all in one pot. PISA also provides a possibility to tune particle sizes and shapes during the polymerization, which is key to controlling their stability, cellular interactions, and final bioavailability during blood circulation. Finally, RAFT-derived PISA could be further advanced into smart and highly precise NPs. Particularly, a variety of drugs and biomolecules could be in situ encapsulated while providing relatively high encapsulation efficiencies. Thanks to a diversity of monomers used for RAFT polymerization, their resulting block copolymers could be highly functional, with reactive moieties being further conjugated with useful functionalities for active targeting. Furthermore, these monomers can also be modified to incorporate stimuli-responsive groups, only liberating the internal payloads on-demand at selective targeted tissues. 

Objectives and Scopes of the Thesis

Chapter Introduction

This chapter aims to highlight the high adaptability and versatility of PISA for in situ drug encapsulation or surface functionalization for drug conjugation. This could be achieved by designing a functional hydrophilic macro-CTA segment and choosing a hydrophobic block that is compatible with the drug molecule for hydrophobic drug encapsulation. The hydrophilic to hydrophobic ratio will be carefully investigated to select the most appropriate nanocarriers for drug delivery. The traditional anti-cancer doxorubicin (DOX) will be in situ encapsulated, while the pristine-PISA made particles could also be conjugated with N-acetyl cysteine (NAC) and DOX for a synergistic anti-cancer efficiency. 

Graphical Abstract

Introduction

In response to more complex and challenging biomedical applications, it is becoming increasingly important to design highly functional polymer materials whose macromolecular architectures and colloidal properties should be well controlled and characterized, but without laborious and costly synthetic procedures. One possible solution is to employ amphiphilic diblock copolymers that can self-assemble in aqueous media to generate drug delivery vehicles, while their block chemistries and inherent physicochemical properties can be readily tuned to engineer NPs precisely tailored to specific biomedical applications. 1,2 Block copolymer assemblies can be typically prepared using conventional formulation methods such as nanoprecipitation or thin-film hydration, though these techniques can limit multiple purification steps and avoid the additional use of toxic surfactants, many challenges still exist that hamper its scope for commercial perspectives. For example, very low polymer concentrations are used (< 1 wt%), the self-assembly takes place following some post-polymerization procedures, and obtaining higher order morphologies is empirically difficult. It is thereby critical to generate processes that are compatible with future industrialization using efficacious, economic, and environmentally friendly synthetic routes. In this regard, polymerization-induced self-assembly approach (PISA) has increasingly emerged that facilitates both polymerization and in situ self-assembly straightforward in one pot, while obtaining NPs at remarkably high concentrations (a current maximum of 50 wt%) with several sizes and morphologies (spheres, cylinders and vesicles) being accessible. [3][4][5] PISA typically involves the chain extension of a living solvophilic polymer precursor named macrochain transfer agent (macro-CTA), with a monomer, forming amphiphilic block copolymer particles, either through dispersion or emulsion methods in polar (water, ethanol) or nonpolar solvents (n-alkanes). 6 PISA-prepared NPs are mostly obtained by reversible additionfragmentation transfer (RAFT) living polymerization techniques due to their solvent and monomer versatilities, 7 especially PISA via RAFT emulsion in water is an environmentally friendly approach.

Despite a myriad of research advances on PISA for drug delivery and biomaterials sciences, there have been relatively a few reports to date on a PISA-developed system that is versatile to both drug encapsulation and conjugation. The current work therefore focuses on exploiting the possibility of (i) in situ physical drug encapsulation during PISA; (ii) tuning the external hydrophilic macro-CTA block for post-PISA dual drug conjugations aiming at enhancing therapeutic effects. To this end, drug encapsulation experiment will be carried out using DOX. On the other hand, NAC and DOX, in turn will be conjugated onto PISA-made NPs using para-fluoro-Chapter 2 79 thiol and carbodiimide reaction, as the combination use of NAC and DOX was reported to reduce chemotherapy-induced resistance and aggressiveness in triple-negative breast cancer (TNBC) 8 and can attenuate the harshness of DOX-caused cardiotoxicity. 9 To facilitate drug conjugations into polymer NPs, it is necessary to integrate functional moieties in the macro-CTA that can enable the interactions of outer hydrophilic layer with drug molecules at high yields. One possible strategy is to use a fluorine-bearing polymer block in the macro-CTA, e.g. poly(2,3,4,5,6-pentafluorobenzyl methacrylate) (PFBMA) as its para-fluorines can be readily substituted by amines, thiols and carbonylthiolates. [10][11][12][13][14] Finally, cell viability and cell uptake will be assessed on MDA-MB-231 cell lines.

Materials and Methods

Experimental materials and characterization are described in detail in Supporting Information (SI). Different AIBN concentrations and temperatures were also investigated as they are critical to the polymerization reactions. All the studied conditions are described in Table SI1. Initially, adequate amounts of PEGMA475, PFBMA, CEPA-F CTA, AIBN and dioxane were added into a Schlenk tube containing a magnetic stirrer. The solution was degassed using freeze-pump-thaw cycles (3 times) and then heated to 70 or 80 o C in an oil bath under stirring. Samples were taken periodically every 45 min with deoxygenated syringes and examined under 1 H NMR, 19 F NMR (CDCl3) and SEC (DMF, PMMA standard) to calculate the conversion and assess the polymerization kinetics.

In the end, the polymerization was quenched by rapid cooling upon immersion of the flask in a liquid N2 bath. The solution was purified by dialysis (deionized water, Mw = 3500 g mol -1 ) for 48 h then freeze-dried to afford the yellow oil product.

The monomer conversion at a given polymerization time was determined by comparing the area of the polymer peaks to that of the remaining monomer peaks, for example comparing the peaks of ethylene groups in PEGMA and those of pentafluorophenyl ester groups in PFBMA.

Subsequently, the monomer conversion, the initial [M]0:[CTA]0 ratio were used to calculate the theoretical DP.

PEGMA and PFBMA were shorted as E and F, respectively. We conducted the kinetics at each DP and investigated the influences of AIBN and temperatures on the polymerization to choose the most linear and controllable kinetics. The reaction was conducted with adjustments following a protocol proposed by Turgut et al. 13 The reaction was attempted at different ratios of pentafluorophenyl (PFP) unit to NAC molecules, including 1:10, 1:30, 1:50, 1:60, 1:80, 1:120. At the ratio of 1:60, for example, 0.179 g The cell plate was placed into the Incucyte® Live-cell Analysis System to monitor apoptosis using green fluorescence channel for DOX and red channel for Annexin V dye. Each well was scanned every 2 h within 72 h. Data was analyzed using the integrated IncuCyte software version 2021A.

Results and Discussion

Synthesis of poly((ethylene glycol) methacrylate)-co-poly(pentafluorophenyl methacrylate) macro-CTA (P(PEGMA-co-PFBMA))

PEGMA and PFBMA were co-polymerized using CEPA-F, a specially designed CTA bearing a fluorine moiety that facilitates NMR signal assignments and conversion calculations.

The RAFT polymerization of PEGMA and PFBMA in dioxane using AIBN as initiator is depicted in Figure 1A. The effect of temperature, AIBN concentration, and [PEGMA]:[PFBMA] feed molar ratios on the resultant polymers were examined to obtain the most controlled parameters for the polymerization. All parameters and the corresponding features for the synthesized polymers are presented in Table SI1 and SI2. Figure 1 displays the kinetic profile of PEGMA47574-co-PFBMA19

(abbreviated as E74F19). The polymerization rate of E74F19 increases linearly up to 135 min with approximately 80 % conversion for both monomers, then tends to stabilize to around 90 % until 360 min (Figure 1B). SEC traces of E74F19 copolymers at various polymerization times are unimodal with Mw/Mn polydispersity values from 1.20 to 1.22 and the relative molecular weights gradually shifting to higher values over time. Molecular weights and conversions do not evolve significantly after 135 min, thereby, the reaction was quenched at 135 min to ensure that the obtained polymers were in the most controllable architectures. The same approach was applied to the other polymerizations, and by following their kinetics the reactions were quenched when their respective conversions are stabilized. Table SI2 presents six polymers along with their corresponding reaction parameters, which were selected upon the most linear and controllable kinetics. It indicates that polymers with low DPs such as DP 40 and 80 need a lower AIBN concentration (0.1 eq.) and a lower temperature (70 °C) to be fully activated (except for PEGMA64co-PFBMA16 at 80 °C). In the meanwhile, more AIBN (0.2 eq.) and a higher temperature (80 °C) are necessary to initiate reactions with high DPs such as DP 120 and 150. Table SI3 summarizes the characteristics of six P(PEGMA-co-PFBMA) polymers obtained by RAFT in dioxane under various reaction conditions. PEGMA was denoted as E, PFBMA was denoted as F.

PISA of P(PEGMA-co-PFBMA) macro-CTA and 2-hydroxypropyl methacrylate

(HPMA)

Effect of varying macro-CTA lengths on particle size

The synthesized macro-CTA was then chain-extended with the HPMA monomer targeting a DP of 300 and using V-50 initiator at 52 °C in deionized water. In fact, previous literature has extensively focused on investigating the effect of changing DP or hydrophobicity on the particle size, [16][17][18][19] whereas very little was known about how changing the water-soluble moieties can exert an impact on the particle size. Therefore, the polymerization of HPMA was carried out in a onepot PISA approach using different lengths of macro-CTAs while keeping the length of HPMA constant to study the impact of amphiphilic balance on particle size. Numerous macro-CTAs were used: the first group containing PFBMA 10 wt% includes E50F6 and E82F10; the second group containing PFBMA 20 wt% includes E22F5, E46F9, E74F19, and E94F23. Table SI4 summarizes the results of these 6 block copolymer NPs prepared by PISA and their characteristics. Figure 2 exhibits that at both PFBMA 10 wt% (Figure 2A) and 20 wt% (Figure 2B), despite keeping HPMA constant and increasing the macro-CTA, the particle sizes tend to decrease. For example, particles of E22F5-H300 result in precipitation of over 2 µm and very large size distribution with PDI 0.9, however, higher macro-CTA of E94F23-H300 generates NPs of 60 nm and PDI 0.21. The mixture also became less turbid when increasing the water-soluble blocks. This could be simply explained that at the same hydrophobic lengths and lower hydrophilicity, the mixture is likely to be more hydrophobic, forming larger particles and precipitation. However, longer hydrophilic segments with the same hydrophobic blocks cause the hydrophilic to hydrophobic equilibrium to increase, more hydrophilic chains are inserted to stabilize the hydrophobic block and decrease particle size. 20 Our observation is also supported by Yang et al. whereby the particle size can be tuned by adjusting the ratio of hydrophilic to hydrophobic block, with lower hydrophilicity leading to larger vesicles and smaller polymer shells. 21 That being said, particle size could be readily tuned by adjusting the hydrophilic blocks while remaining the hydrophobic blocks unchanged. From Figure 2 three block copolymers were selected for further experiments, including E82F10-H300, E74F19-H300, and E94F23-H300 as their sizes are less than 100 nm with narrow size distributions that can facilitate drug delivery in biological cell environment. 22,23 Next, the polymerization kinetics was implemented using E74H19 macro-CTA with HPMA at DP300 and 10 wt% of total solid contents, with V-50 at 52 °C in H2O. At predetermined times, samples were extracted using deoxygenated syringes to obtain the kinetic profiles of the PISA.

The process was monitored by 1 H NMR, DLS, TEM and SEC as explained above; results are listed in Figure 3, as well as detailed information on monomer conversions, DPs, molecular weights, and DLS measurements are summarized in Table SI5. Monomer conversion is complete within 6 h.

Figure 3B exhibits the monomer conversion (%) and semilogarithmic plot of PISA process, showing two regimes: (i) a slow reaction rate up to 1 h: including the formation of spherical micelles at 0.5 h with 9 % conversion and DPHPMA = 27 (TEM of Figure 3F1), and these spherical particles appear to elongate into cylinders at 0.75 h with 13 % conversion and DPHPMA = 40 (Figure 3F2), the conversion later increases to 17 % with DPHPMA = 51 at 1 h when these cylinders seem to assemble toward premature vesicles, Figure 3F3; (ii) the second stage involves a gradually increasing conversion to 100 % until 4 and 6 h when complete vesicles are ultimately formed. In fact, the chain extension of macro-CTA agent with solvophobic monomers usually begins with the formation of spherical micelles with the smallest packing parameter p < 1/3, as the degree of polymerization (DP) increases, spheres are transformed to worm-like, cylinders or fibers with increasing p from 1/3 < p < 1/2, accommodating the increasing monomers, which are eventually transitioned to bilayer structures like vesicles with p > 1/2, containing the highest number of monomers into the self-assembled NPs. 24,25 Figure 3 F2 and F3 indicate TEM images of very rigid cylindrical micelles, very close to nanofibers. We suppose that the high rigidity of cylinders is probably due to the almost doubled increase of DPHPMA from 27 to 51 at 0.5 h and 1 h, respectively, explaining that increasing hydrophobicity tends to stabilize the cylindrical forms and make them less mobile, thereby forming a very rigid and straight structure.

The lone macro-CTA E74F19 made up of hydrophilic PEGMA and hydrophobic PFBMA could indeed, readily self-assemble into NPs in water due to the fluorine atom's high electronegativity and PFBMA's low surface energies and high aqueous insolubility, producing self-assemblies of 269 nm but very high PDI of 1, Figure SI5. 26 Such large dispersity might be owing to the inadequate polymer' amphiphilic balance, with larger PEGMA vs. PFBMA.

However, the chain extension of such macro-CTA with HPMA through PISA led to a structural reorganization of NPs to a newly equilibrated hydrophilic-to-hydrophobic ratio, thus reducing particle sizes and PDIs. Therefore, following the reaction with HPMA, NPs of 44 nm are initially formed at 0.5 h, whose sizes increase to 62 nm at 0.75 h, and eventually remain stable at 69 nm until the monomer conversion reaches 100 % (Figure 3D). DLS size distribution profiles indicate 

In situ drug encapsulation

Initially, the hydrophilic form of DOX.HCl was entrapped into NPs through PISA, however, obtaining a very low encapsulation efficiency of 18 %. Therefore, by adapting from previous literature, DOX.HCl was treated with triethylamine (TEA) (DOX:TEA = 1:8) in DCM to increase its hydrophobicity, thus enhancing its solubility in water-miscible HPMA monomers to possibly increase the drug loading. 30,31 DOX was simultaneously encapsulated during the formation of NPs by PISA simply by mixing all the reactive components, macro-CTA, drug, HPMA and initiator in one pot. The loading was confirmed, by simply observing a visual color change from transparent red in the initial solution to turbid red after PISA which remains the same color following 48-h dialysis, thus indicating the formation of NPs encapsulated with DOX (Figure 4). DOX was loaded into NPs at various feed weight ratios (fwr%) (Table 1), showing relatively high encapsulation efficiency (EE%) for a maximum of around 70 %. As the concentrations of DOX increase their respective sizes increase, while zeta potentials remain neutral. These results suggest that DOX could be readily encapsulated during PISA in one pot, obtaining final vesicles at high concentration of 10 wt%, small and homogeneous particle size (< 100 nm, PDI < 0.2), as well as acceptable encapsulation efficiencies, compared to previous reports. 30,31 Additionally, DOX was indicated to remain its stability in harsh condition of PISA loading reaction at 52 o C for 6 h, as the DOX-loaded NPs exhibit the same UV absorbance spectrum as free DOX.HCl and DOX.TEA (Figure SI6). This result is in line with recent reports on the stability of DOX from PISA-inspired in situ DOX loading, at even higher temperature of 70 o C by Malmstrom and co-workers. x initial DP 300

Post-PISA drug conjugation

In addition to the in situ drug encapsulation, we attempted to further exploit post-PISA surface functionalization using chemistries associated with the external hydrophilic macro-CTA.

This second part will be particularly discussing the particle surface conjugation with NAC and DOX in water.

Para-Fluoro-Thiol Reaction (PFTR) of P(PEGMA-co-PFBMA)-b-PHPMA NPs with NAC

In the next step of the synthetic design, N-acetylcysteine (NAC) was added as its thiol group can react with para-fluorine atoms of the polymer-attached pentafluorophenyl (PFP) rings using para-Fluoro-Thiol Reaction (PFTR). Three out of the above six block copolymer NPs having the smallest particle sizes selected from Figure 2, were coupled with NAC via PFTR, namely E82F10-H300, E74F19-H300, and E94F23-H300. A procedure published in the literature was used systematically. 13 In our study, E82F10-H300 and NAC were mixed at several ratios, with one PFP unit corresponding to 10, 30, 50, 60, 80 or 120 NAC molecules, respectively, to determine optimal conditions for full conversion.

Providing that the reaction environment is oxygen-free to prevent the formation of oxidized disulfide groups, the thiol nucleophile in NAC is expected to attack and substitute the electrondeficient carbon at the para position of the pentafluorophenyl moiety. The PFP segment of E82F10-H300 bears ortho, meta, and para fluorine atoms whose signals are displayed as three distinct chemical shifts in 19 F NMR (Figure 5A). A successful incorporation is obtained when the peak at the ortho position (141 ppm) is maintained while the para one (152 ppm) disappears, and the meta one (161 ppm) moves towards a higher chemical shift (134 ppm). At ratios of 1:10 and 1:30, the para fluorine signal was still present. Increasing to 1:50, 1:60, and 1:80, the para fluorine was completely removed, the signal for the ortho fluorine remained at the same position and the meta one moved to 134 ppm, indicating that NAC was fully linked to the para position of PFP motifs of block copolymer. Thus, we assumed that a higher ratio of PFP unit to NAC might be expected to increase the reaction kinetics and improve the yields. Nonetheless, when increasing to the ratio of 1:120, the spectrum still showed the initial peaks for all three types of fluorine at the same chemical shifts as compared with those in the initial block copolymer. This failure results most probably from the impossibility to maintain the high required pH when using large excesses of acidic reagents such as NAC. Indeed, one important aspect to the success of the PFTR between NAC and a PFP motif is the pH of aqueous media, as the reactive species corresponding to NAC evolve with the pH from a neutral NAC to a monoanion, as the result from the transformation of the carboxylic acid to a carboxylate, and finally to a dianion based on the further removal of a proton on the thiol. As a result, a solution with a pH value higher than pKa of the NAC thiol (9.52) is needed to facilitate the reaction by replacing the initial thiol with a much more nucleophilic thiolate. 32 A ratio of 1 PFP unit to 60 equivalents of NAC was thereby applied to E74F19-H300 and E94F23-H300 that showed quantitative NAC integration into the particles. Figure 5 exhibits 19 F NMR (D2O) spectrum of E74F19-H300 conjugated with NAC at a ratio of 1:60.

NAC conjugation was also confirmed by zeta potential (ZP) measurements at neutral pH (Figure 6E). While E82F10-H300 NPs with no external charges have a ZP of -0.75 mV, NAC-coupled E82F10-H300 particles impart a ZP of -10.20 mV, indicating that the particle surface is negatively charged attributed to the carboxyl groups (COO-) grafted onto the polymeric vehicles. Similarly, the initial, neutral E74F19-H300 NPs have a ZP of -0.96 mV, which decreases to -19.90 mV after NAC insertion.

Particle sizes after NAC insertion slightly increase for E82F10-H300 from 71.8 to 77.9 nm, while more significant increases could be measured from 68.9 to 96.7 nm for E74F19-H300 and from 61.8 to 119 nm for E94F23-H300. This could be explained that E74F19-H300 and E94F23-H300 contain almost a doubled PFBMA content than such in E82F10-H300, which enables increasing NAC conjugation, making the resultant external hydrophilic layer denser and thicker, so increasing their ultimate DLS sizes.

In the next few investigations leading to the biological assessments, only NAC-bonded E74F19-H300 particles were investigated due to the higher numbers of NAC units (19 per chains at full conversion compared to 10 units/chain in E82F10-H300), as the pharmacological effects would be expected to be higher for those particles. As importantly, particles could be prepared in that Chapter 2 94 case with an optimal size range of approximately 100 nm and a relatively narrow distribution (PDI of 0.24) that facilitates cell internalization, 33,34 as well as with a ZP of -19 mV that provides an inter-particle electrostatic repulsion large enough to enable the stability and long-term storage of NPs in water. The stability of DOX-loaded NPs and NPs-NAC-DOX polymer-drug conjugates in the presence of bovine serum albumin (BSA) 0.2 wt% at 37 o C were undertaken by measuring their sizes over 72 h (Figure SI8). The incubation with BSA did not change particle size as compared to NPs without BSA in both groups of NPs, hence highlighting the high stability of the designed NPs against possible protein attachment and precipitation in plasma media.

Summary for in situ drug loading and post-PISA drug conjugation

Taken together, the PISA chain extension of E74F19 macro-CTA with HPMA monomer allows formation of drug-loaded NPs or PISA-made polymer-drug conjugates. However, to facilitate the particle characterization as well as calculation of drug release and cell culture experiments, polymer-drug conjugates will be further utilized due to their high grafted DOX concentration of 153 µg mL -1 , equivalent to 7.69 µg of conjugated DOX per 1 mg NP, as compared to 80 µg mL -1 of DOX concentration in DOX-loaded NPs, equivalent to 3.8 µg of loaded DOX per 1 mg NP. Therefore, E74F19-H300 plain NPs, and post-PISA functionalized NPs such as E74F19-H300-NAC19, and E74F19-H300-NAC19-DOX were selected for further characterizations and assessments. From now on E74F19-H300, E74F19-H300-NAC19, and E74F19-H300-NAC19-DOX were referred to as NP, NP-NAC, and NP-NAC-DOX.

Small-angle neutron scattering (SANS)

SANS spectra of NP, NP-NAC and NP-NAC-DOX are presented in Figure 6D. Based upon TEM images, SANS spectra were fitted by a raspberry-like model by SAS view software. SANS confirms that the obtained particles are monodisperse with high stability and in the form of raspberry-shaped vesicles, as their curves fall perfectively in line with their corresponding fits by this model. Overall, particle sizes from SANS are smaller than those measured by DLS. This is attributed to the different mechanisms of size measurement between these two techniques. DLS measures the average hydrodynamic diameters including the water layers associated on particle surfaces. 35 Nevertheless, SANS assesses the static colloidal structure by measuring the internal core size distribution of particles and excluding the external hydrophilic conjugation layer, hence giving smaller size values than those of DLS. 35 Furthermore, the functionalization of NAC and NAC + DOX decreases slightly particle core sizes compared to the lone NPs probably because the conjugation layers may compress the particle cores thus reducing their sizes. 

Conclusions and Perspectives

We have synthesized amphiphilic block co-polymers containing poly((ethylene glycol) 
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Materials

All chemicals were used as obtained without further purification unless otherwise stated.

Poly(ethylene glycol) methyl ether methacrylate Mn = 475 g mol FTIR spectra were recorded on an Agilent Cary 630 FT-IR spectrometer.

Particle characterization

Transmission electron microscopy (TEM)

Dry-state transmission electron microscopy (TEM) imaging was performed on either FEI TECNAI F20 microscope at an S3 acceleration voltage of 200 kV. All aqueous samples were diluted with deionized water and then deposited onto formvar-coated copper grids. Samples were directly diluted with milliQ water at the ratio of 1:100 and then deposited onto graphene oxidecoated copper grids. After roughly 1 min, excess sample was blotted from the grid and the grid was stained with an aqueous 1 wt% uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis. For determination of the average particles' size at least 100 particles were analyzed in each case.

Dynamic Light Scattering (DLS)

The intensity-average sphere equivalent diameter of diblock copolymer nano-objects was determined at 25 °C by DLS using a Malvern Zetasizer Nano S instrument via the Stokes-Einstein equation, which assumes perfectly monodisperse, non-interacting spheres. All measurements were prepared at 1 mg/mL in water. Z-average hydrodynamic diameters (DZ) were calculated from 3 repeat measurements.

Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) measurements were performed at the Institute of Lau Langevin (ILL), Grenoble, France on the D11 spectrometer. The experimental scattering vector q (q=(4π/λ)sin(θ/2)) range was 1.2.10 3 < q (Å -1 ) < 0.27, and was covered by 4 sample-todetector distances (three distances at 1.7 m, 5.5 m and 20 m at the neutron wavelength of 6 Å as well as 38 m at 13 Å). The samples were loaded into Hellma quartz cells with a 2 mm optical path length. Scattering intensities from solutions were corrected for empty cell scattering, solvent scattering, and sample transmission. I(q) is in absolute scale (cm -1 ). All the solutions were prepared at a concentration of 10 g L -1 in H2O and then dialyzed against D2O.

Fluorescence and absorbance measurements

Fluorescence readings were performed with a PerkinElmer Lambda 2 spectrometer and spectra were recorded using a FluoroMax-4 spectrofluorometer. Absorbance readings were performed by using UV-Vis Spectrophotometer of the Agilent Cary 60.

Confocal microscopy

Cells were imaged with a Zeiss LSM 700 Confocal Laser Scanning Microscope. Image J was utilized for image processing. The results are expressed as mean ± SD of three replicates; H: HPMA; Đ: Dispersity (Mw/Mn); V stands for vesicles. The in vitro drug release kinetics were adapted from previous reports. 4,5 The drug release 

Stability of NPs-NAC-DOX in bovine serum albumin (BSA)

Stock solutions of NPs-NAC-DOX were prepared at 1 mg mL -1 in PBS. BSA was dissolved in 10 mL PBS at a concentration of 2 mg mL -1 . To a 1.5-mL Eppendorf, 0.5 mL NP solution and 0.5 mL BSA (replaced by 0.5 mL PBS for the control) were added to achieve the final concentrations of NPs at 0.5 mg mL -1 and BSA at 1 mg mL -1 (0.2 wt%), then incubated in a water bath at 37 o C for 72 h. Size was measured at 2 h, 24 h, 48 h, and 72 h. 

Small-angle neutron scattering (SANS)

Figure SI8 presents the raspberry-like model that has been used to fit the spectra of NPs. The density of small sphere at the surface can also be estimated from this model. This approach assumes that the cores of large spheres and those of small ones are homogeneous. Thereby, we propose the following scattering length density for D2O solvent (ρsolv), small sphere (ρS) and large sphere (ρL). ρsolv= 6.3 × 10 -6 Å -2 ; ρS= 1.2 × 10 -6 Å -2 ; ρL= 5.0 × 10 -6 Å -2

The scattering length density of small and large spheres has been fitted for each sample. The polydispersity of small and large sphere has been also fitted with a log normal distribution.

Each NP herein is composed of a large sphere compartmentalizing a small sphere and their corresponding radius are presented as RL and RS, Table SI6. 

Chapter Introduction

This chapter features the preparation of oxidation-sensitive NPs from PISA in one pot. The start-of-the-art indicated that PISA could be employed to develop various systems of stimuliresponsive NPs. Nevertheless, these methods involve the use of pro-drug nanocarriers which usually requires exhaustive chemical modifications and laborious purifications. We thus attempt to address this challenge by introducing a newly synthesized H2O2-cleavable N-(2-(methylthio)ethyl)acrylamide (MTEAM) monomer into the PISA process, therefore directly forming sensitive NPs in one step and at high solid contents.
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Introduction

It is becoming increasingly apparent that block copolymer nanocarriers are of great benefit to drug delivery designs and innovative biomaterials applications in a range of therapeutic areas. 1- 3 The versatility of block chemistries enables their final supra-macromolecular architectures to be finely tuned, while their amphiphilic balances can be adjusted to exert appropriate stability and colloidal properties. 4,5 Block copolymer NPs are traditionally prepared by nanoprecipitation or thin film hydration methods which usually face several limitations such as low polymer concentrations used (< 1wt%) and multiple intermediate steps. 6 To address these challenges, a promising alternative known as polymerization-induced self-assembly (PISA) has been introduced, since the polymerization of block copolymers and their self-assemblies into NPs are directly obtained in one pot. [7][8][9][10][11] PISA reaction can be implemented by using free radical living polymerization methods, in which reversible addition-fragmentation chain transfer (RAFT) is one of the most widely used approaches, owing to multiple choices of monomer groups and versatile reaction modalities. [12][13][14][15][16] Moreover, a few emerging types of non-radical polymerizations can also be used in PISA, e.g., living anionic polymerization, 17,18 ring opening polymerization (ROP), 19,20 or ring-opening metathesis polymerization PISA (ROMPISA). [21][22][23] In addition to the facile synthetic route, PISA elicits possibility of achieving morphological evolutions, with spherical micelles initially formed, then cylinders, to higher-ordered vesicles obtained at very high concentration (to 50 wt%) during the polymerization process. [24][25][26][27][28][29][30] Thereby, PISA can be a potential formulation alternative over conventional methods to accelerate the commercialization with low manufacture cost and high batch reproducibility.

Together with the emergence of many novel and promising drug molecules, increased concerns are being placed upon developing drug delivery systems that can facilitate high access of bio-active agents to diseased areas. This is because following systemic administration, therapeutic molecules are likely to face premature plasma degradation and non-specific biodistribution, thus limiting their access and accumulation at the targeted cells. This is particularly true for anti-cancer drugs, which are usually cytotoxic to both healthy and tumor cells, resulting in many severe off-target side effects. Therefore, to maximize treatment outcomes biomolecules should be protected and stabilized within drug delivery carriers during blood circulation, while being selectively released upon reaching targeted tissues. In this regard, the designed drug delivery systems should be able to sense the differences in their surrounding environments and specifically respond to pathological signals, thus programing their drug release profiles as appropriate. [31][32][33][34][35] Meanwhile, disease cells are distinct from healthy cells due to the presence of certain abnormal signals or the imbalance between biological molecules, hence disturbing the physiological mechanisms of cell metabolism and cell survival. One widely known phenomenon is the abnormal increase of reactive oxygen species (ROS) which induces oxidative stress and cell disruption, thus causing a variety of diseases such as cancer, diabetes, infections, and neurodegenerative diseases. [36][37][38] ROS are free-radical by-products of oxygen metabolism during cell regulation process, which plays a beneficial role in maintaining normal cellular activities at a concentration of 3-10 µM but promotes cellular dysregulation and diseases at 100 µM. 39 Such property has largely been exploited to design nano-vehicles encoded with functionalities sensitive to the increased ROS, inducing molecular structural transitions or disassociation into sub-units to release internal payloads at targeted sites. [40][41][42][43][44][45][46][47][48] In the context of ROS-responsive drug delivery systems, block copolymer NPs bearing thioether moieties have been widely studied in recent reports, since the hydrophobic thioether incorporated in the water-insoluble segments could be transformed into hydrophilic sulfoxides in the presence of oxidation species such as H2O2, promoting a solubility transition and disrupting the amphiphilic balance to ultimately disassociating block copolymers NPs to releasing their payloads. [49][50][51][52][53][54][55][56][57][58][59][60][61] Taking advantage of the one-step PISA formulation technique while integrating the oxidation-sensitive thioethers into PISA-made nano-assemblies for controlled drug release, we aim to firstly synthesize an acrylate-based H2O2-responsive thioether monomer, N-(2-(methylthio)ethyl)acrylamide, which can be polymerized onto a poly(ethylene glycol) methacrylate macro-chain transfer agent (macro-CTA) via the aqueous dispersion RAFT-mediated PISA process to form NPs at 10 wt%. Although PISA has been employed to develop various systems of stimuli-responsive NPs, these methods usually involve the use of pro-drug nanocarriers which requires exhaustive chemical modifications and laborious purifications. This study thus features the in situ preparation of H2O2-responsive NPs in one pot at high solid contents and investigates the stability of the obtained particle morphologies in bio-mimicking environments, both under physiological and tumor-associated elevated H2O2 conditions. Nile Red dye was employed as a hydrophobic drug model to be loaded into the hydrophobic core of spherical micelles during PISA and the study of drug release in H2O2 was undertaken. The impacts of particle shapes on their biocompatibilities and cell uptake were also assessed on MCF-7 breast cancer cells.
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Materials and Methods

Materials

All chemicals were used as obtained without further purification unless otherwise stated.

Poly(ethylene glycol) methyl ether methacrylate Mn = 500 g mol -1 (denoted as PEGMA500) (> 95 %, Aldrich) and poly(ethylene glycol) methacrylate Mn = 360 g mol -1 (denoted as PEGMAOH) (> 95 %, Aldrich) were activated by aluminum oxide column before use. 4-Cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CEPA) chain transfer agent (CTA) was synthesized according to the established protocol. 62 Chemical has been sourced as followed : 2, 

Methods

Synthesis of ROS-sensitive monomer N-(2-(methylthio)ethyl)acrylamide (MTEAM)

1.0 g (11.1 mmol, 1.0 mL) 2-(methylthio)ethylamine was added to a round bottom flask containing 50 mL dry THF and cooled to 0 °C. 1.1 g (11.1 mmol, 1.5 mL) triethylamine was then added to the solution and left to stir for 10 min. 0.1 g (11.1 mol, 0.9 mL) acryloyl chloride was added dropwise and the solution was allowed to warm to room temperature. After 12 h, the white precipitate was filtered and the THF was removed under reduced pressure. The crude mixture was dissolved in 50 mL of DCM and washed with saturated NaHCO3 (2 x 50 mL) and brine (50 mL).

The organic layer was dried over anhydrous MgSO4, filtered, and the solvent was evaporated in a rotavapor. The obtained oil was purified by column chromatography on silica gels using initially Chapter 3 131 100 % cyclohexane, then cyclohexane:dichloromethane = 50:50 (v/v) and slowly to dichloromethane:methanol = 98:2 (v/v), resulting in the colorless oil at 80.5 % yield.

Synthesis of hydrophilic P(PEGMA-co-PEGMAOH) macro-CTA

The chain transfer agent 2-cyano-5-((4-fluorophenyl)amino)-5-oxopentan-2-yl ethyl carbonotrithioate (CEPA CTA) was synthesized according to previous procedure. 62 For SEC, 30 µL of the withdrawn samples were dried under the fume food overnight to evaporate the solvent dioxane and dissolved in 1.5 mL filtered dimethylformamide (DMF), followed by filtering through polytetrafluoroethylene (PTFE) membranes with pore sizes of 0.45 µm to eliminate impurities and bacteria, before subjecting to SEC with poly(methyl methacrylate) (PMMA) standard.

PISA of MTEAM monomer and P(PEGMA-co-PEGMAOH) macro-CTA

MTEAM monomer (denoted as M), P(PEGMA-co-PEGMAOH) macro-CTA (denoted as P), and V-50 were added into a glass vial at a molar ratio of M:P:V-50 = 300:1:0.2 in deionized water. 80 mg P (2.1 µmol), 93 mg M (641 µmol), and 116 µg V-50 (0.4 µmol) were added to an 8-mL vial and dissolved in 1.73 mL water to obtain a total polymer concentration of 0.1 g mL -1

Chapter 3 132 (10 wt%). This vial was degassed under argon for 30 min and placed in a pre-heated oil bath at 60 °C. 100 µL sample was withdrawn at predetermined time intervals using a deoxygenated syringe to study the polymerization kinetics using 1 H NMR (DMSO), SEC (PMMA standard, DMF) and TEM.

Colloidal stability in biological media

The stability was undertaken by treating spherical and vesicle solutions with bovine serum albumin (BSA) 0.2 wt% and cell culture medium (DMEM) at 37 °C. The first step involved the preparation of stock solutions of NPs at 2 mg mL -1 and of BSA at 2 mg mL -1 . 500 µL NPs (2 mg mL -1 ) were added to a 1.5 mL-Eppendorf and mixed with the BSA solution prepared above (2 mg mL -1 ) to produce the final solution containing 1 mg mL -1 NPs and 1 mg mL -1 BSA. To another Eppendorf, 500 µL NPs (2 mg mL -1 ) was reacted with 500 µL DMEM. NPs at 1 mg mL -1 in PBS were used as a control. Three samples of spherical micelles (in PBS, BSA, DMEM) and three samples under similar conditions of vesicles were incubated in a water bath at 37 °C for 24 h.

Oxidation in H2O2

The stock solution of H2O2 was prepared at 0.1 M by diluting 10 µL H2O2 9.8 M (the commercial product's original concentration) in 990 µL PBS. From this mother solution several H2O2 concentrations were prepared at 20 mM, 2 mM, 0.2 mM and 20 µM in PBS. Stock solutions of spheres or vesicles were prepared at 2 mg mL -1 . 500 µL NPs (2 mg mL -1 ) were treated with 500 µL of different H2O2 concentrations including 20 mM, 2 mM, 0.2 mM or 20 µM in different Eppendorfs, resulting in final mixture solutions of 1 mg mL -1 NPs with 10 mM, 1 mM, 0.1 mM or 10 µM H2O2, respectively. These samples were placed in a water bath at 37 °C for 48 h and their sizes and zeta potentials were assessed at predetermined times.

Encapsulation and release study of Nile Red

Nile Red (NR) dye was loaded into the hydrophobic core of the spherical micelles during PISA at a ratio of NR/MTEAM/ P(PEGMA-co-PEGMAOH)/V-50 = 0.05/45/1/0.4 with 10 wt% of total solid contents. Briefly, stock solution of NR was prepared at 1 mg mL -1 in chloroform. 18 µL of this solution was taken into a 1-mL vial and dried under reduced pressure to remove the chloroform. 5.24 µg MTEAM monomer was then added to the dried NR and mix well until a homogenous solution was achieved. The mixture of NR and MTEAM monomer was added to another vial containing 0.03 g P(PEGMA-co-PEGMAOH) macro-CTA in 344 µL deionized H2O.

8.7 µL of V-50 was taken from a stock solution of V-50 of 0.01 g mL -1 and added to the PISA reaction mixture above. The sample was degassed for 30 min under argon and placed in a pre-Chapter 3

133 heated oil bath at 60 °C for 4 h. The PISA was quenched by exposing the reaction mixture to air and assessed in 1 H NMR and DLS. The reaction mixture was centrifuged at 60000 rpm for 4 h at room temperature, and that free NR in water tended to precipitate to the bottom of the vial and the supernatant containing NR-loaded micelles was collected for quantification of drug loading and drug release study.

i) Quantification of drug loading (DL) and encapsulation efficiency (EE)

The solution of NR-loaded NP was freeze-dried overnight, and the obtained solid was dissolved in an appropriate volume of DMSO to measure the UV-Vis absorbance of NR at 550 nm. This data was compared with a known calibration curve of NR in DMSO to calculate the drug loading and encapsulation efficiency, as follows:

DL (%) = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 𝑥 100 
EE (%) = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑 𝑥 100 
ii) Drug release in H2O2 40 µL of the NR-loaded NP dispersion was diluted with 460 µL deionized H2O in a 1-mL quartz cuvette, obtaining a NP concentration of 8 mg mL -1 . 500 µL of H2O2 20 mM was added to this mixture, resulting in a particle concentration of 4 mg mL -1 and H2O2 of 10 mM. 4 mg mL -1 of NR-loaded particles in PBS was used as a control. The cuvette was placed in a UV-Vis machine and scanned from 200 -800 nm every 1 h at 37 °C to observe changes in the spectra over the course of H2O2 oxidation.

Attachment of Cy5

Both spheres (P-b-M45) and vesicles (P-b-M300) have the hydroxyl functions of PEGMAOH exposed on the surfaces that were used to conjugate with the activated N-hydroxysuccinimide (NHS) ester function of sulfo-cyanine5 NHS ester at a molar ratio of 1:0.1. 900 µL P-b-M300 (1.1 µmol) and 86.5 µL sulfo-cyanine5 NHS ester (0.11 µmol) were added into a 5-mL vial and stirred under the fume hood for 24 h. The solution was then dialyzed against deionized water (MWCO 6 -8 kDa) for 48 h to remove free Cy5. The obtained mixture was lyophilized and then dissolved in an appropriate volume of deionized water to measure the absorbance in UV-Vis at 646 nm.
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Comparing the absorbance value recorded with the prepared calibration curve of Cy5 in H2O enabled the quantification of the attached Cy5 and the conjugation yield.

Cell culture

Cell viability and uptake of two NP dispersions of spheres and vesicles were assessed in cancer and normal cell lines, including MCF-7 human breast adenocarcinoma cells, DU145 and 22Rv1 human prostate cancer cells and PNT2 non-tumor human cells. MCF-7 cells were cultured in phenol red free DMEM supplemented with 10 % (v/v) fetal calf serum (FBS) and 2 mM Lglutamine (complete DMEM). DU145, 22RV1, and PNT2 cells were cultured in RPMI supplemented with 10 % FBS. Cells were incubated under humidified atmosphere at 37 °C with 5% CO2.

Cytocompatibility evaluation

The PrestoBlue TM cell viability assay was carried out to evaluate the cytotoxicity of spheres and vesicles in MCF-7 cells, by following the protocol established in previous literature. 63 MCF-7 cells were seeded in a 96-well plate with a density of 1x10 4 cells per well in 100 µL of complete DMEM and incubated for 24 h prior to sample addition. Cells were incubated for 24 h in a fresh complete DMEM containing samples at designed concentrations: 0.005 -1 mg mL -1 (equivalent NP concentration). Three parallel wells were set for each concentration and three individual experiments were carried out. The next steps were explained in the cited work. 63 Cell viability was studied using MTT assay for spheres and vesicles in two human prostate cancer cell lines, DU145 and 22Rv1, as well as non-tumor human prostate cell line, PNT2. Cells were seeded at a density of 1 × 10 4 cells per well in 100 μL of the complete medium into a 96-well plate and incubated for 24 h before treatment. NPs were added and incubated for 72 h in a fresh complete medium. MTT (1 mg mL -1 ) was then added into each well and incubated further for 2 h.

Cells were washed twice in PBS and the produced formazan was solubilized in 100 μL of isopropanol. The absorbance of MTT assay was measured at 595 nm.

Fluorescent live cell microscopy

This experiment was to assess the cellular uptake of spheres and vesicles at 250 µg mL -1 in MCF-7 cells. Procedures were described in detail in a previously published report. 63 

Results and Discussion

Synthesis of ROS-sensitive monomer N-(2-(methylthio)ethyl)acrylamide (MTEAM or M)

MTEAM monomer (M) was prepared through reacting 2-(methylthio)ethylamine with acryloyl chloride and trimethylamine for 12 h. Figure SI1A presents the 1 H NMR spectrum of MTEAM in CDCl3, showing singlet of 3 protons of methyl group (-CH3, a), triplets of 2 protons belonging to ethyl moieties (-CH2-CH2-, b, c), singlet of 1 proton of amine function (-NH, d), and proton peaks of acrylate group (-H, e, f, g), confirming the successful synthesis of the monomer.

Synthesis of hydrophilic P(PEGMA-co-PEGMAOH) macro-CTA (abbreviated as P)

The RAFT co-polymerization of PEGMA (Mn = 500 g mol -1 ) and PEGMAOH (Mn = 360 g mol -1 ) was carried out in the presence of CEPA CTA and AIBN initiator at a molar ratio of PEGMA:PEGMAOH:CEPA:AIBN = 90:10:1:0.2 at 80 °C in dioxane, Figure 1A. The kinetics of the polymerization was thoroughly investigated using 1 H NMR (CDCl3) and SEC (DMF, PMMA standard), seen Figure 1B and 1C, respectively. The semilogarithmic plot of monomer conversion as a function of time appears to increase linearly over a polymerization period of 270 min reaching 90 % conversion, Figure 1B. This inferred that the polymerization rate followed a first-order kinetics over the entire reaction and almost no terminations did occur. The SEC chromatograms display an increase in molecular weights over time with characteristic peaks and moderately narrow dispersity of 1.3 -1.5, suggesting that a reasonable control over the polymerization was obtained with the formation of a well-defined macro-CTA suitable for chain extension as depicted in Figure 1C. Indeed, it is not possible to assess the relative amount of each monomer, PEGMA or PEGOH in the final copolymers by NMR due to the high similarities in 1 H NMR signal patterns for the comonomer units. Given the very high structural resemblances between the two methacrylate monomers and the first-order polymerization kinetics, it can be reasonably expected that the copolymer composition at time t (min) would match those of the initial monomer feed at time t = 0 (min) as the structural difference between the two methacrylate esters is quite minimal (i.e., an OH group instead of a methoxy at the very end of the PEG chains) and is not expected to affect the kinetic copolymerization parameters. Both monomers, PEGMA500 and PEGMAOH360, were initially reacted at a molar ratio of 90:10, effectively yielding copolymer with the same composition. As the SEC results obtained for such copolymers cannot provide more than an estimate of the absolute molecular weights, an alternate approach based on the living character of the RAFT polymerization was used. The final degree of polymerization at full conversion can indeed be obtained from the [M]0/[RAFT agent]0 ratio, and the degrees of polymerization at any conversion could be obtained by multiplying the above value by the conversion. To obtain the molecular weight, the degree of polymerization must take into account the composition of the copolymer and the molecular weights of the narrow-size comonomers. For example, if the reaction is quenched at t = 180 min, yielding a 77 % of monomer conversion, thereby, the respective molecular weight Mn of P(PEGMA-co-PEGMAOH) (P) can be obtained as follows:

𝑀 𝑛 = 77 𝑥 (500 𝑥 90+360𝑥10) 100 = 37 kg mol -1
This value of 37 kg mol -1 was utilized for calculation in further experiments, but its accuracy has to be considered with caution, with an error that can certainly be expected to be in the 5-10 % range given the several assumptions that had to be made in the calculation. The macro-CTA P(PEGMA-co-PEGMAOH) (P) synthesized and characterized above was chain extended with the MTEAM monomer (M) in one-pot PISA using V-50 initiator at 60 °C for 3 h (Figure 2A, Table SI1). Figure 2B exhibits three trends, (i) from 0 to 0.75 h, the monomer conversion increases from 5 % to 19 %, (ii) which rises up to 82 % at 1.5 h, and (iii) increases slowly to 100 % toward 3 h. SEC chromatograms show the molecular weight increase during the reaction, Figure 2C. DLS data also indicates the average particle size increases corresponding to the three different kinetics regimes, from 59 nm at 0.75 h, to 75 nm at 1 h, and 89 nm at 3 h with very low dispersity of 0.13 -0.24 in all three cases, Figure 2D.

Not only do the particle sizes increase, but their morphologies are also transformed over the three stages of polymerization as indicated above. The morphological transition proceeds as follows: (i) first, spherical micelles are formed at 45 min (Figure 2E1), (ii) these spheres then fused together to form a mixture of spheres and short fused micelles at 1 h (Figure 2E2), which later elongated to longer fused micelles at 1.25 h (Figure 2E3), and (iii) eventually evolve to vesicles at 3 h (Figure 2E4). Table 1 summarizes characteristics of the obtained morphologies. This transitional procedure is in accordance with the general structural changes observed in PISA polymerizations along with the increasing DPs. 

Colloidal stability in biological media

The colloidal stability studies were undertaken with spherical micelles (Figure 2E1) and vesicles (Figure 2E4), due to their well-defined structures in TEM as compared to the fused micelles that did not provide a clear form of worm-like micelles. Hence, spherical particles (P-M45) and vesicles (P-M300) were incubated in bio-relevant environments, e.g., BSA 0.2 % and DMEM at 37 °C, and their sizes were determined by DLS after 24 h. Figure 3 exhibits that the size distributions of spheres and vesicles in BSA and DMEM remain similar to those of the control NPs in PBS and cause no precipitations. Zeta potentials (ZPs) were recorded, showing the same value of around -10 mV in PBS (control), BSA 0.2 wt%, and DMEM over 24 h (Figure SI2).

These results indicated a high stability for PISA-made nano-objects under biological conditions. 

Oxidation in H2O2

Spheres (P-M45) and vesicles (P-M300) at 1 mg mL -1 were reacted with various concentrations of H2O2 at 10 µM, 0.1 mM, 1 mM, and 10 mM at 37 °C.

Initially, spheres treated with 1 mM H2O2 showed a decline in size and absolute ZPs over the course of 24 h, with multiple peak distributions starting to appear after 11 h (Figure 4A, Figure 4B), demonstrating that NPs disassociated into small and aggregated pieces upon oxidation. This disruptive process was accelerated when treating the same pristine spherical NPs with 10 mM H2O2, resulting in particles quickly crashing out after 2 h. Although the realistic level of H2O2 in tumor cells is documented at 0.1 mM, the addition of H2O2 0.1 mM to the particle solution induced disassembly relatively late after 48 h, observed from the oxidized signal on 1 H NMR (Figure 5).

In addition to size and ZP, the particle disruption in H2O2 can also be confirmed by observing the derived count rate (kcps) in DLS (Figure 4C), as it correlates with the size and/or concentration of particles in the measured solutions. The optimal count rates should be between 100 and 500 kcps, above which the particle solution is not appropriately diluted or very concentrated while below which particles cannot be detected by DLS's laser, probably due to very small or too diluted NPs.

Before any treatment, particle solutions display a count rate of 420 -450 kcps which falls into the acceptable range (t = 0 h). However, the incubation of 10 mM or 1 mM H2O2 caused the count rates to decrease exponentially to less than 100 kcps with no particles being detected after 6 h and 24 h, respectively. Figure 4D shows TEM images of intact spherical particles and aggregates produced from the oxidation after a 24 h treatment with 1 mM H2O2. Spherical NPs, after being treated with 1 mM H2O2 for 24 h underwent a disruption, which resulted in the formation of smaller aggregates (41 nm), significantly larger PDI (0.4), and a much more diluted dispersion. The fractured small pieces of particles tended to scatter or form larger precipitation, leading to the heterogeneous mixture of small and large aggregates in the TEM image of Figure 4D.

Meanwhile, spheres incubated in 10 µM H2O2 mimicking the normal ROS concentration had their sizes unchanged during the treatment period (Figure SI3). Together with the good particle stability in bio-relevant environments illustrated in section 3.4, these results suggest that spherical micelles are stable under physiological conditions, but sensitive to oxidation and prone to be disrupted in H2O2. These peaks are relatively weaker for 0.1 mM H2O2 but more intense for 10 mM H2O2 where the signal 1 (2.2 ppm) completely disappears and is shifted downfield to 1 o (2.7 ppm). The incubation of the MTEAM monomer alone at 10 mM H2O2 also exhibits the same chemical shifts of proton peaks of methyl functions adjacent to the sulfoxide (Figure SI4), similar to the peak transitions of the oxidized MTEAM block of NPs at 0.1 -10 mM H2O2. The transformation of proton peaks is in agreement with previous studies on ROS-responsive thioether-based polymer systems, thereby confirming that the thioether monomer in the current work was oxidized to sulfoxide at 0.1 mM to 10 mM H2O2, thus disrupting the amphiphilic balance of block copolymers and potentially disassociating the spherical structures. 42,[66][67][68] On the other hand, vesicles (Figure 2E4) were found stable at all tested H2O2 concentrations.

The TEM image of Figure SI5 indicates that the vesicles are slightly swollen after incubating with H2O2, which corresponds to an increase in particle sizes from 90 nm to 130 nm (data not shown).

The swelling phenomenon is probably attributed to the partial oxidation of the hydrophobic core, and that NPs became slightly more hydrophilic, then water can easily penetrate, thus particles swell and increase in sizes. Despite being partly swollen, vesicles remained stable in H2O2, likely due to the strong hydrogen bonds potentially formed between the hydroxyl functions of PEG and water from two sides of the vesicle membranes, inside toward the hydrophilic core, and outside toward the external surrounding water. Such strong and rigid hydrogen interactions from both surfaces could probably reduce and prevent the penetration of H2O2, and that the vesicles were only marginally swollen and still stable. The particle size increase observed following the oxidation process also correlates with previously reported oxidation-sensitive nanomaterials. 51,52,55 Meanwhile spherical micelles are sufficiently stable under normal conditions yet still demonstrate effective responsiveness to H2O2, since they only formed hydrogen bonds with the external layer of water, through which the H2O2 solutions could permeate more easily to cause the oxidation and the nano-disassembly. 

Encapsulation and release of hydrophobic dye Nile Red

The hydrophobic drug model Nile Red (NR) was simultaneously entrapped into the spherical micelles during the PISA with drug loading of 0.03 wt% (compared to the initially theoretical value of 0.05 wt%), and encapsulation efficiency of 43 %. The NR-loaded NPs increased to 78 nm in diameter with PDI of 0.25, with a reference to the plain NPs of 59 nm and PDI of 0.1, indicating that NR was efficiently entrapped to make such change in size. This was followed by the drug release study of the NR-loaded micelles when exposed to 10 mM H2O2. NR is very hydrophobic, highly fluorescent in organic solvents and non-fluorescent in water. Additionally, H2O2 does not induce fluorescence-quenching effect on free NR, which has been utilized to assess drug release under oxidation conditions, and to eventually demonstrate that the fluorescence quenching of NR is merely caused by the disruption of NPs and not by H2O2. 50,69 Figure 6 shows the spectra of NRloaded NPs at 10 mM H2O2, indicating a reduce in absorbance spectra over time. Although free NR is fluorescent limiting, the loaded NR in an aqueous dispersion can display fluorescence since it is protected in the non-polar core of the NPs. The maximal absorbance of 600 nm is observed at t = 0 h. However, when being exposed for a longer time in H2O2, the particles tend to dissociate, free NR is released which shows very limited fluorescence or absorbance in water, thus the amounts of loaded NR decrease and accordingly, their absorbance peaks reduce gradually.

Meanwhile, the incubation of NR-loaded NPs in PBS at the same condition did not show any changes in the absorbance spectra, demonstrating the stability of the encapsulated NR in the normal aqueous environment (Figure SI6). 

Attachment of Cy5

Spheres (P-M45) and vesicles (P-M300) were labelled with fluorescent sulfo-cyanine5 NHS ester to facilitate NPs imaging and tracking for biological assessment. This was achieved by functionalizing the hydroxyl end-groups of P(PEGMA-co-PEGMAOH) block with the highly reactive sulfo-NHS ester moieties of Cy5 dye. After a 48 h-dialysis and lyophilization, the obtained solids were resuspended in appropriate volumes of water, and their UV-Vis absorbances were then recorded at 646 nm and compared with the prepared calibration curve of Cy5 in water, resulting in the attached Cy5 concentrations of 48.2 µg mL -1 (55.4 % yield) and 69.7 µg mL -1 (79.5 % yield)

for spheres and vesicles, respectively.

Cell culture

The Cy5-labelled spheres and vesicles were evaluated in in vitro cell culture of MCF-7 breast cancer, and DU145, 22Rv1 prostate cancer cells, and PNT2 non-cancerous cells to observe their effects on cytotoxicity and cell internalization (only implementing on MCF-7) over time.

Cytocompatibility evaluation

The biocompatibility of spheres (P-M45) and vesicles (P-M300) with Cy5 conjugation were assessed in MCF-7 breast cancer cells using the PrestoBlue viability assay (Figure 6 In addition to observing the intracellular location of NPs, the fluorometric-based uptake kinetics indicates time-dependent uptake of two morphologies and the number of NPs internalized over time. Figure 7B shows that spherical and vesicle NPs display the fastest rate of uptake within the first 60 min. However, this follows different trends afterward in which the uptake of sphere NPs continues to increase rapidly, while vesicles exhibit a very slight increase in cell uptake until 240 min. The differing uptake rates and profiles observed suggest that the spherical and vesicle

NPs are internalized via different mechanisms. 70 Moreover, a higher number of spherical micelles were taken up as compared to vesicles at all the timepoints tested. These results implied that 60 nm spherical micelles were internalized more efficiently and imparted higher level of uptake than the 90 nm vesicle NPs. This observation of NP size-dependent uptake reflects reports in the literature that demonstrate increased uptake with smaller NPs. [71][72][73][74] This phenomenon has been attributed to NP size-dependent utilization of distinct endocytosis pathways. For example, clathrinmediated endocytosis may be available for both sized NPs to exploit, due to clathrin-coated vesicle being in the range of 100-150 nm in diameter. 75,76 However, the caveolin-mediated route may be restricted to only the smaller 60 nm spherical NPs. Caveolin membrane invaginations and vesicles are reported to be < 80 nm in diameter, 75,77 hence limiting internalization of the 90 nm vesicle NPs via this endocytosis pathway. Further study with endocytosis inhibitors would be required to confirm these hypotheses. Nevertheless, the increased uptake observed with spherical NPs indicates that these particles would be the most appropriate as vehicles for drug delivery. Three individual experiments were carried out for each assay with triplicates for each experiment. While the current study succeeded in preparing spherical micelles in situ, which were stable in physiological conditions yet disassociated in the increasing H2O2 or ROS-rich environments, the remaining challenge is how to achieve vesicles that are also sensitive to high tumorigenic H2O2 concentrations when using similar PISA procedure and materials. Therefore, future studies should be investigating the effects of hydrophilic and/or ROS-hydrophobic segments on the disassociation of particles in ROS-rich conditions. Drug molecules could be encapsulated to assess drug release kinetics. Finally, it is noteworthy of studying the behaviors of NPs on other cell lines related to ROS overexpression, e.g., neurodegenerative diseases, and carrying out in vivo experiments. Absorbance readings were performed by using UV-Vis Spectrophotometer of the Agilent Cary 60.

Conclusions and Perspectives

Supporting Information

Particle characterization

Transmission electron microscopy (TEM)

Dry-state transmission electron microscopy (TEM) imaging was performed on either FEI TECNAI F20 microscope at an S3 acceleration voltage of 200 kV. All aqueous samples were diluted with deionized water and then deposited onto formvar-coated copper grids. Samples were directly diluted with milliQ water at the ratio of 1:100 and then deposited onto graphene oxidecoated copper grids. After roughly 1 min, excess sample was blotted from the grid and the grid was stained with an aqueous 1 wt% uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis. For determination of the average particles' size at least 100 particles were analyzed in each case.

Dynamic Light Scattering (DLS)

The intensity-average sphere equivalent diameter of diblock copolymer nano-objects was determined at 25 °C by DLS using a Malvern Zetasizer Nano S instrument via the Stokes-Einstein equation, which assumes perfectly monodisperse, non-interacting spheres. All measurements were prepared at 1 mg/mL in water. Z-average hydrodynamic diameters (DZ) were calculated from 3 repeat measurements.
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Confocal microscopy

Cells were imaged with a Zeiss LSM 700 Confocal Laser Scanning Microscope. Image J was utilized for image processing.

Supporting results

Figure SI1

. 1 H NMR (A) and 13 C NMR (B) of H2O2-sensitive MTEAM monomer in CDCl3. 
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Chapter Introduction

This final chapter is devoted to designing a comprehensive drug delivery carrier based on polymersomes. Polymersomes has gained increasing interests as a versatile type of nano-objects for drug encapsulation, enhanced colloidal stability and tunable block chemistries. This work will employ PISA to synthesize directly polymersomes from AB diblock copolymers in one pot.

Such block copolymer is composed of a biocompatible hydrophilic block and the H2O2-cleavable poly(N-(2-(methylthio)ethyl)acrylamide) synthesized in the chapter 3. The effects of the hydrophilic and hydrophobic block on particle sizes and morphologies will be investigated.

Furthermore, their corresponding responses upon incubating in a high concentration of H2O2 at 10 mM will be examined. Finally, the macro-CTA will be functionalized with folic acid to target folate receptors that are overexpressed on tumor cells.

Graphical Abstract

Introduction

Cells are fundamental building blocks of life, compartmentalizing essential organelles and genetic materials within a bilayer cell membrane. 1 The bilayer acts as a barrier, allowing a selective passage of molecules via its intermediate protein channels in and out of the cells. 1 Such critical biological nature inspired a plethora of research to generate synthetic analogues that could mimic living cellular structures and functions, whilst being simple to produce and tailor for further beneficial applications, particularly in drug delivery. [2][3][4][5][6][7][8] One of representative examples is polymeric vesicles or polymersomes that are composed of a hydrophilic core within a hydrophobic layer. [9][10][11][12] Therefore, polymersomes enable the convenient entrapment of hydrophobic molecules in the bilayer membrane and hydrophilic payloads within the aqueous alumen. [13][14][15][16][17] Furthermore, a large selection of monomers for synthesizing the building blocks as well as a fine control over their molecular weights can impart tunable physicochemical properties, such as stability and permeability along with chemical diversity to functionalize with ligands for targeted drug delivery. [18][19][20][21][22][23] Polymersomes are typically made from AB diblock, ABA triblock, BAB triblock or ABC triblock copolymers. However, the AB diblock is the most prevalent and well-established composition to form polymersomes, owing to its simpler architecture. 24 All these block copolymers can self-assemble into polymersomes via several techniques, such as hydration, electroformation, emulsion phase transfer and polymerization-induced self-assembly (PISA). 15,24,25 Among these, PISA directly combines the synthesis of the block copolymer and its self-assembly in one pot, which removes multiple intermediate steps, while enabling a control over particle sizes and shapes. [26][27][28][29][30][31][32] PISA can also produce suspensions with very high final concentrations in polymersomes of up to 50 wt%, making potential scale-up processes compatible with current standards in the pharmaceutical industry. [33][34][35][36][37][38][39] In addition to drug loading, polymersomes can be engineered for controlled drug release.

Specifically, polymersomes are encoded with functionalities that can respond to abnormal parameters in diseased tissues, such as the pH, redox potential or the presence of specific enzymes. [40][41][42][43][44][45] Among these parameters, systems that are sensitive to reactive oxygen species (ROS) have gained increasing interests due to their implications in various diseases. They are endogenously produced, including hydrogen peroxide (H2O2), hydroxyl radical (OH • ), and superoxide (O2 -). ROS at moderate concentrations are essential for normal cell functions, while increased amounts are associated with various pathological disorders such as cancers, infections, diabetes, and neurodegenerative diseases. [46][47][48] Oxidation-responsive functionalities have been incorporated into polymersomes, which at high concentration of ROS, exhibit structural modification of the nano-assemblies to release the internal payloads. [49][50][51][52][53][54] Recently, we synthesized a novel H2O2-responsive monomer, N-(

(methylthio)ethyl)acrylamide (MTEAM), which was polymerized with a poly(ethylene glycol) methacrylate-based macro-chain transfer agent (macro-CTA) by aqueous dispersion RAFT-PISA. The P(PEGMA)-b-PMTEAM resulted in spherical micelles and vesicles. However, only spherical particles were degraded at 1-10 mM in H2O2, arising from a solubility transition of MTEAM core from hydrophobic thioethers to hydrophilic sulfoxides. 55 On the other hand, the vesicle form remained relatively stable under the same oxidative conditions. Considering the benefits of polymersomes in drug delivery, the present study attempts to produce polymersomes degraded to an increase of H2O2. We hypothesized that the type of macro-CTA or hydrophilic block used may affect the resulting NPs' responses to H2O2. Therefore, we replaced PEGMA with another widely accessible macro-CTA, poly(N-2-hydroxypropyl methacrylamide), referred to as P(HPMAm). The HPMAm moiety was selected since it is smaller and less bulky than PEG.

It also exhibits adequate potential for further conjugation, non-immunogenicity and good safety in Phase I clinical trial. [56][57][58][59][60][61][62] This work will thus focus on the improvement in terms of shape/architecture, self-assembling and responsiveness obtained by moving from PEGMA to HPMAm.

To go further, we aimed to prepare targeted polymersomes by PISA. Folate receptors are abundantly present on many cancer cell membranes, such as on breast, ovarian, lung, kidney or brain tumors. [63][64][65][66] Folic acid (FA), displays a great affinity toward folate receptors. Hence, the conjugation of FA onto NPs promotes receptor-mediated endocytosis and enhancing specific cellular uptake. [67][68][69][70][71][72][73][74][75][76] Taken together, this study aims to investigate effects of the hydrophilic block on the resulting particle morphologies and assess drug release of the polymersomes obtained in increasing H2O2. Finally, the macro-CTA will be functionalized with FA which is chainextended with the MTEAM monomer, resulting in folate-targeted and sensitive polymersomes in one-pot by PISA.

Materials and Methods

Materials

All chemicals were used as obtained without further purification unless otherwise stated. 

Synthesis of N-(2-(methylthio)ethyl)acrylamide (MTEAM) monomer

The MTEAM monomer was synthesized according to our previously published protocol. 55 1.0 g (11.1 mmol, 1.0 mL) 2-(methylthio)ethylamine was added to a round bottom flask containing 50 mL dry THF and cooled to 0 °C. 1.1 g (11.1 mmol, 1.5 mL) triethylamine was then added to the solution and left to stir for 10 min. 0.1 g (11.1 mol, 0.9 mL) acryloyl chloride was added dropwise and the solution was allowed to warm to room temperature. After 12 h, the white precipitate was filtered and the THF was removed under reduced pressure. The crude mixture was dissolved in 50 mL of DCM and washed with saturated NaHCO3 (2 x 50 mL) and brine (50 mL). The organic layer was dried over anhydrous MgSO4, filtered, and the solvent was evaporated in a rotavapor. The obtained oil was purified by column chromatography on silica gels using initially 100 % cyclohexane, then cyclohexane:dichloromethane = 50:50 (v/v) and slowly to dichloromethane:methanol = 98:2 (v/v), resulting in the colorless oil at 70 % yield.

Synthesis of the P(HPMAm) macro-CTA

P(HPMAm) was synthesized using RAFT polymerization in a mixture of acetate buffer pH 5.5 and dioxane (4/1, v/v) aiming at a degree of polymerization (DP) of 60 and using an initial monomer concentration of 1 mol L -1 , as adopted from a previous protocol. 59 

Attachment of folic acid (FA) to the P(HPMAm)43 macro-CTA

The conjugation of P(HPMAm)43 with FA was obtained by using the Steglich reaction between the hydroxyl functions of P(HPMAm)43 and the α-carboxylic acid groups of FA, based on previous literature with appropriate modifications. 74,79,80 0.02 g FA (45.48 µmol, Eq. 5 compared to the macro-CTA) and 0.01 g DCC (46.39 µmol, Eq. 5.1) were dissolved in 4 mL DMSO and stirred at ambient temperature under argon for 24 h. 0.06 g P(HPMAm)43 (Mn = 6596 g mol -1 , 9.09 µmol, Eq. 1) and 5.55 mg DMAP (45.48 µmol, Eq. 5) were dissolved in 2 mL DMSO and added to the mixture of macro-CTA and DCC, continuing to stir under argon for 24 h at room temperature. The precipitated by-product dicyclohexyl urea (DCU) was filtered off, and the resulting solution was first dialyzed against DMSO for 24 h to remove the unreacted FA, DMAP and DCU, then against distilled water for 24 h using membrane with a molecular weight cut-off of 3500 g mol -1 . The obtained solution was freeze-dried overnight, yielding a pale-yellow solid with a 60 % yield and 6 % of FA attachment as quantified by 1 H NMR (DMSO-d6).

Preparation of FA-functionalized NPs

The above FA-bound macro-CTA was chain-extended with the MTEAM monomer, under conditions designed to obtain a DP of 300 and 5 wt% solid contents of NPs in the suspension.

0.01 g P(HPMAm)43-FA3 (Mn = 7799 g mol -1 , 1.28 µmol, Eq. 1), 55.9 mg MTEAM (385 µmol, Eq. 300), and 166 µg VA-44 (0.5 µmol, Eq. 0.5) were dissolved in 1.32 mL a solvent mixture of H2O:EtOH (7:3) in a vial, and degassed for 30 min. The reaction was placed in a preheated oil bath at 65 o C for 5 h. The formed turbid suspension was filtered via 0.45 µm Millipore membrane to remove any precipitate and assessed by 1 H NMR (DMSO-d6), DLS and TEM.

Encapsulation of model compounds into the FA-functionalized vesicles

Nile Red was loaded under the PISA conditions used for obtaining FA-bound P(HPMAm)43-b-P(MTEAM)300 at a concentration of 0.1 wt% of NR with respect to the total solid contents. A stock solution of NR was first prepared at 1 mg mL 

Results and Discussion

Synthesis of the P(HPMAm) macro-CTA

The P(HPMAm) macro-CTA used in this study (see Figure 1) was prepared as previously reported, by the chain extension of 4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CEPA) CTA with HPMAm monomer by RAFT polymerization in a solvent mixture comprising acetate buffer at pH 5.5 and dioxane, at a volume ratio of 4 to 1 and with a monomer initial concentration of 1 mol L -1 . 59 The addition of an acetic buffer aimed to prevent the essential dithioester chain-ends from hydrolyzing during the polymerization. The corresponding reaction scheme is shown in Figure 1A, and characteristic features of the reaction kinetics are displayed in Figure 1B and 1C (monomer conversion vs. time and first-order kinetic plots). The later exhibits a decent linear correlations trend, indicating that the polymer evolved periodically over the entire reaction time with little or no termination, as expected from a RAFT polymerization (Figure 1B). In addition, SEC chromatograms show a regular increase in molecular weights during the polymerization time. The chromatograms are generally unimodal and symmetrical with relatively small dispersity of maximum 1.2, conferring a controllable homopolymerization and a defined polymer structure with desirable chain branching, as similarly observed in the previous work. 59 To suit later purposes of the work, two macro-CTAs with different chain lengths were synthesized, a shorter chain P(HPMA)16 and a longer one P(HPMA)43, both were obtained after 180 min of reaction. The indices (16 and 43) refer to the DPs as measured by 1 H NMR, using characteristic signals from the end-groups and repeat monomer units. 

Synthesis of the P(HPMAm)-b-P(MTEAM) block copolymer carriers

The P(HPMAm)43 macro-CTA prepared above was chain extended with a previously synthesized ROS-sensitive MTEAM monomer (Figure 2A), using dispersion RAFT-mediated PISA in deionized water, targeting a DP of 300 and 10 wt% solid contents. A summary of data associated with the PISA reaction, including monomer conversion (%), experimental DPs, molecular weights from 1 H NMR and SEC, together with particle sizes, is included in Table 1, with some key parts graphically displayed in Figure 2 (B andC). The semilogarithmic plots (first-order kinetics, Figure 2B) show that the reaction evolves in two separate stages, with a transition from the first to the second stage observed at about 120 min, indicating that the critical onset of aggregation starts at that point. Prior to this time, the block copolymer generates particles as indicated by DLS, with particle sizes increasing from 90 nm to 109 nm from 60 min to 105 min, but with very high PDI values ranging from 0.3 to 0.5 (Table 1). These results demonstrate that some NPs are formed, but not yet stable and defined. In the 105-120 min range, NPs are sized at 113 nm with a lower PDI of 0.26. In the later stage, after 120 min, particle sizes increase slightly, to 117 nm at 180 min (Table 1), and particles become more stable, with a reasonable PDI of 0.25. The observed size evolution corroborates with the increase in molecular weights as determined by SEC (Figure 2C). The chromatograms are relatively unimodal, with progressive deviations resulting from the heterogeneous polymer growth. They evolve rapidly from 0 min to 90 min, during which particles are forming, then increase more slowly, in parallel to the stabilizations in particle sizes discussed above. 

Fabrication of vesicles and oxidative behavior in H2O2 solutions

The purpose of this experiment is to investigate the influence of hydrophilic chain length and hydrophobic block on the particle sizes, shapes, and ultimately their responses, such as Before incubating with H2O2, with the same hydrophilic chain length, increasing DP from 200 to 300 induces an increase in thickness of the hydrophobic layer, thus resulting in larger particle sizes. This is in agreement with previously described trends in the literature. [81][82][83][84][85] When maintaining the hydrophobic block at a DP of 300, shorter chain copolymers P(HPMAm)16

generates spherical particles (Figure 3A3), while longer chain copolymers P(HPMAm)43 produces vesicles (Figure 3B3). Although PISA systems reported in the literature indicate a wide range of morphological variations can be obtained, there have been only a few examples of systems stopping at a spherical particle step and not extending to vesicles, and the underlying reasons is currently unknown. [86][87][88] In another context, Lesage de la Haye et al. described that poly(N-acryloylmorpholine)-b-polystyrene (PNAM26-b-PS90) only induced spheres, but when including three poly(ethylene glycol acrylate) (PEGA) units into the (PNAM26-b-PS90) copolymer, vesicles were formed. 88 The authors suggested that the addition of PEGA makes the hydrophilic backbone more rigid, which facilitated the transition to vesicles. Based on this report, it might be hypothesized that the longer macro-CTA P(HPMAm)43 generates a higher number of hydrogen bonds with water, increasing its rigidity and lowering the degree of interfacial curvature between the two blocks, thus driving toward higher-ordered vesicle forms. A successful oxidative degradation was also confirmed by a substantial decrease in relative count rates in DLS, which indicates the particles became very diluted while slowly disappearing (A2 and B2 in Figure 3). Figure SI1 also shows the visual transformation that can be observed with a naked eye for vesicle suspensions, transitioning gradually from opaque white to transparency over the oxidation process. Zeta potentials of NPs before the incubation with H2O2 solutions were around -20 mV; they gradually increased to 0-5 mV when incubating with H2O2 (Figure SI2), confirming further those particles had been modified and lost their original surface properties.

The oxidation of H-M polymersomes is confirmed by NMR (Figure 4). 1 mg mL -1 of H16-M300 and H43-M300 NPs were incubated with 10 mM H2O2 for 10 h. The oxidized peaks tend to shift toward the left, with a reference to the control spectrum of H43-M300 NPs in water. In Figure Along with the reduced count rates and modified shapes after H2O2 incubation, it is certain that both H16-M300 and H43-M300 responded to the oxidative condition and transform the hydrophobic thioethers to hydrophilic sulfoxides, leading to first a disruption of amphiphilic balance in the polymersomes and subsequently to particle disassembly. vesicles with a diameter of 90 nm, PDI of 0.07, and ZP of -28 mV (DLS). The corresponding TEM image is provided in Figure 6A. The F3H43-M300 vesicle was submitted to the same degradative protocol with H2O2 solution as previously described for plain vesicles. The same sensitivity to H2O2 was observed, in which particle disassembly, size modifications and relative count rates over time follow the same tendency as the one observed for the plain vesicles (Figure 6 B and C). This result suggested that FA-functionalized polymersomes were sufficiently oxidized to disassemble the nanostructures, leading to reduced count rates and aggregation. 

Encapsulation and release studies

The hydrophobic dye Nile Red (NR) and the hydrophilic dye sulfo-cyanine5-NHS ester (Cy5) was entrapped into folate-targeted polymersomes during PISA. NR-loaded targeted polymersomes were of 90 nm in size and PDI 0.21. A NR loading of 0.04 wt% was achieved under the tested conditions, resulting in an encapsulation efficiency (EE) of 72 %. Cy5 was loaded at 1.72 µg mL -1 with 0.05 wt% of DL and 23 % of EE, and Cy5-loaded vesicles were sized at 140 nm, PDI 0.25. This indicated that the FA-functionalized polymersomes enable the encapsulation of both hydrophilic and hydrophobic compound.

The release studies was undertaken using NR dye, since it is a UV-vis active and fluorescent dye, which has been largely utilized to investigate drug releases from particles in oxidative environments, due to its stable fluorescence and absorbance in these environments. [START_REF] Yoo | Protease-Activatable Cell-Penetrating Peptide Possessing ROS-Triggered Phase Transition for Enhanced Cancer Therapy[END_REF][START_REF] Gracia Lux | Biocompatible Polymeric Nanoparticles Degrade and Release Cargo in Response to Biologically Relevant Levels of Hydrogen Peroxide[END_REF] Similar to our previously published work, 55 the absorbance was observed to decrease over time when the vesicles were dropped in a 10 mM H2O2 solution (Figure 7). This progressive disappearance results from the fact that NR is almost insoluble in water, and mostly precipitates at the bottom of the cuvette when released from the vesicle layer, not contributing anymore to the total absorbance. As a result, the absorbance describes adequately the amount of NR enclosed in the vesicle layer, which concentration reduces due to the vesicle degradation process. 

Cytotoxicity

The toxicity of P(HPMAm)43-b-P(MTEAM)300 (H43-M300) and FA3-P(HPMAm)43-b-P(MTEAM)300 (F3H43-M300) polymersomes was assessed on MCF-7 luminal breast cancer cells (Figure 9). Vesicles were applied for 24 h at concentrations up to 1000 µg mL -1 and then cellular metabolic activity was measured as an indicator of cell viability. Data in Figure 9 demonstrates that all vesicles formed are non-toxic ≤ 500 µg mL -1 . 

Conclusions and Perspectives

Replacing PEGMA with HPMAm offered polymersomes that were sensitive to high concentration of H2O2. Furthermore, tuning the P(HPMAm) block length allowed access to multiple particle shapes. At the same P(MTEAM) hydrophobic block length, short chain of P(HPMAm)16 promoted spheres, while long chain of P(HPMAm)43 formed vesicles. This was probably attributed to the enhanced rigidity and lower interfacial curvature of the P(HPMAm)43b-P(MTEAM)300 block copolymers, resulting in higher-order morphology like vesicles. The Absorbance readings were performed by using UV-Vis Spectrophotometer of the Agilent Cary 60.

Particle characterization

Transmission electron microscopy (TEM)

Dry-state transmission electron microscopy (TEM) imaging was performed on either FEI TECNAI F20 microscope at an S3 acceleration voltage of 200 kV. All aqueous samples were diluted with deionized water and then deposited onto formvar-coated copper grids. Samples were directly diluted with milliQ water at the ratio of 1:100 and then deposited onto graphene oxidecoated copper grids. After roughly 1 min, excess sample was blotted from the grid and the grid was stained with an aqueous 1 wt% uranyl acetate (UA) solution for 1 min prior to blotting, drying and microscopic analysis. For determination of the average particles' size at least 100 particles were analyzed in each case.

Dynamic Light Scattering (DLS)

The intensity-average sphere equivalent diameter of diblock copolymer nano-objects was determined at 25 °C by DLS using a Malvern Zetasizer Nano S instrument via the Stokes-Einstein equation, which assumes perfectly monodisperse, non-interacting spheres. All measurements were prepared at 1 mg/mL in water. Z-average hydrodynamic diameters (DZ)

were calculated from 3 repeat measurements. Beyond these perspectives, it is widely believed that PISA will continue to thrive and rapidly expand, building on our growing understanding of synthetic parameters and formulation strategies.

To date, PISA has successfully enabled the self-assembly, drug loading, and incorporation of stimuli-responsive functionalities in one-pot synthetic approach. In a very soon future, one believes the rapid mature of PISA can instill more important aspects of precise drug delivery into a self-assembled nano-object, thus furthering a range of therapeutic values to the ultimate translation from bench to bedside.

Preparation of Nanoparticles via Polymerization-Induced Self-Assembly for Biomedical Applications

Polymerization-Induced Self-Assembly (PISA) has emerged as a promising method to prepare nano-assemblies in one step and with high solid contents. Particle sizes and shapes could be easily controlled and tuned during PISA. The process can be performed in water, e.g., aqueous dispersion RAFT-governed PISA, thus imparting a scalable and environmentally friendly approach to produce nanoparticles (NPs). Although PISA has widely been investigated, there have been only a few research to date exploiting the multifunctional properties of PISA-made NPs, such as the versatility and the simple preparation of stimuli-responsive and targeted NPs for biomedical applications. This thesis focused on synthesizing functional PISA-derived particles with tunable sizes, shapes, and investigating their applications in drug delivery. First, we illustrated how the same block copolymers, poly((ethylene glycol) methacrylate)-co-poly(pentafluorophenyl methacrylate)-b-poly(hydroxypropyl methacrylate), could be utilized for either in situ drug loading or drug conjugation. This served as a highly adaptable formulation for further multiple drug delivery strategy designs. Later, the thesis highlighted the incorporation of a reactive oxygen species (ROS)-sensitive monomer, N-(2-(methylthio)ethyl)acrylamide (MTEAM), into PISA. The resulting spherical micelles were stable in bio-relevant environments but disassociated in elevated H2O2 from 1-10 mM. The last chapter featured multifunctional polymersomes prepared via PISA, integrating hydrophobic dye loading, ROS responsiveness, and folate for targeting effect.

Keywords: PISA, RAFT, block copolymers, NPs, ROS, H2O2, folate receptors, sensitive and targeted NPs, drug encapsulation, drug functionalization.

Préparation de Nanoparticules par Auto-Assemblage Induit par la Polymérisation pour des Applications Biomédicales

L'auto-assemblage induit par la polymérisation (PISA) est une méthode prometteuse pour préparer des nanoparticules en une seule étape et à haute concentration. Les tailles et les morphologies des particules peuvent être bien contrôlées lors de la PISA et peut être réalisé dans l'eau, par exemple, en utilisant la technique RAFT. Bien que la PISA soit largement utilisée, jusqu'à présent, il existe très peu d'études se concentrant sur la synthèse par PISA de particules multifonctionnelles étant stimuli répondantes et qui ciblent spécifiquement les cellules cancéreuses. Cette thèse est consacrée à la synthèse de particules multifonctionnelles via la technique PISA, avec la possibilité d'ajuster les tailles et les morphologies, ainsi que l'étude de leurs applications pour délivrer des principes actifs. D'abord, un copolymère bloc, poly((ethylene glycol) methacrylate)-co-poly(pentafluorophenyl methacrylate)-b-poly(hydroxypropyl methacrylate), a été synthétisé et sa capacité à l'encapsulation in situ ou la conjugaison d'un principe actif, la doxorubicin, a été étudié. Ce système a servi de formulation pour des stratégies de délivrance de principe actif. Ensuite, l'incorporation d'un monomère en utilisant la PISA, le N-(2-(methylthio)ethyl)acrylamide (MTEAM), sensible aux espèces réactives de l'oxygène (ROS), a été étudié. Les micelles sphériques formées sont stables dans des environnements biologiques sains, mais ont été déstabilisées en présence de H2O2 à une concentration de 1 à 10 mM, correspondant à un milieu de cellule cancéreuse. Enfin, la synthèse de polymersomes multifonctionnelles par PISA a été réalisée en combinant l'encapsulation de réactif hydrophobe, la sensibilité aux ROS, et l'attachement d'acide folique pour avoir un ciblage des cellules cancéreuses.

Mots-clés : PISA, RAFT, copolymère de bloc, nanoparticules, ROS, H2O2, récepteurs folate, nanoparticules stimuli-répondants, encapsulation de médicaments.
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 112 Figure 1. Illustration of RAFT mechanism. Reproduced from 20 with permission

Figure 2 .

 2 Figure 2. Structure of a RAFT agent and functions of different groups
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Figure 4 .

 4 Figure 4. Preparation of PDMA-b-PLLA assemblies in diamond-shaped platelets or

Figure 5 .

 5 Figure 5. Effective and facile synthesis of PCL-b-PMA block copolymers by ROP and PET-RAFT. Reproduced from 37 with permission

Figure 6 .

 6 Figure 6. Diagram on morphological evolution of self-assembly of block copolymer. Reproduced from 101 with permission

Figure 7 .

 7 Figure 7. Influence of particle shapes on their movements and margination within blood vessel. Reproduced from 128 with permission

Figure 8 .

 8 Figure 8. The prediction of morphologies based on packing parameter (p). Reproduced from 141 with permission

Figure 9 .

 9 Figure 9. PISA of St with P(MAA-co-PEO8MA) macro-CTA. Reproduced from 86 with permission

Figure 10 .

 10 Figure 10. Aqueous one-pot synthesis pathway toward P(MAA-co-PEOMA)-b-PMMA and P(MAA-co-PEOMA)-b-P(St-co-MMA) amphiphilic block copolymer nano-objects. Reproduced from 143 with permission

Figure 11 . 148 Figure 12 .

 1114812 Figure 11. (a) Synthesis of a PGMA43-b-PHPMAn via RAFT aqueous dispersion polymerization to prepare a series of diblock copolymer vesicles at pH 3.5 (where n = 175-250). (b) Illustration of the irreversible vesicle-to-sphere or vesicle-to-worm order-order transitions at pH 5. Reproduced from 147 with permission

  particular, poly(glycerol monomethacrylate)-b-poly(2-hydroxypropyl methacrylate) (PGMA-b-PHPMA) was firstly synthesized by RAFT aqueous dispersion polymerization, yielding diblock copolymer vesicles and also acting as a macro-CTA backbone that was chain-extended with another immiscible monomer, methyl methacrylate (MMA), benzyl methacrylate (BzMA), and ethylene glycol dimethacrylate (EGDMA) (Figure 13). PGMA-b-PHPMA-b-PMMA triblock copolymers generated globular vesicles and the vesicular membrane thickness increased as the increasing DP of PMMA. However, PGMA-b-PHPMA-b-PBzMA induced a framboidal structure, and that increasing PBzMA block resulted in more globular morphologies, while PGMA-b-PHPMA-b-PEGDMA induced cross-linked vesicles. 150

Figure 13 .

 13 Figure 13. Illustration of different vesicular morphologies from the polymerization of HPMA, MMA, BzMA, and EGDMA with PGMA-PHPMA block vesicle precursor. Reproduced from 150 with permission

Figure 14 .

 14 Figure 14. Depict of RAFT dispersion polymerization of DAAM monomer with linear and star macro-CTA. Reproduced from 154 with permission

3. 1 . Physical encapsulation of therapeutic agents 3 . 1 . 1 .

 1311 Encapsulation of drug molecules Doxorubicin hydrochloride (DOX) was converted to hydrophobic form by reacting with triethylamine, which was then integrated into poly((N-(3-(dimethylamino)propyl) methacrylamide)-b-poly (methyl methacrylate) (PDMAPMA-b-PMMA) block copolymer spherical micelles via aqueous RAFT emulsion PISA, with encapsulation efficiency of 30 %. 164 In a follow-up study, the same research group explored the encapsulation of the TEA-treated DOX in poly(acrylic acid)-b-poly(butyl acrylate) (PAA-b-PBA) spheres via RAFT emulsion PISA, resulting in reproducible spherical micelles of 130 nm and 90 % of drug encapsulation efficiency. Drug-free sphere particles were proceeded with surface functionalization under mild conditions to attach a thiol-containing fluorescent dye (BODIPY-SH) using thiol-end click chemistry, hence expanding the potential of post-PISA modification with functional molecules or targeting ligands. 165 Although the incorporation of DOX reported in these studies was implemented at an elevated reaction temperature of 70 o C, the authors successfully argued the stability and retention of activity of DOX under relatively harsh condition of PISA, thereby demonstrating the rapid and efficient DOX loading achieved instantaneously during selfassembling process (Figure 15).

Figure 15 .

 15 Figure 15. Schematic illustration of DOX in situ encapsulation to PAA-b-PBA spheres via PISA. Reproduced from 165 with permission

P

  (MPC-co-PENAO)-b-PMMA and P(OEGMA-co-PENAO)-b-PMMA block copolymer particles. TPP-COOH was later attached to the excessive hydroxyl groups of the stabilizing block of the two particles, showing that TPP-conjugated P(MPC-co-PENAO)-b-P(MMA) exhibited higher cell uptake and enhanced spheroid penetration, as opposed to the ligand-free counterpart.174 

Figure 16 .

 16 Figure 16. Schematic diagram of in situ self-assembly of POEGMA-b-P(St-co-VBA) using PISA and its conjugation with DOX through a pH-cleavable bond. Reproduced from ref. 101

Figure 17 .

 17 Figure 17. (a) Illustration of the intracellular release of a EGFP plasmid DNA within MDA-MB-231 cells using 97 PGMA58 + 3 PMPC60)-P(HPMA300-stat-GlyMARh1)-PDPA52 (97 G58 + 3 M60)-(H300-stat-ERh1)-D52 framboidal vesicles. (b) Schematic diagram of the loading of plasmid EGFP DNA in these triblock copolymer vesicles (the green color indicates a successful EGFP expression while the red color indicates the location of the rhodamine-labelled vesicles). Reproduced from ref. 194 with permission from the Royal Society of Chemistry, copyright 2019.

Figure 18 .

 18 Figure 18. Synthetic routes for reductive-responsive, prodrug and NIR-fluorescence imaging dual-functional NPs by RAFT mediated dispersion polymerization, producing P(CPTMco-NIRM)-b-P(HPMA-co-EDGMA) spherical micelles in water. Reproduced from ref. 203 with permission from the Royal Society of Chemistry, copyright 2018.

Figure 19 .

 19 Figure 19. Schematic illustration of the preparation of PEG-b-PPFMA via photo-initiatedPISA in DMSO at 37 °C (M1), followed by cross-linking reactions using either ethylenediamine or cystamine (P1 and P2, respectively) for transfer into aqueous media. Reproduced from ref.204 with permission from Wiley Online Library, copyright 2018.

  with N-acryloylthiomorpholine (NAT), a monomer carrying a oxidation-sensitive thioether moiety. This procedure readily afforded P(NAM-b-NAT) spherical particles of 25-73 nm in diameter (DLS) via the PISA process. The sphere size-range could be tailored by tuning the size or composition of the diblock copolymers. Nile Red dye was chosen as a model for the drugs and was encapsulated into the spheres. In response to a H2O2 concentration at 10 mM, the hydrophobic thioether was oxidized to the hydrophilic sulfone, triggering a solubility transition for the core-forming block. As a result, the micellar structures dissociated, and the drug was released as confirmed by a fluorescence quenching of Nile Red proportional to increased H2O2 levels. In addition to oxidation-triggered drug releases, the formulated nano-vehicle showed excellent biocompatibilities and no cytotoxicity, therefore providing a versatile, selective, and controlled drug delivery to sites of interests (Figure20).

Figure 20 .

 20 Figure 20. Schematic diagram of the one-pot synthesis of P(NAM-b-NAT) micelles of tunable sizes displaying ROS-triggered drug release. Reproduced from ref. 213 with permission from The Royal Society of Chemistry, copyright 2018.

  into PISA-produced hybrid vesicles displaying an on-demand release of the internal contents due to the CO2-responsive character of the core-forming block. Here, mPEG113 was exploited as a macro-CTA for the photo-initiated RAFT aqueous dispersion copolymerization of 2hydroxypropyl methacrylate (HPMA) and 2-(dimethylamino)ethyl methacrylate (DMAEMA) at room temperature. The obtained results indicated that complete monomer conversion was rapidly achieved within 15 min upon exposure to a 405 nm visible-light irradiation, affording a welldefined CO2-sensitive diblock copolymer mPEG-b-P(HPMA-co-DMAEMA). The SiO2 NPs were concurrently encapsulated into the lumen of the polymeric vesicles via PISA, in a convenient one-pot synthetic strategy. The loaded cargos were released from the NPs in response to CO2 bubbling under mild conditions, due to the presence of the DMAEMA monomer in the hydrophobic block. After a 2 minutes treatment with CO2, DMAEMA was protonated, enhancing the hydrophilicity of the core-forming block, and the vesicles therefore disintegrated to release the SiO2 NPs (Figure21).221 

Figure 21 .

 21 Figure 21. CO2-triggered release of SiO2 NPs from mPEG-b-P(HPMA-co-DMAEMA) hybrid vesicles. Reproduced from ref. 222 with permission from Wiley Online Library, copyright 2017.

Figure 22 .

 22 Figure 22. Schematic illustration of an enzyme-assisted photo-PISA for preparing crosslinked CO2-responsive vesicles. Reproduced from ref. 223 with permission from The Royal Society of Chemistry, copyright 2019.

Figure 23 .

 23 Figure 23. (a) Synthesis of PGMA58-b-PHPMA250 (G58H250) diblock copolymer via RAFT aqueous dispersion; (b) Schematic illustration of the in situ encapsulation of SiO2 NPs via PISA and subsequent release of SiO2 NPs on cooling to 0 o C due to vesicle dissociation. Reproduced from ref. 224 with permission from ACS Publications, copyright 2015.

  4 in intracellular endosomes/lysosomes due to the protonation of the -COO-groups on PMAA, thus disrupting the electrostatic interactions between DOX and the hydrophobic P(MAA-co-CMA) core. In summary, the above formulation method has enabled polymeric NPs powerful dual responsive behaviors, exhibiting a robust photo-induced cross-linked core for greater stabilization and on-demand DOX release in acidic intracellular microenvironment upon cellular uptake.In a similar work, Pan et al. described the RAFT dispersion copolymerization of DIPEMA and CMA in the presence of PHPMA as a macro-RAFT agent to produce in situ vesicles.232 Following irradiation with UV light at 365 nm, the coumarin moieties anchored in the vesicle membrane underwent dimerization to crosslink together, thus bringing an improved structural stabilization to the polymeric vesicles. Furthermore, the presence of the tertiary amino groups on the DIPEMA segments of the membrane triggered a swelling-shrinking transition upon tuning the solution pH from acidic to basic. At pH 4, the DIPEMA was protonated and shifted to a hydrophilic state, inducing the swelling of the core-forming block, thus enabling the pores of the membrane vesicles to open and facilitating the transmembrane traffic of substances. In acidic solutions, both the membrane (DIPEMA) and DOX were protonated, and the escape of DOX was inhibited due to electrostatic repulsion, although the membrane pores were large enough for DOX to get through. In contrast to DOX, fluorescein was effectively released after loading through the vesicle membrane due to a size of fluorescein smaller than those of the pores and the absence of electrostatic repulsions.3.3.8. Dual reductive-and pH-responsive systemsTo enhance the chemical versatility and responsiveness of the amphiphilic block copolymer vesicles, pH-responsive and reductive-cleavable bonds were both incorporated into their membrane-forming blocks during PISA-mediated copolymerisation.233 First, PEG-CPDB was chain-extended with comonomers including 2-(diisopropylamino)-ethyl methacrylate (DIPEMA), and either methacrylamide multivinyl comonomer cystaminebismethacrylamide (CBMA) or bis(2-methacryloyloxyethyl) disulfide (DSDMA) using a RAFT-mediated dispersion polymerization. It was indicated that the PISA of DIPEMA with the CBMA cross-linker imparted more robust crosslinked membranes. Rhodamine B was used as a drug model and encapsulated into the polymeric vesicles. Owing to the dual stimuli-responsive character of the vesicles, the dye was rapidly unloaded by the synergistic effect of DL-dithiothreitol (DTT) (10 mM) and an acidic media at pH 4 mimicking intracellular conditions. At acidic pHs, DIPEMA was protonated and switched the system to hydrophilic, vesicles thus swollen, and the dye was conclusively liberated. Furthermore, drug release was also augmented due to the DTT-induced cleavage of disulfide cross-links in the acidic aqueous medium. This study demonstrated a straightforward one-pot strategy combining concomitantly crosslinked membrane, self-assembly, and drug encapsulation, endowing enhanced structural integrity and stabilization to the vesicle membrane as well as an improved intracellular drug release (Figure24).

Figure 24 .

 24 Figure 24. (A) In situ crosslinking in PISA to prepare crosslinked PEG-CPDB-b-P(DIPEMA90-co-CBMA10) membrane vesicles (D90C10); (B) Reversible changes in the diameter of D90C10 vesicles upon switching solution pH between 4.0 and 8.0. (C) Cumulative release profiles of Rhodamine B from D90C10 vesicles under different conditions. Reproduced from ref.

  P(CPTM-co-NIRM)-b-P(HPMA-co-EDGMA)

2. 1 .

 1 Synthesis of poly((ethylene glycol) methacrylate)-co-poly(pentafluorophenyl methacrylate) macro-CTA (P(PEGMA-co-PFBMA)) PFBMA was synthesized as described in section 6.3.1 in SI. The 19 F-containing copolymer P(PEGMA475-co-PFBMA) was synthesized using RAFT polymerization in the presence of CEPA-F CTA (see procedures in section 6.3.2 in SI) and AIBN initiator in dioxane. We aimed to investigate the impacts of hydrophilic blocks on final PISA-made particle sizes, thereby different chain lengths of the hydrophilic macro-CTA were prepared by (i) varying the ratios of PEGMA475 to PFBMA in the co-polymerization in which PFBMA accounted for 10 wt% and 20 wt%; (ii) varying different degrees of polymerization (DP) of both methacrylate-based reactive agents PEGMA475 and PFBMA to CTA or changing the ratio of [PEGMA475:PFBMA] to CTA, thus, DPs of [PEGMA475 and PFBMA] to CEPA-F CTA were as follows: 40:1; 80:1; 120:1; 150:1.

2 . 2 . 2 . 3 . 1 .

 22231 Figure SI3 presents 5 kinetics (kinetics of E96F24 was shown in the main text) showing the highest control over the polymerization of PEGMA and PFBMA with CTA. Table SI2 summarizes these 6 copolymers and their corresponding reaction parameters. PISA of P(PEGMA-co-PFBMA) macro-CTA and 2-Hydroxypropyl Methacrylate (HPMA) HPMA, macro-CTA and V-50 were placed in a vial and dissolved in deionized H2O at the ratio of [HPMA]:[P(PEGMA475-co-PFBMA)]:[V-50] = 300:1:0.2 . The vial was sealed with rubber septum and purged with argon for 30 min. After degassing, the reaction was performed in a preheated oil bath at 52 o C for 6 h. The polymerization was quenched by cooling the mixture rapidly and exposure to air. Samples were withdrawn every 15 min using deoxygenated syringes to study the reaction kinetics, examined under 1 H, 19 F NMR (DMSO), SEC (PMMA standard, DMF), DLS, and TEM. In situ drug loading Preparation of stock solutions of DOX: To a glass vial, DOX•HCl red powder was mixed with TEA (1:8 mol eq) in DCM (1 mg mL -1 ) to improve the hydrophobicity of DOX, stirred and placed in the dark for 4 h until a complete solution then the vial was evaporated to remove DCM. The E74F19 macro-CTA was chain-extended with HPMA at 10 wt% solid contents in dioxane, using V-50 initiator at 52 o C. The mixture of DOX and E74F19 was prepared at multiple feed weight ratios (DOX/block copolymer fwr%): 0.1, 0.2, 0.3, 0.5, 0.7, which in turn resulting in numerous reaction compositions as follows: [HPMA]/[E74F19]/[DOX]/[V-50] = 300/1/0.1/0.4, 300/1/0.3/0.4, 300/1/0.4/0.4, 300/1/0.7/0.4, 300/1/1/0.4. In a 10 ml glass vial, E74F19 (100 mg, 2.46 μmol) was dissolved in 1.95 mL of deionized water. DOX (1 mg) after evaporation of DCM was dispersed and mixed well in a HPLC vial containing HPMA (107 mg, 740 μmol). The solution of DOX and HPMA was then added dropwise to the above 10 ml vial. Finally, V-50 (134 µg, 0.49 μmol) was added to the previous solution. The vial was sealed and degassed under argon in an ice/water bath for 30 min. The polymerization was conducted at 52 o C for 6 h. The resulting drug-loaded NPs were recovered by dialysis (MWCO 3500 g mol -1 , deionized water) for 48 h to remove free drug. The purified DOX-encapsulated NPs were lyophilized and the obtained solid was dissolved in DMSO to quantify the loaded DOX by comparing the UV absorbance at 485 nm of this sample to a standard calibration curve of DOX in DMSO. The drug loading (DL %) and encapsulation efficiency (EE %) was calculated as: Drug loading (DL %) = Para-Fluoro-Thiol Reaction (PFTR) of P(PEGMA-co-PFBMA)-b-PHPMA NPs with NAC

( 1 . 2 . 5 . Cell culture experiments 2 . 5 . 1 . 2 . 5 . 3 .

 125251253 1 mmol) NAC and 0.178 g (2.29x10 3 mmol, 4 mL) E82F10-H300 NP solution were mixed in a vial, adjusted to pH 13 by 9.5 mL NaOH 0.4 M solution, and stirred for 15 minutes at room temperature until complete dissolution, then sealed with a rubber septum. Thiols are most likely to undergo oxidation to form disulfide bonds upon exposure to ambient conditions, thus the reaction were conducted in degassed media by purging with Argon for 30 min. The solution was placed in a pre-heated oil bath at 50 °C. After 72 h, excess of NAC was purified by dialysis (deionized water, 3500 g mol-1) for 48 h. The final solution was examined under 1 H,19 F NMR (D2O), SEC (PMMA standard, DMF), DLS and TEM.2.4.2. Coupling of DOX into NAC-linked NPs using EDC/NHS activation reactionDOX was subsequently conjugated on the NPs through interacting with NAC moieties based on two-step protocol.15 The first step involved activating the carboxylic groups of NAC by NHScarbodiimide chemistry. Briefly, 4.1 mg P(PEGMA47574-co-PFBMA19)-b-PHPMA300 (E74F19-H300) NP (0.48 µmol, 0.0137 mg/mL) was dispersed in 3 mL of deionised water containing 0.92 mg EDC (4.8 µmol) and 1.1 mg NHS (9.59 µmol) under moderate stirring at ambient temperature for 3 h. The molar ratio of NP:EDC:NHS was kept at 1:10:20. Later, DOX (0.278 mg, 0.48 µmol) was added to the above solution at the ratios of NP:DOX at 1:1 and 1:5, and incubated for 12 h under moderate stirring. The solution was then purified by dialysis (deionized water, 3500 g mol - 1 ) for 48 h to remove free DOX. Sample was freeze-dried for 24 h and the amount of DOX conjugated on NP surface was quantified by dissolving the obtained solid in a known volume of DMSO and comparing this solution with the calibration curve of DOX in UV measurement at 485 nm in DMSO. In vitro Cell Viability Cell viability was studied using AlamarBlue assay for NPs and NPs-NAC as well as MTT assay for free DOX and DOX-coupled NPs. Briefly, human triple negative breast cancer cell line (MDA-MB-231) were harvested by trypsin via physical scraping. Cells were washed with PBS, resuspended in a DMEM medium supplemented with 10 % of fetal calf serum (complete DMEM),and seeded into a 96-well plate at a concentration of 1 × 5000 cells per well in 100 μL of the complete DMEM medium. The cells were then incubated for 24 h prior to analysis. For a typical test, the cells were incubated for 72 h in a fresh complete DMEM medium containing samples at designed concentrations: 31.3 -1000 μg mL -1 for NPs and NP-NAC (equivalent NP concentration) or 0.022 -3.9 μg mL -1 for DOX, DOX-loaded NPs, and NP-NAC-DOX (equivalent DOX concentration). Three parallel wells were set for each concentration. After incubation, AlamarBlue reagent (10 μL, 5 mg mL -1 ) or MTT (20 μL, 5 mg mL -1 ) was added into each well. After an additional incubation for 4 h, the fluorescent intensity of AlamarBlue assay was measured at Ex/Em 560/590 nm and the absorbance of MTT assay was measured at 595 nm.2.5.2. Cell Uptake StudiesMDA-MB-231 cells were cultured on micro slide 24-well chambers (Ibidi, Germany) at a density of 1 x 50000 cells per well for 24 h in DMEM supplemented with 10 % fetal calf serum.Cells were then exposed to DOX and NP-NAC-DOX at a DOX concentration of 0.35 μg mL -1 in the dark at 37 °C and 5 % CO2 for 5 h and 72 h. Cells were then fixed with 4 % formaldehyde (in PBS) for 10 min and washed with PBS (three times). Cells were then treated with PBS-Triton 0.1 % for 10 min and washed with PBS (three times). Later, cells were incubated with diamidino-2phenylindole (DAPI) nuclei stain at the concentration of 1 μg mL -1 for 15 min in the dark at RT and washed with PBS (three times). Cells were imaged with a Zeiss LSM 900 Confocal Laser Scanning Microscope. Image J Software was utilized for image processing. Apoptosis assay by Incycute ® live-cell analysis Annexin V dye (Ex. Max 593 nm/Ex. Min 614 nm) was dissolved in 100 µL of PBS as stock solution. 100 µL of MDA-MB-231 cells were cultured on each well in a 96-well plate at a density of 1 x 5000 cells per well for 24 h in DMEM supplemented with 10 % fetal calf serum. The cell plate was removed from the incubator and aspirate off the culture medium. Cells were incubated with free DOX and NP-NAC-DOX at the same DOX concentration of 0.35 μg mL -1 . The untreated cells were used as a control. Annexin V dye was added to each well for a final dilution of 1:200.

Figure 1 .

 1 Figure 1. (A) Schematic diagram of the co-polymerization of P(PEGMA-co-PFBMA) macro-CTA DP120; Kinetic plots of RAFT polymerization of PEGMA with PFBMA in dioxane at 80 o C: (B) Semilogarithmic plots vs. time; (C) SEC chromatograms (DMF, PMMA standard).

Figure 2 .E 50 F 6 -H 300 E 82 F 10 2 .

 250682102 Figure 2. Size and PDI of NPs prepared by PISA with HPMA using different macro-CTAs. (A) PFBMA 10wt%, (B) PFBMA 20 wt%. Results are shown as the mean ± standard deviation of three replicates.

Figure 3 .

 3 Figure 3. (A) Diagram of PISA of HPMA (HPMA abbreviated as H) and E74H19 macro-CTA at 52 o C, 10 wt% solids, and DP300; (B, C, D, E) Kinetics plots of the PISA process: (B) Monomer conversion and semilogarithmic plots vs. time; (C) Number-average molecular weight Mn determined by 1 H NMR (CDCl3), SEC and dispersity vs. HPMA conversion (%); (D) DLS spectra by normalized intensity (%); (E) SEC chromatograms (PMMA standard, DMF). (F) TEM at 0.5 h, 0.75 h, 1 h and 3.5 h during the PISA reaction.

Figure 4 .

 4 Figure 4. Visual color change from free DOX (clear red) to DOX-loaded NPs (turbid red) after PISA and TEM image of DOX-loaded NPs at fwr% of 0.3.

Figure 5 . 19 F

 519 Figure 5. 19 F NMR spectrum of E74F19-H300 (D2O) (A) before and (B) after NAC conjugation. R: NP

Figure 6 . 3 . 6 .

 636 Figure 6. (A) Illustration of particle surface functionalization with NAC and DOX; (B) TEM images of plain NP, NP-NAC and NP-NAC-DOX; (C) Normalized intensity DLS size of plain NP, NP-NAC, NP-NAC-DOX (NP-NAC:DOX = 1:5); (D) SANS spectra of NP, NP-NAC and NP-NAC-DOX fitted by raspberry-like model; (E) Zeta potential (mV). (F) Illustration of particle diameter (DSANS) and thickness layer (TL) by SANS. Results are shown as the mean ± standard deviation of three replicates.

Figure 7 .

 7 Figure 7. (A) Cell viability of NPs and NP-NAC incubated with MDA-MB-231 cells (NP equivalent concentrations) for 72 h using MTT assay. (B) MDA-MB-231 cells upon incubation with free doxorubicin (free DOX.HCl), DOX-loaded NPs and DOX-conjugated NPs (NP-NAC-DOX) (DOX equivalent concentrations) after 72 h using AlamarBlue assay, curves fitted by nonlinear regression [inhibitor]:response equation (three parameters) in GraphPad Prism 8.0.1. Results are shown as the mean ± standard deviation from two individual experiments with three replicates for each experiment (thus sample number N = (1 experiment, 3 wells) * 2 = 6).

Figure 8 . 2 100 3 . 6 . 3 .

 82363 Figure 8. Cellular uptake assessed by confocal microscopy in 2D monolayer of MDA-MB-231 cells with NPs-NAC-DOX after 5 h incubation. Nuclei stained with DAPI (Ex 350 nm/Em 470 nm), NPs-NAC-DOX (Ex 480 nm/Em 590 nm), Merged image from the superimposition of DAPI and DOX; Scale bar 20 µm. Results are shown as the mean ± standard deviation of three replicates from one experiment (sample number N = 3).

Figure 9 .

 9 Figure 9. Apoptosis assay by Incycute® live-cell analysis. (A) Annexin red-labelled apoptotic cell count vs. time of untreated cells (black), cells incubated with free DOX 0.214 µg mL -1 (green) and NP-NAC-DOX with DOX concentration of 0.214 µg mL -1 (red); (B) Images of distribution of red dying cells at 0 h and 72 h in the incubator upon treating with NP-NAC-DOX. Scale bar 400 µm. Results are shown as the mean ± standard deviation of three replicates from one experiment (N = 3).

  methacrylate)-co-poly(pentafluorophenyl methacrylate)-b-poly(hydroxypropyl methacrylate) (P(PEGMA-co-PFBMA)-b-PHPMA) at 10 wt% by PISA. The block copolymer simultaneously self-assembled into NPs during PISA process inducing NPs of different sizes and shapes, transforming from spheres, cylinders to vesicles. We demonstrated that the length of hydrophilic blocks exerted an impact on final particle sizes and that increasing hydrophilicity while remaining the hydrophobicity made the obtained block copolymer NPs smaller. The ultimate vesicles were in the form of raspberries confirmed by SANS spectra and sized at 69 nm with PDI 0.02. DOX was directly loaded during PISA with acceptable encapsulation efficiencies. By tuning the macro-CTA block, the same PISA-made NPs could be incorporated with NAC and DOX using PFTR and carbodiimide reaction at high yields, respectively. The lone NPs and NP-conjugated NAC showed no significant cytotoxicity towards MDA-MB-231 cell lines, enabling their desirable safety and biocompatible profiles. Nonetheless, the in situ DOX loading or post-PISA polymer-DOX conjugates resulted in an incremental cell death with the increasing concentrations, whose IC50 values were almost similar to such of free DOX. The confocal microscopy indicated that polymer-DOX conjugates are internalized into tumor cells imparting higher cell uptake as compared to free DOX. NP-NAC-DOX caused a similar number of apoptotic cells as free DOX at the same DOX concentration over 72 h of incubation in the Incucyte® live-cell analysis system. Conclusively, we obtained a novel generation of block copolymer NPs that were simultaneously produced in a onepot PISA technique at 10 wt%, enabling either in situ DOX loading by physical entrapping or postpolymerization surface functionalization of the obtained NPs with DOX, and possibly with targeting ligands in the future application. We also illustrated that critical reaction parameters of PISA, for example hydrophilicity/hydrophobicity ratio can be readily tuned to engineer NPs of favorable sizes, shapes, and colloidal stability meeting the requirements of biomedical applications. Based upon the versatility of PISA which allows either direct drug encapsulation or post-PISA polymer-drug conjugates, this study therefore, could potentially pave the way for new possibilities of incorporating PISA into drug delivery designs and biomaterials science. Further work might involve investigating the synthesis of NPs by PISA at higher concentrations of 20 -30 wt% while attempting to encapsulate multimodal or multitherapeutic molecules, as well as surface functionalize with active ligands. It is also of importance to examine the synthesized nanomaterials in other types of tumors and later in vivo experiments.

1 .

 1 Synthesis of 2,3,4,5,6-Pentafluorobenzyl methacrylate (PFBMA) monomer 2 g (10.1 mmol) Pentafluorobenzyl alcohol was dissolved in 50 mL of dry THF and cooled to 0°C in an ice bath. 1.226 g (12.1 mmol, 1.69 mL) Triethylamine was added to the solution and left to stir for 10 minutes. 1.266 g (12.1 mmol, 1.18 mL) Methacryloyl chloride was added dropwise to the solution over a period of 15 minutes and the solution was allowed to warm to room temperature. After 12 hours, the white precipitate was filtered, and the solvent removed under reduced pressure. The crude mixture was dissolved in 150 mL of DCM and extracted with water (2 × 100 mL), saturated NaHCO3 (2 × 100 mL), and brine (100 mL). The organic layer was dried over MgSO4, filtered and the solvent was removed under vacuum. The obtained oil was purified by column chromatography on silica gels using initially 100 % Petroleum ether, then Petroleum ether: DCM 90:10 to elute the product as a colorless oil (75.64 % yield).1 H NMR (400 MHz, CDCl3) δ 6.10 (s, 1H), 5.60 (s, 1H), 5.26 (s, CH2), 1.92 (s, -CH3).

Figure SI1 .

 SI1 Figure SI1. (A)1 H NMR (B)19 F NMR (C)13 C NMR of PFBMA.

2 .

 2 Synthesis of 2-cyano-5-((4-fluorophenyl)amino)-5-oxopentan-2-yl ethyl carbonotrithioate (CEPA-F) Chain Transfer Agent (CTA) 1 g (3.79 mmol) 4-cyano-4-(ethylsulfanylthiocarbonylsulfanyl)pentanoic acid (CEPA) and 0.86 g (4.17 mmol) N,N'-dicyclohexylcarbodiimide (DCC) were weighed and dissolved in 5 mL DCM for 15 min. CEPA was synthesized by adapting the previous work of Truong et al. 2 0.421 g (3.79 mmol, 0.494 mL) 4-fluoroaniline was added and the reaction was placed under the fume hood at ambient temperature for 24h. The mixture was then dissolved in DCM and extracted withwater (2 × 100 mL), saturated NaHCO3 (2 × 100 mL), and brine (100 mL). The obtained sample was dried over anhydrous MgSO4. The solvent was removed under reduced pressure and the crude product was purified by column chromatography on silica gel using initially 100 % cyclohexane, then cyclohexane: ethyl acetate 90:10 as eluent to afford a yellow solid (70 % yield).

Figure SI2 . 3 .

 SI23 Figure SI2. (A)1 H NMR (B)19 F NMR (C)13 C NMR of CEPA-F CTA in CDCl3.

Figure SI3 .

 SI3 Figure SI3. Kinetic plots, including semilogarithmic plots vs. time and SEC chromatograms (DMF, PMMA standard) of RAFT polymerization of PEGMA with PFBMA in dioxane at various conditions. (A) & (B) E32F8; (C) & (D) E72F8; (E) & (F) E64F16; (G) & (H) E108F12; (I) & (J) E120F30; E: PEGMA, F: PFBMA.

Figure SI4. 1 H 2 114 6 . 3 . 4 .

 12634 Figure SI4. 1 H NMR (above) and 19 F NMR (below) spectra of E82F10 in CDCl3.
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 SI5635SI62636337SI7SI84 Figure SI5. DLS spectrum of macro-CTA E74F19 self-assembly in deionized water at 0.1 g mL-1 , sized at 269 nm, PDI = 1.

Where 5 Free DOX pH 7. 4 Figure SI9 .

 54SI9 Figure SI9. Cumulative DOX release profiles from NP-NAC-DOX in PBS buffer at pH 7.4 and acetate buffer at pH 5.5 at 37 o C. Results are shown as the mean ± standard deviation of three replicates.

Figure SI10 .

 SI10 Figure SI10. DLS spectra of DOX-conjugated NP and DOX-loaded NPs incubated with BSA 0.2wt% over 72 h at 37 o C. Results are shown as the mean ± standard deviation of three replicates.

  2'-Azobis(2-methylpropionamidine) dihydrochloride azo initiator (V-50, MW = 271.19 g mol -1 , Aldrich), 2-(methylthio)ethylamine (95%, Thermo Scientific), 1,4-dioxane (anhydrous ≥ 99.9%, Aldrich), acryloyl chloride (≥ 97 %, Aldrich), triethylamine (TEA, 99 %, Aldrich), phosphate buffered saline (PBS, Aldrich), bovine serum albumin (BSA, Thermo Fisher Scientific), Dulbecco's Modified Eagle Medium (DMEM, Thermo Fisher Scientific), fetal calf serum (FBS, Sigma-Aldrich), RPMI (Invitrogen), Triton X-100 (Aldrich), diamidino-2-phenylindole (DAPI, Aldrich), lysotracker green DND-26 (Thermo-Fisher), Hoechst 33342 (Thermo-Fisher), PrestoBlue cell viability assay (Thermo Fisher Scientific), L-glutamine (Sigma-Aldrich), Sulfo-Cy5 NHS (Lumiprobe). MCF-7 human breast adenocarcinoma cells were obtained from the American Type Culture Collection (Manassas, Virginia) and used in a passage window of 10. DU145 and 22Rv1 human prostate cancer cells and PNT2 non-tumor human cells were obtained from LGC Promochem (Molsheim, France).

  P(PEGMAco-PEGMAOH) macro-CTA (abbreviated as P) was prepared by RAFT polymerization with two monomers, PEGMA and PEGMAOH in the presence of CEPA CTA, initiated by AIBN at 80 °C in dioxane at a molar ratio of PEGMA:PEGMAOH:CEPA:AIBN = 90:10:1:0.2. The total concentration of two monomers in the solution was 0.5 mol L -1 . To begin with, 7.3 mg CEPA (27.8 µmol), 1.25 g PEGMA (2.5 mmol, 1.16 mL), 0.1 g PEGMAOH (278 µmol, 90.5 µL) and 912 µg AIBN (5.6 µmol) were added to an 8-mL glass vial and dissolved in 5.56 mL of dioxane. The vial was sealed and degassed under argon for 30 min and placed in a pre-heated oil bath at 80 °C. 100 µL sample was withdrawn periodically at predetermined time to determine the monomer conversion (%) according to1 H NMR (CDCl3) and molecular weight distribution and dispersity according to SEC (PMMA standard, DMF). On the 1 H NMR (CDCl3) spectra, the integration of the peak belonging to the methyl groups (-CH3) of PEGMA was fixed at 3 due to the 3 protons at different time points to observe changes of the proton peaks representing the methyl groups (-CH2) of acrylate functions of PEGMA500 and PEGOH360 at 5.5 ppm or 6.1 ppm, with reference to such at t = 0 min. The monomer conversion is thus presented as: Monomer conversion (%) = 𝐼 𝑡 -𝐼 0 𝐼 0 𝑥 100 in which It and I0 are integrals at time t and t = 0, respectively.
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 1333 Figure 1. RAFT polymerization of PEGMA and PEGMAOH with CEPA CTA in dioxane at 80 °C and initiated by AIBN. (A) Schematic illustration of the RAFT reaction; (B)-(C) Polymerization kinetics: (B) Monomer conversion % (red square symbol) and semilogarithmic plot (blue circle fitted by linear regression) over time determined by 1 H NMR; (C) SEC chromatograms (DMF, PMMA standard) over the reaction period.

Figure 2 .

 2 Figure 2. PISA polymerization kinetics of MTEAM monomer (M) by chain extension of P(PEGMA-co-PEGMAOH) macro-CTA (P) in deionized water. (A) Schematic illustration of the reaction; (B) Monomer conversion (%) and semilogarithmic plot over time (h); (C) SEC chromatograms; (D) Normalized intensity of DLS curves; (E) TEM images of particles obtained in the PISA polymerization.

Figure 3 .

 3 Figure 3. DLS size distributions of (A) spheres and (B) vesicles in BSA and DMEM after

Figure 4 .

 4 Figure 4. Characterization of spherical micelles of P-M45 in 1 mM H2O2 during 24 h. (A) Normalized intensity (%) as a function of size (nm) in DLS size distributions; (B) Zeta potential (mV) upon incubation with 1 mM H2O2, (C) The exponential decrease of count rates of the same particle solution at 1 mg mL -1 when adding 10 mM or 1 mM H2O2. Symbols are the experimental points, and the dot lines are fitted with the exponential decay function in Origin 2017. (D) TEM images before and after treatment with 1 mM H2O2 in 24 h.

Figure 5 .

 5 Figure 5. (A) Illustration of oxidative reaction of P-M45 block copolymer NPs with H2O2; (B) 1 H NMR spectra of P-M45 at different concentrations of H2O2 in D2O after 48 h.

Figure 6 .

 6 Figure 6. UV-Vis spectra of the NR-loaded NPs as incubated in 10 mM H2O2 for 6 h at 37

  Figure 7D.

Figure 7 .

 7 Figure 7. (A) Cytocompatibility of NPs of spheres (P-M45) and vesicles (P-M300) on MCF-7 breast cells after 24-h incubation; (B) Assessment of spheres and vesicles uptake kinetics using fluorometric method; (C) & (D) Uptake characteristics of spheres and vesicles in MCF-7 cells. Cells were incubated with 250 µg mL -1 NP solutions for 4 h; (C) Cell nuclei were colored with Hoechst 33342 (blue), NP-Cy5 (pink). Scale bar = 50 µm; (D) Co-localization in MCF-7 cells. Cy5 signal of NP-Cy5 was false labelled to red to help visualization of co-localization with green lysosomal signal. Merged images are NP-Cy5 signal (red), lysosome stain (green) and Hoechst 33342 staining of nuclei (blue). Scale bar = 10 µm. Images were processed on Image J software.

H2O2- responsive

 responsive NPs were readily prepared by one-pot PISA polymerization of the oxidation-sensitive MTEAM monomer in the presence of P(PEGMA-co-PEGMAOH) macro-CTA in water, showing the increases of molecular weights and particle sizes, along with a morphological transition from spherical micelles, to fused micelles, and vesicles of less than 100 nm over the polymerization kinetics. The spherical micelles prepared from the P-M45 block copolymer indicated sufficient stability in physiological environments (BSA 0.2 %wt and DMEM). However, they disassociated upon incubating with 0.1 -10 mM H2O2 solutions, as the thioether functionalities in the hydrophobic core were oxidized into hydrophilic sulfoxides, thus disrupting the amphiphilic balance and ultimately the micellar structures. On the other hand, vesicles or polymersomes of P-M300 appeared slightly swollen as being partially oxidized under all the tested H2O2 conditions. The hydrophobic dye Nile Red was loaded during PISA at 43 % of encapsulation efficiency and indicated a controlled release of Nile Red over the course of H2O2 incubation. Spheres and vesicles were well-tolerated in MCF-7 human breast cancer as well as prostate cells. Both NP shapes were demonstrated to accumulate inside lysosomes in MCF-7 cells which suggested the cell internalization was potentially realized via an endocytosis-mediated pathway, with higher number of spherical NPs being taken up compared to vesicles due to the smaller size.

6. 1 . Instrumentation 6 . 1 . 1 .

 1611 Polymer characterizationMolecular weight determination of the precursor copolymers was obtained using size exclusion chromatography (SEC) in DMF as the eluent. SEC analyses were performed on a Shimadzu instrument fitted with mixed-C columns and RI. Molecular weight distributions (Mw/Mn) were calculated using poly(methyl methacrylate) (PMMA) standards. All 1 H,13 C NMR spectra were recorded on a Bruker 400 MHz FT NMR spectrometer. Samples were prepared in deuterated chloroform (CDCl3) and their signals referenced to residual non-deuterated signals of the solvent. The spectra were analyzed using MestReNova 12.0.4 (Mestrelab Research S.L.).

Figure SI2 .

 SI2 Figure SI2. Zeta potential (mV) of spheres and vesicles in PBS, BSA, and DMEM after 24

Figure SI3 .

 SI3 Figure SI3. DLS size distributions of spherical micelles of P-M45 (1 mg mL -1 ) at physiological concentration of H2O2 10 µM.

Figure SI4 .

 SI4 Figure SI4. Merged 1 H NMR spectra of MTEAM monomer (red) and oxidized MTEAM monomer in H2O2 10 mM after 24 h (blue) in D2O.

Figure SI5 .Figure SI6 .

 SI5SI6 Figure SI5. TEM of vesicles after incubation with H2O2 10 mM for 24 h.

Figure SI7 .

 SI7 Figure SI7. Cell viability of spheres-Cy5 and vesicles-Cy5 in MCF-7 cells. Cytotoxicity was determined by the PrestoBlue viability assay. NPs incubated for 24 h on cells and applied in complete DMEM medium. Data are presented as mean ± SD (n = 3).

Figure SI8 .

 SI8 Figure SI8. Cell viability of spheres, vesicles, and vesicles-Cy5 in three prostate cell lines (PNT-2, DU145, 22RV1.) Cytotoxicity was determined by the MTT viability assay. NPs incubated for 72 h on cells. Data are presented as mean ± SD (n = 8).

Figure 1 .

 1 Figure 1. Kinetics of HPMAm RAFT polymerization in acetate buffer (pH 5.5)/dioxane (4/1), yielding P(HPMAm)43 homopolymer at 180 min. (A) Schematic diagram of the reaction; (B) monomer conversion % (red) and first-order kinetic plots (blue) as a function of time; (C) SEC chromatogram at 60, 90 and 180 min using DMF and PMMA standard.

Figure 2 .

 2 Figure 2. Preparation of block copolymer NPs using aqueous dispersion PISA. (A) Schematic diagram of polymerization of MTEAM monomer using P(HPMAm)43 macro-CTA; (B) Monomer conversion over time and corresponding semilogarithmic plots; (C) SEC chromatograms.

  disintegration or aggregation in H2O2 solutions. Two macro-CTAs with short chain P(HPMAm)16 and long chain P(HPMAm)43 were reacted with MTEAM monomer, targeting DPs of 200 and 300 for the second block. Four block copolymers NPs were obtained accordingly, i.e., P(HPMAm)16-b-P(MTEAM)200 and P(HPMAm)16-b-P(MTEAM)300 (Group 1, Figure 3A) and P(HPMAm)43-b-P(MTEAM)200 and P(HPMAm)43-b-P(MTEAM)300 (Group 2, Figure 3B).

Figure 3 .

 3 Figure 3. Characteristics of P(HPMAm)16-b-P(MTEAM)n (A) and P(HPMAm)43-b-P(MTEAM)n (B). Sizes (A1 and B1) and relative count rates (A2 and B2) by DLS; TEM (A3, B3) of P(HPMAm)16-b-P(MTEAM)300 and P(HPMAm)43-b-P(MTEAM)300, respectively before and after 10 h of incubating with 10 mM H2O2.

4 A

 4 and B, the protons of the methyl peaks (a) adjacent to the thioether group at 2.1 ppm decrease considerably in intensity and mostly is shifted downfield to 2.7 ppm (a o ). The proton peaks of the -CH2 group also close to the thioether function (b) disappear and move to the left and integrated with the peaks of the -CH2 group of HPMAm (c o ). Similarly, the proton peaks of -CH2 in -CH2-NH-of MTEAM (e) are shifted downfield and combined with the proton peaks of -CH in HPMAm (d o ). These observations align with our recent work and other previous reports on peak transitions of the thioether-bearing hydrophobic block to sulfoxide-containing segments.52,55,89-91 

Figure 4 .

 4 Figure 4. NMR spectra of oxidized P(HPMAm)43-b-P(MTEAM)300 (A) and P(HPMAm)16b-P(MTEAM)300 (B), and non-oxidized P(HPMAm)43-b-P(MTEAM)300 NPs (C).

3. 4 .

 4 FA-functionalized P(HPMAm)43 macro-CTA and diblock copolymer synthesis via PISA process with the MTEAM monomer Some of the hydroxyl groups of the macro-CTA P(HPMAm)43 were first functionalized with one of the two carboxylic acid moieties available on FA using the Steglich esterification reaction. FA was attached at a 0.06 mole-fraction according to 1 H NMR data (Figure5), yielding 3 FA molecules attached per oligomeric macro-CTA. The resulting modified CTA and subsequent block will be referred to as FA3-P(HPMAm)43.

Figure 5 . 1 H

 51 Figure 5. 1 H NMR spectra of: (A) initial P(HPMAm)43, (B) free FA, and (C) FA3-P(HPMAm)43 macro-CTA (C) in DMSO-d6

Figure 6 .

 6 Figure 6. FA3-P(HPMAm)43-b-P(MTEAM)300 (F3H43-M300) polymersomes when treated with 10 mM H2O2. (A) at t = 0 h, defined vesicle form; (B) at t = 10 h, aggregates; (C) DLSmeasured sizes and relative count rates.

Figure 7 .solution 3 . 6 .Figure 8 .

 7368 Figure 7. UV-Vis spectra of NR-loaded FA-bound H43-M300 vesicles when placed in a 10 mM H2O2 solution

Figure 9 .

 9 Figure 9. Cytotoxicity of H43-M300 and F3H43-M300 vesicles on MCF-7 breast cancer cells. Particles incubated with cells for 24 h and assayed with the PrestoBlue metabolic viability experiment. Experiments were done in triplicate (3 well/sample) at 3 different time points. Data presented as mean ± S.D

  different hydrophilic lengths led to, first, different morphologies, which in turn responded differently when treated with a high concentration of H2O2. P(HPMAm)16-b-P(MTEAM)300 spheres fragmented while P(HPMAm)43-b-P(MTEAM)300 vesicles aggregated. Either way, this structural modification demonstrated that particles were oxidized in 10 mM H2O2, owing to the solubility transformation of the thioether groups into the sulfoxide groups. FA-conjugated P(HPMAm)43-b-P(MTEAM)300 vesicles could encapsulate both hydrophilic Cy5 dye and hydrophobic NR dye, which displayed a programmed release of NR dye in the oxidative environment. Both ligand-free and FA-conjugated polymersomes were stable in PBS, DMEM cell culture medium and human plasma. All polymersomes formed showed no or low toxicity when tested in in vitro assay against on MCF-7 cells. The current work has provided a proof-ofconcept aspect to design new chemistry that can bring PISA toward one-step multicompartment, responsive and targeted polymersomes. Targeting in in vitro and in vivo experiments are ongoing. of the precursor copolymers was obtained using size exclusion chromatography (SEC) in DMF as the eluent. SEC analyses were performed on a Shimadzu instrument fitted with mixed-C columns and RI. Molecular weight distributions (Mw/Mn) were calculated using poly(methyl methacrylate) (PMMA) standards. All 1 H, 13 C NMR spectra were recorded on a Bruker 400 MHz FT NMR spectrometer. Samples were prepared in deuterated chloroform (CDCl3) and their signals referenced to residual non-deuterated signals of the solvent. The spectra were analyzed using MestReNova 12.0.4 (Mestrelab Research S.L.).

Figure SI1 .

 SI1 Figure SI1. Color change from turbidity gradually to transparency of P(HPMAm)43-b-P(MTEAM)300 polymersomes (2 mg mL -1 ) when incubated in 10 mM H2O2 over time

  

  

  

  

  Truong et al. illustrated the linear relationship between DP of PSt block and

	Particularly, P(PEGA21-co-HEAA21)-SC(=S)SC2H5 was selected as an excellent macro stabilizer
	to polymerize St, forming a ultrahigh molecular weight and low dispersity. The results showed
	that particle size is directly proportional to monomer conversion and molecular weight or feed
	ratio of monomer and stabilizing block. As the St:macro-CTA ratio increased from 11907:1 to
	14577:1, the resulting particle sizes increased from 83 to 174 nm; and the growth of diameters
	seemed to occur periodically as a function of monomer conversion over the course of
	polymerization. 161
	In addition to size control studies of PSt as core-forming block, Canning et al. showed the
	aqueous emulsion PISA of phenyl acrylate with poly(dimethyl acrylamide)-based macro-CTA
	which resulted in spherical nano-objects whose particle diameters were correlated with the DP of
	the core-forming fragment. 162
	b) Length of hydrophilic block
	In a previously published study, we indicated that at a constant value of DP of 2-
	hydroxypropyl methacrylate (HPMA) monomer at 300, increasing the molecular weight or
	length of hydrophilic block consisting of poly(poly(ethylene glycol) methacrylate-co-
	pentafluorophenyl methacrylate) P(PEGMA-co-PFBMA) resulted in a decrease in particle sizes.
	hydrodynamic size of core-shell spheres. They reported the synthesis of well-defined spherical
	micelles from the RAFT emulsion polymerization of St with macro-CTA based on N-
	hydroxyethyl acrylamide (HEAA) and poly(ethylene glycol) methyl ether acrylate (PEGA).

3.2. Post-PISA surface engineering

  

	free visible-light-mediated dispersion PISA or photo-PISA at ambient temperature in water, (P(PEGMA-co-PFBMA)-b-PHPMA) self-assembled into raspberry-shaped vesicles. 70 % of
	showing NPs that evolve from spheres, worm-like micelles to vesicles. Silica NPs and bovine DOX was in situ encapsulated into the vesicles. On the other hand, the pentafluorophenyl
	serum albumin (BSA) were in situ loaded into the formed vesicles, demonstrating that the moieties attached on particle surfaces facilitated the para-fluoro reactions with thiols, amines
	encapsulation of inorganic particles did not affect the polymerization process and the biological and carbothiolates. 172,173 Therefore, the plain PISA-generated vesicles were functionalized with
	activities of the compartmentalized BSA were retained during the mild reaction condition of two drug molecules, N-Acetyl cysteine (NAC) and DOX at high yields. 163 This approach
	photo-PISA. 166 provided an efficient block copolymer formulation with versatile block chemistries and well-
	structured self-assemblies, imparting both high drug loading efficiency in situ and post-
	Based on such proof-of-concept result, O'Reilly and co-workers have furthered the polymerization surface engineering with useful functionalities.
	research into the encapsulation of a range of bioactive molecules. They also demonstrated the
	resultant loaded vesicles showed sufficient permeability and allowed exchanges with the external Upon similar principle, Noy et al. reported particle surface attachment of
	biological environment. The same type of block copolymer nanoreactor of poly(ethylene glycol)-triphenylphosphonium (TPP) as mitochondria targeting units to assess cell internalization and
	b-poly(2-hydroxypropyl methacrylate) (PEG-b-PHPMA) was prepared by aqueous dispersion cytotoxicity of drug-loaded PISA-made particles on 2D and 3D sarcoma SW982 cells. The anti-
	photo-PISA to synthesize enzyme-or protein-loaded unilamellar vesicles, whose bioactivities cancer organoarsenical drug, 4-(N-(S-penicillaminylacetyl)amino)phenylarsenonous acid
	remained active while being encapsulated within the vesicles. They discovered that those (PENAO), was copolymerized with either poly(oligo(ethylene glycol) methyl ether methacrylate
	polymersomes bearing a PEG shell and a PHPMA membrane impart strong hydration and (POEGMA) or poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) to form two stabilizing
	permeation, 167 facilitating size-selective transport of small molecules and retaining the loaded blocks, then each of them was chain-extended with methyl methacrylate (MMA), resulting in
	materials in the meantime. The mild photo-PISA procedure could also protect the delicate nature
	of biomolecules from degradation. For example, PEG-b-PHPMA polymersomes prepared by
	such method was used to encapsulate horseradish peroxidase enzyme (HRP), 168 a recombinant
	enhanced green fluorescent protein (GFP), 168 glucose oxidase enzyme (GOx), 168,169 L-
	Asparaginase (ASNS), 170 or to integrate surfactant membrane protein into the vesicles, 171 thus
	found its applications in cancer 170 and bacterial infections. 169
	Not only does PISA allows simultaneous drug encapsulation, but the versatile block
	chemistries also endow the PISA-derived particles with possible surface modifications with
	useful functionalities, such as anti-cancer drugs in polymer-drug conjugates or active ligands for
	targeting diseased cells.
	My recent work has indicated that the same block copolymer could be tuned for either
	Tan et al. were among the first to incorporate inorganic particles and protein into aqueous physical drug entrapment in situ or post-functionalization with multidrug models in application
	dispersion RAFT-PISA at ambient temperature. Accordingly, they synthesized mono-methoxy of cancer therapeutics. Accordingly, block copolymer of poly(poly(ethylene glycol)
	poly(ethylene glycol)-b-poly(2-hydroxypropyl methacrylate) (mPEG-b-PHPMA) using initiator-methacrylate-co-pentafluorophenyl methacrylate)-b-poly(hydroxypropyl methacrylate)

Table 1 .

 1 Summary of block copolymers, Stimulus/Stimuli, Drug/Payload and Morphology of

	nano-objects				
	Block copolymer	Stimulus/Stimuli	Drug/Payload	Morphology	Ref.
	POEGMA-b-P(ST-co-VBA)	Acidic pH	DOX	Spheres, Worms, Rods, Vesicles	
	PDMAEMA	Acidic pH	DOX	Spheres, Rods, Wires, Vesicles	
	P(HPMA300-stat-GlyMARh1)-PDPA52	Acidic pH	Rhodamine B	Vesicles	
	PEG-b-P(MEO2MA-co-CPTM)	GSH 10 mM	Camptothecin (CPT)	Spheres	

Given the extensive amount of previous literature on PISA-based drug delivery, is there anything new to develop for the present doctoral project?

  PISA has largely been studied in recent years to prepare NPs for drug loading, controlled drug release, and targeting tumor cells. However, it is also known that diseases are complex since the environments around organs, tissues and cells follow variable dynamics. Nanocarriers should thus be flexible to modifications and designed in a multimodel or combinational approach, to adapt systematically to these variations. In this regard, drugs should be stabilized with NPs, either through loading or polymer-drug conjugates, then controllably released, as well as particlesLiu, C.; Hong, C.-Y.; Pan, C.-Y. Polymerization Techniques in Polymerization-Induced Self-Assembly (PISA). Polym. Chem. 2020, 11 (22), 3673-3689. (92) Penfold, N. J. W.; Yeow, J.; Boyer, C.; Armes, S. P. Emerging Trends in Polymerization-Induced Self-Assembly. ACS Macro Lett. 2019, 8 (8), 1029-1054. (93) Ikkene, D.; Arteni, A. A.; Ouldali, M.; Six, J.-L.; Ferji, K. Self-Assembly of Amphiphilic Foster, J. C.; Varlas, S.; Couturaud, B.; Coe, Z.; O'Reilly, R. K. Getting into Shape: Reflections on a New Generation of Cylindrical Nanostructures' Self-Assembly Using Polymer Building Blocks. Journal of the American Chemical Society. American Chemical Society February 20, 2019, pp 2742-2753. (97) Rieger, J. Guidelines for the Synthesis of Block Copolymer Particles of Various Responsive Polymer Nanoparticles via Ring-Opening Metathesis Polymerization-Induced Self-Assembly. Macromol. Rapid Commun. 2019, 40 (2), 1800467. (107) Varlas, S.; Foster, J. C.; O'Reilly, R. K. Ring-Opening Metathesis Polymerization-Induced Self-Assembly (ROMPISA). Chem. Commun. 2019, 55 (62), 9066-9071. (108) Chen, J.; Sun, R.; Liao, X.; Han, H.; Li, Y.; Xie, M. Tandem Metathesis Polymerization-Induced Self-Assembly to Nanostructured Block Copolymer and the Controlled Triazolinedione Modification for Enhancing Dielectric Properties. Macromol. Chem. Phys. 2020, 221 (5), 1900443. (165) Asem, H.; Zheng, W.; Nilsson, F.; Zhang, Y.; Hedenqvist, M. S.; Hassan, M.; Malmström, E. Functional Nanocarriers for Drug Delivery by Surface Engineering of Polymeric Nanoparticle Post-Polymerization-Induced Self-Assembly. ACS Appl. Bio Mater. 2021, 4 (1), 1045-1056. (166) Tan, J.; Sun, H.; Yu, M.; Sumerlin, B. S.; Zhang, L. Photo-PISA: Shedding Light on Blackman, L. D.; Varlas, S.; Arno, M. C.; Fayter, A.; Gibson, M. I.; O'Reilly, R. K. Permeable Protein-Loaded Polymersome Cascade Nanoreactors by Polymerization-Induced Self-Assembly. ACS Macro Lett. 2017, 6 (11), 1263-1267. (169) Blackman, L. D.; Oo, Z. Y.; Qu, Y.; Gunatillake, P. A.; Cass, P.; Locock, K. E. S.

	pp 8368-8392.
	(91) Copolymers Containing Polysaccharide: PISA versus Nanoprecipitation, and the Macromolecules 2018, Polymerization-Induced Self-Assembly. ACS Macro Lett. 2015, 4 (11), 1249-1253.
	Temperature Effect. Polym. Chem. 2020, 11 (29), 4729-4740. 51 (24), 10202-10213. (167) Warren, N. J.; Mykhaylyk, O. O.; Ryan, A. J.; Williams, M.; Doussineau, T.; Dugourd, P.;
	(94) Pei, Y.; Lowe, A. B.; Roth, P. J. Stimulus-Responsive Nanoparticles and Associated (109) Qiu, L.; Zhang, H.; Bick, T.; Martin, J.; Wendler, P.; Böker, A.; Glebe, U.; Xing, C. Antoine, R.; Portale, G.; Armes, S. P. Testing the Vesicular Morphology to Destruction:
	(Reversible) Polymorphism via Polymerization Induced Self-Assembly (PISA). Macromol. Construction of Highly Ordered Glyco-Inside Nano-Assemblies through RAFT Dispersion Birth and Death of Diblock Copolymer Vesicles Prepared via Polymerization-Induced Self-
	Rapid Commun. 2017, 38 (1), 1-14. Polymerization of Galactose-Decorated Monomer. Angew. Chemie -Int. Ed. 2021, 60 (20), Assembly. J. Am. Chem. Soc. 2015, 137 (5), 1929-1937.
	(95) Khor, S. Y.; Quinn, J. F.; Whittaker, M. R.; Truong, N. P.; Davis, T. P. Controlling Nanomaterial Size and Shape for Biomedical Applications via Polymerization-Induced Self-Assembly. Macromol. Rapid Commun. 2019, 40 (2), 1-22. (96) 350-355. (102) Alegria, A.; Lund, R.; Barroso-Bujans, F.; Arbe, A.; Colmenero, J. Component Dynamics 11098-11103. (110) Nguyen, D.; Huynh, V.; Pham, N.; Pham, B.; Serelis, A.; Davey, T.; Such, C.; Hawkett, B. SPION-Decorated Nanofibers by RAFT-Mediated Free Radical Emulsion Polymerization-Induced Self Assembly. Macromol. Rapid Commun. 2019, 40 (2). (111) Gurnani, P.; Bray, C. P.; Richardson, R. A. E.; Peltier, R.; Perrier, S. Heparin-Mimicking Sulfonated Polymer Nanoparticles via RAFT Polymerization-Induced Self-Assembly. Ed. 2020, 59 (26), 10385-10390. (168) (174) Noy, J.-M.; Chen, F.; Stenzel, M. Post-Functionalization of Drug-Loaded Nanoparticles
	in Nanostructured PI-PDMS Diblock Copolymers with PI Segregated in Lamellas, (116) Coumes, F.; Balarezo, M.; Rieger, J.; Stoffelbach, F. Biobased Amphiphilic Block Prepared by Polymerization-Induced Self-Assembly (PISA) with Mitochondria Targeting
	Cylinders, and Spheres. Colloid Polym. Sci. 2014, 292 (8), 1863-1876. Copolymers by RAFT-Mediated PISA in Green Solvent. Macromol. Rapid Commun. 2020, Ligands. Beilstein J. Org. Chem. 2021, 17, 2302-2314.
	(103) Wang, X.; Hall, J. E.; Warren, S.; Krom, R.; Magistrelli, J. M.; Rackaitis, M.; Bohm, G. G. 41 (9). (175) Pearce, A. K.; O'Reilly, R. K. Insights into Active Targeting of Nanoparticles in Drug
	A. Synthesis, Characterization, and Application of Novel Polymeric Nanoparticles. (117) Desnos, G.; Rubio, A.; Gomri, C.; Gravelle, M.; Ladmiral, V.; Semsarilar, M. Semi-Delivery: Advances in Clinical Studies and Design Considerations for Cancer
	Macromolecules 2007, 40 (3), 499-508. Fluorinated Di and Triblock Copolymer Nano-Objects Prepared via Raft Alcoholic Nanomedicine. Bioconjugate Chemistry. 2019, pp 2300-2311.
	(104) Jiang, J.; Zhang, X.; Fan, Z.; Du, J. Ring-Opening Polymerization of N-Carboxyanhydride-Dispersion Polymerization (Pisa). Polymers (Basel). 2021, 13 (15). (176) Taresco, V.; Alexander, C.; Singh, N.; Pearce, A. K. Stimuli-Responsive Prodrug
	Induced Self-Assembly for Fabricating Biodegradable Polymer Vesicles. ACS Macro Lett. (118) Zhao, Y.; Wang, Y.; Ran, F.; Cui, Y.; Liu, C.; Zhao, Q.; Gao, Y.; Wang, D.; Wang, S. A Chemistries for Drug Delivery. Adv. Ther. 2018, 1 (4), 1800030.
	2019, 8 (10), 1216-1221. Comparison between Sphere and Rod Nanoparticles Regarding Their in Vivo Biological (177) Couvreur, P.; Vauthier, C. Nanotechnology: Intelligent Design to Treat Complex Disease.

interact selectively with only tumor cells. Additionally, block copolymer carriers should be readily synthesized, less laborious, and more straightforward. However, just a few of the published work could meet all these therapeutic and technical criteria. Some could encapsulate drugs but lack controlled release and targeting efficiency. Others imparted a programmed drug liberation but faced multiple step procedures. This PhD project aims to develop new block copolymers that can compromise and take into account the important aspects of drug delivery from relatively simple synthetic approaches. The thesis will be organized into four chapters. The first one highlights the state-of-the-art of RAFT and RAFT-derived PISA for biomaterials applications. The later three experimental chapters will use distinct block copolymer materials to highlight respectively, the versatility, simplicity and efficiency of PISA tailored for drug delivery. The second chapter is dedicated to explaining the versatility of PISA-generated nano-objects through demonstrating how the same block chemistries can be adopted to enable both drug loading and drug conjugation. The next chapter features the simple incorporation of in-house ROS-sensitive monomers into PISA procedure to directly afford sensitive NPs in one pot.

Building 
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Table 1 .

 1 Characteristics of DOX-loaded NPs during PISA a Initial feed weight ratio % of DOX to NP; b Calculated from 19 H NMR; c DP = Conversion (%)

Table SI1 .

 SI1 A screening of different reactive conditions in the copolymerization of PEGMA and PFBMA using CEPA-F CTA at DP 80 [(PEGMA475:PFBMA): CTA = 80] and AIBN in dioxane.

	PFBMA wt% CTA:AIBN ratio Temp. ( o C)	Final molar ratio
	10	20	1:0.1	1:0.2	70	80	PEGMA475:PFBMA:CTA: AIBN *
	x		x		x		
							72:8:1:0.1
	x		x			x	
	x			x	x		
							72:8:1:0.2
	x			x		x	
		x	x		x		
							64:16:1:0.1
		x	x			x	
		x		x	x		
							64:16:1:0.2
		x		x		x	

* 8 experiments were implemented for each DP and there were 4 different DPs (40:1; 80:1; 120:1; 150:1), hence 8x4 = 32 polymerization reactions were carried out in total.

Table SI2 .

 SI2 Six selected polymers from the most linear kinetics and their corresponding

	reaction parameters.				
	Polymer Initial	PFBMA	[E]:[F]:[AIBN]	Temperature	Quenching
		DP	(wt%)	Initial ratio	( 0 C)	time (min) a
	E32F8	40	10	32:8:0.1	70	135
	E72F8	80	10	72:8:0.1	70	135
	E64F16	80	20	64:16:0.1	80	135
	E108F12 120	10	108:12:0.2	80	135
	E96F24	120	20	96:24:0.2	80	135
	E120F30 150	10	120:30:0.2	80	180

a Quenching time is the time point at which the monomer conversion is stabilized, and the reaction is stopped, determined based on the kinetics.

Table SI3 .

 SI3 Summary

	polymerization in dioxane					
	E:F a	Conversion b	E:F c	Composition	Mn, NMR e	Mn, SEC f	Mw/Mn g
		(%)			(%) d		(kg mol -1 )	(kg mol -
		E	F		E	F		1 )
	32:8	68.00 62.5	22:5	81.32 18.68	12.14	15.60	1.15
	72:8	69.00 73.33	50:6	89.44 10.56	25.70	18.23	1.13
	64:16	71.50 57.69	46:9	83.21 16.79	24.60	21.26	1.17
	108:12	78.75 84.21	82:10	89.38 10.62	41.97	25.89	1.20
	96:24	75.00 76.77	74:19	80.00 20.00	40.56	32.33	1.36
	120:30	78.5 78.12	94:23	80.08 19.92	51.12	31.95	1.24

of P(PEGMA-co-PFBMA) copolymers prepared by RAFT a Initial monomer ratio; b Monomer conversion determined by 1 H NMR spectroscopy (CDCl3) before purification by quantification of residual monomers; c DP calculated from conversion and composition; d Calculated from composition of one monomer compared to comonomer; e Calculated from c ; f & g Determined by size exclusion chromatography (DMF, PMMA standard); E: PEGMA, F: PFBMA.

Table SI4 .

 SI4 Summary of block copolymer NPs prepared by PISA

	Block copolymer NP	Conv. (%)	Mn, NMR (kg mol -1 )	Mn, SEC (kg mol -1 )	Đ	Size (nm)	PDI	ZP (mV)	Shape
	E22F5-H300	100	55.34	38.36	1.89	2585.0 ± 287.0 0.13 ± 0.07	-3.40 ± 2.19	V
	E50F6-H300	99	68.90	65.70	1.85	149.0 ± 95.8	0.06 ± 0.06	-3.00 ± 0.51	V
	E46F9-H300	99	67.80	71.38	1.94	102.0 ± 16.1	0.07 ± 0.07	-1.04 ± 0.67	V
	E82F10-H300	100	85.16	104.50	1.23	74.1 ± 4.4	0.03 ± 0.03	-2.35 ± 2.64	V
	E74F19-H300	100	83.76	96.11	1.63	64.8 ± 4.4	0.09 ± 0.04	-0.45 ± 1.15	V
	E94F23-H300	100	94.33	102.33	1.71	58.8 ± 3.3	0.08 ± 0.03	-1.61 ± 1.64	V

Table SI5 .

 SI5 Summary of PISA kinetics study of E74F19 macro-CTA with HPMA

	Time (h)	Conv. (%)	DP	Mn, NMR (kg mol -1 )	Mn, SEC (kg mol -1 )	Đ	DLS Size (nm)	PDI
	0	0.00	0	40.56	38.69	1.32	NA	NA
	0.5	9.20	27	44.75	42.09	1.31	44.0	0.18
	0.75	13.81	40	45.48	42.91	1.32	62.8	0.06
	1	17.15	51	46.49	45.86	1.31	64.3	0.04
	1.5	34.78	104	55.59	50.23	1.34	68.7	0.07
	2	58.19	175	65.70	50.96	1.38	69.3	0.05
	2.5	74.08	222	72.57	79.32	1.42	69.7	0.07
	3	88.46	265	78.78	93.05	1.55	72.1	0.02
	4	97.16	291	82.54	95.39	1.63	67.9	0.02
	6	99.93	300	83.42	96.62	1.59	69.3	0.02

Table SI6 .

 SI6 Summary of particle size and PDI from SANS

		CHAPTER 3	
	H 2 O 2 -responsive nanocarriers prepared by
	RAFT-mediated PISA of
	N-(2-(methylthio)ethyl)acrylamide for
	biomedical applications
	RL (nm)	PDI	RS (nm)	PDI	Thickness layer (nm)
	NP NP-NAC This chapter is based on the published work: 21.5 0.1 15.8 0.2	2.1 1.5	0.2 0.2	19.4 14.3
	NP-NAC-DOX Phan, H.; Cavanagh, R.; Destouches, D.; Vacherot, F.; Brissault, B.; Taresco, V.; Penelle, J.; 16 0.2 1.8 0.2 14.2
	Couturaud, B. H 2 O 2 -Responsive Nanocarriers Prepared by RAFT-Mediated Polymerization-
	Induced Self-Assembly of N -(2-(Methylthio)Ethyl)Acrylamide for Biomedical Applications. ACS

Appl. Polym. Mater. 2022, 4

(10)

, 7778-7789.

Table 1 .

 1 Summary of structural features observed for the PISA-made P-M NPs

		DP	Mn a (kg mol -1 )	Mn b (kg mol -1 )	Đ b	Size c (nm)	PDI c
	Sphere	45	43.9	62.2	1.8	58.9	0.1
	Fused micelle	210	67.9	77.7	1.9	80.2	0.1
	Vesicle	297	80.6	80.8	2.6	88.9	0.2
	a Calculated from 1 H NMR; b SEC (PMMA standard, DMF); Đ: Polydispersity (Mw/Mn); c DLS

Table SI1 .

 SI1 Summary of results obtained from the polymerization kinetics of P-M block

						Chapter 3
	copolymer NPs					
	Time (h)	MC (%) a	DP a	Mn (kg mol -1 ) a Mn (kg mol -1 ) b	Đ b
	0	NA	NA	37.42	50.91	1.48
	0.25	5.13	15.40	39.66	52.90	1.64
	0.5	6.22	18.66	40.13	54.55	1.60
	0.75	14.91	44.72	43.92	62.19	1.79
	1	36.03	108.09	53.12	77.70	1.94
	2	90.32	270.98	76.77	80.76	2.57
	2.5	99.11	297.33	80.60	85.95	2.60
		a Calculated from 1 H NMR (DMSO), b SEC (PMMA standard, DMF)
				158		

2. Methods 2.2.1. Synthesis of N-2-hydroxypropyl methacrylamide (HPMAm)

  The reaction was left to room temperature and stirred for 24 h. The white solid was removed by filtration, and the obtained solution was dried over MgSO4 and filtered. The final solution containing DCM was evaporated under reduced pressure until about 50 mL of DCM was left in the round bottom flask. This solution was placed in a freezer at -28 o C overnight to crystallize. The obtained solid was filtered, dissolved in 50 mL of acetone, and recrystallized overnight, yielding white crystals with a yield of 71 % (25 g).1 H NMR (D2O, 400 MHz, ppm): δ

	4-Cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CEPA) chain transfer agent (CTA) was synthesized according to the established protocol. 77 Chemical has been sourced as followed: sodium carbonate (> 95 %, Aldrich), 1-amino-2-propanol (> 95 %, Aldrich), methacryloyl chloride (≥ 97 %, Aldrich), 2,2'-Azobis(2-methylpropionamidine) dihydrochloride azo initiator (VA-50, MW = 271.19 g mol -1 , ≥ 97 %, Aldrich), 2,2'-Azobis(2-(2-imidazolin-2-yl)propane)dihydrochloride (VA-44, MW = 323.27 g mol -1 , ≥ 97 %, Aldrich), 2-(methylthio)ethylamine (95%, Thermo Scientific), 1,4-dioxane (anhydrous ≥ 99.9%, Aldrich), folic acid (≥ 97 %, Aldrich), 4-(dimethylamino)pyridine (DMAP, ≥ 97 %, Aldrich), dicyclohexylcarbodiimide (DCC, 99 %, Aldrich), nile red (NR, ≥ 97 %, Aldrich), acryloyl chloride (≥ 97 %, Aldrich), triethylamine (TEA, 99 %, Aldrich), phosphate buffered saline (PBS, HPMAm was synthesized by following an established protocol with a few modifications made. 61,62,78 Sodium carbonate (23.3 g, 0.22 mol) was dispersed in 100 mL of dry dichloromethane (DCM) in a round bottom flask. The mixture was cooled to -10 o C in an ice-acetone bath, and 1-amino-2-propanol (15.4 mL, 0.2 mol) was added. Methacryloyl chloride (19.5 mL, 0.2 mol) was diluted in 20 mL of dry DCM and added dropwise to the previous mixture at -10 o C. 5.57 (s, 1H, C=CH2), 5.32 (s, 1H, C=CH2), 3.80-3.86 (m, 1H, C(OH)H), 3.12-3.17 (m, 2H, NH-CH2), 1.8 (s, 3H, C=C-CH3), 1.05-1.03 (d, 3H, CH(OH)-CH3).

Aldrich), bovine serum albumin (BSA, Thermo Fisher Scientific), Dulbecco's Modified Eagle Medium (DMEM, Thermo Fisher Scientific), fetal calf serum (FBS, Sigma-Aldrich), PrestoBlue cell viability assay (Thermo Fisher Scientific), L-glutamine (Sigma-Aldrich), Sulfo-Cy5 NHS (Lumiprobe), MCF-7 human breast adenocarcinoma cells were obtained from the American Type Culture Collection (Manassas, Virginia) and used in a passage window of 30-35. The qualified plasma was obtained from the Etablissement Français du Sang, and kindly provided by TRePCa team from UPEC, 2.

2.4. Synthesis of P(HPMAm)n-b-P(MTEAM)300 block copolymer NPs (n = 16, 43)

  

	Block copolymer P(HPMAm)16-b-P(MTEAM)300 and P(HPMAm)43-b-P(MTEAM)300
	were prepared by aqueous dispersion RAFT PISA polymerization at 10 wt% of solid content in
	deionized water. For example, 20 mg P(HPMAm)43 (3.05 µmol, Eq. 1), 0.13 g MTEAM (914
	µmol, Eq. 300), and 197 µg VA-44 (0.61 µmol, Eq. 0.2) were added to a vial containing 1.53 mL
	deionized water. To facilitate the addition of small quantity of VA-44, a stock solution of 1 mg
	mL -1 VA-44 was prepared and an equivalent volume was then added to the reaction mixture. The
	vial was degassed by gently bubbling with an argon stream for 30 min and placed in a pre-heated
	oil bath at 50 o C for 180 min. A polymerization kinetics was carried out by withdrawing aliquots
	at predetermined times with degassed syringes and assessing the molecular weights by 1 H NMR
	and SEC.
	1.46 g HPMA
	(10.22 mmol, Eq. 60), 0.04 g CEPA RAFT agent (170.45 µmol, Eq. 1), and 4.6 µg VA-50
	(17.04 µmol, Eq. 0.1) were dissolved in 10.22 mL of the buffer/dioxane solvent mixture in a vial
	sealed with a rubber septum. Considering a small quantity of VA-50 to be added into the reaction
	mixture, a stock solution of VA-50 was firstly prepared at 1 mg mL -1 in the solvent solution. The
	reaction vessel was degassed by gently bubbling with an argon stream for 30 min and placed in a
	pre-heated water bath at 70 o C. Samples were periodically withdrawn every 30 min for kinetics
	study and assessed by 1 H NMR (DMSO-d6) and SEC (poly(methyl methacrylate) (PMMA)
	standards, DMF). Two macro-CTAs -P(HPMAm)16 and P(HPMAm)43, obtained after 60 min
	and 180 min reaction time, respectively -were selected for further studies and purified by

dialyzing the obtained solutions against deionized water (molecular weight cut-off = 3500 g moL -1 ) for 48 h, and lyophilizing the resulting aqueous solution, yielding a yellow-pale solid.

2.

  -1 in CHCl3. 76 µL of this solution were added in a HPLC 1.5-mL vial, and CHCl3 was subsequently evaporated in a vacuum oven. To this vial, 66 mg MTEAM (455 µmol) were added and mixed thoroughly. In another vial, 10 mg FA-bound P(HPMAm)43 macro-CTA (1.52 µmol) and 196 µg VA-44 (0.6 µmol) were dissolved in 1.52 mL of a solvent mixture of H2O/EtOH at 7/3. The MTEAM/NR mixture was added dropwise to this vial. The sample was degassed by gently bubbling with an argon stream for 30 min and placed in a pre-heated oil bath at 65 o C. The reaction was quenched by opening vials to air, and samples were assessed by DLS and NMR. Free NR was removed by dialyzing the sample against deionized water in a membrane of MWCO = 2000 g mol -1 for 48 h.The loaded NR was quantified by UV-Vis by compared with a known calibration curve of NR in DMSO at 550 nm, as calculated in the formula 1.Cells were cultured in DMEM supplemented with 10 % (v/v) FBS and 2 mM L-glutamine, and at 37 °C with 5 % CO2. Cytotoxicity of vesicles was assessed using the PrestoBlue cell viability assay. MCF-7 cells were seeded at 1x10 4 cells per well in 96 well plates and cultured for 24h prior to assaying. Vesicles were exposed to cells for 24 h and applied in 100 µL phenol red Relative metabolic activity was calculated by setting values from the negative control as 100 % and positive control values as 0 % metabolic activity.

	2.2.8. Cytotoxicity
	free DMEM containing 10 % (v/v) FBS and 2 mM L-glutamine. Triton X-100 applied at 1%
	(v/v) applied in phenol red free medium was used as a cell death (positive) control and a vehicle
	control containing no vesicles used as a negative control. Following exposure cells were washed
	twice with warm PBS and 100 µL 10 % (v/v) PrestoBlue reagent diluted in phenol red free
	medium applied per well for 60 min. The resulting fluorescence was measured at 560/600 nm
	(λex/λem).	
	Similar to loading NR, the hydrophilic sulfo-Cy5 NHS ester was simultaneously loaded
	into the folate-targeted polymersomes in H2O at 0.1 %wt of Cy5 compared to the total weight of
	solid contents. In brief, a stock solution of Cy5 was prepared at 1 mg mL -1 in H2O. 56 mg
	MTEAM (385 µmol), 10 mg FA-conjugated macro-CTA (1.3 µmol), 207 µg VA-44 (0.6 µmol),
	66 µL Cy5 stock solution, and 1.23 mL of solvent mixture of H2O/EtOH at 7/3, were added to a
	vial. This vial was mixed well, degassed by purging under argon for 30 min, and placed in a pre-
	heated oil bath at 65 o C. The reaction was quenched by opening vials to air, and samples were
	assessed by DLS and NMR. Free Cy5 was removed by dialyzing the polymersomes obtained
	against deionized water using MWCO = 2000 g mol -1 for 48 h. The loaded Cy5 was quantified
	by UV-Vis through a known calibration curve of Cy5 in H2O at 646 nm, as calculated in the
	formula 1.	
	Formula 1. Calculation of Drug loading (DL) and Encapsulation efficiency (EE)
	DL (%) =	𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠	𝑥 100
	EE (%) =	𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑	𝑥 100

Table 1 .

 1 Summary of characteristic features observed for the RAFT PISA process leading

	to P(HPMAm)43-b-P(MTEAM)300					
	Time (min) Conv. %	Theoretical DP a	Experimental Mn b (x 10 -3 )	Experimental Mn c (x 10 -3 )	Đ	Size (nm)	PDI
	60	14	43	12.7	29.2	1.33	90.44	0.55
	90	52	154	35.1	60.1	1.88	111.1	0.44
	105	67	202	64.6	69.1	1.86	109.2	0.31
	120	80	240	99.5	65.3	1.66	113.1	0.26
	135	90	271	138.9	85.0	2.03	113.7	0.25
	150	96	287	180.7	89.0	2.12	114.3	0.24
	180	96	287	180.6	84.1	2.26	117.3	0.25

a Equal to conversion (%) x 300; b absolute numbers (kg mol -1 ) as measured by

1 

H NMR; c relative numbers (kg mol -1 ) as measured by SEC using a calibration technique based on PMMA standards

with permission from ACS Publications, copyright 2019.Summary of applications of PISA-made NPs for drug delivery PISA facilitates the encapsulation of therapeutic molecules such as drugs, proteins and enzymes as well as the functionalization of useful functionalities. Stimuli-responsive moieties could be incorporated into PISA-prepared self-assemblies for controlled drug release (summarized in Table1). For example, NP pH-responsiveness to release drugs could be accomplished by a hydrophobic-to-hydrophilic solubility transition of the core-forming block. This transition resulted from the incorporation of ionisable groups that, upon acidic pHs associated to the cell pathology, induced protonation and hydrophilicity of the internal fragments, leading to nano-objects disassembling and drugs being released. The nano-structural dissociation arising from the solubility transition was also observed under ROS-abundant conditions, whereby the hydrophobic thioether moieties in the core were oxidised to hydrophilic sulfones, disintegrating the core-shell structures. Micelles cross-linked via disulfide bonds

Abstract

Hypothesis

We describe the possibility of using the same block copolymer carriers prepared by PISA for in situ drug encapsulation or drug conjugation.

Experiments

Block copolymers containing poly((ethylene glycol) methacrylate)-co-poly(pentafluorophenyl methacrylate)-b-poly(hydroxypropyl methacrylate) (P(PEGMA-co-PFBMA)-b-PHPMA) were synthesized at 10 wt% using PISA. The first approach involved in situ Doxorubicin (DOX) loading during PISA, while the second exhibited surface functionalization of PISA-made vesicles with dual drug therapies, N-acetyl cysteine (NAC) and DOX using para-fluoro-thiol reaction (PFTR) and carbodiimide chemistry, respectively. Cytotoxicity, cell uptake, and cell apoptosis were assessed on MDA-MB-231 cell lines. Keywords: polymerization-induced self-assembly (PISA), block copolymers, drug-loaded nanoparticles, polymer-drug conjugates. that particle sizes increase when increasing DP of HPMA while polydispersity indices decrease.

The size distribution (PDI) decreases from 0.18 to 0.02 as particle size increases from 44 nm to 69 nm, indicating that NPs become more homogenous at the end of the polymerization process. SEC chromatograms of E74F19 with HPMA show characteristic peaks with polydispersity values in the 1.32 -1.59 range, confirming the relative controllability of PISA (Figure 3E). The particle size and shape transformations are in accordance with the increasing monomer conversions as well as the increasing NMR and SEC's molecular weights (Figure 3B, 3C), which falls in line with general PISA behavior described in previous reports. [27][28][29] Consequently, the polymerization of HPMA with fluorinated macro-CTA by PISA could be used to synthesize E74F19-H300 vesicles of 69 nm and PDI of 0.02.

Abstract

H2O2-sensitive block copolymer nanoparticles (NPs) composed of a hydrophilic macrochain transfer agent (macro-CTA) and a hydrophobic thioether-bearing block were prepared by polymerization-induced self-assembly (PISA) approach. PISA process first involved a chain extension of poly(poly(ethylene glycol) methyl ether methacrylate)-co-poly(poly(ethylene glycol) methacrylate) macro-CTA with a H2O2-responsive N-( 2 

Fluorometric-based uptake assessment

To further investigate cellular uptake, quantitative kinetic uptake experiments was performed. [63][64][65] MCF-7 cells were seeded at a density of 1.2x10 5 cells per well in a 12-well plate and cultured for 48 h. Culture medium was then removed and 1 mL of 250 µg mL -1 spheres-Cy5 and vesicles-Cy5 applied in complete DMEM medium. Further steps following exposure could be found in this cited protocol. 63 

Abstract

Polymersomes are an exciting modality for drug delivery, attributed to their similar structures to biological cells and the possibility of encapsulating both hydrophilic and hydrophobic drugs. In this regard, the current work aimed to develop multifunctional polymersomes, integrating, at the same time, dye (as a model drug, hydrophobic Nile red and 

CONCLUSIONS AND PERSPECTIVES Conclusions

The main objective of this thesis was to apply PISA for preparing block copolymer particles for drug delivery and biomedical applications. The thesis was organized into four chapters, starting from investigating previous literature on PISA, to understanding the challenges of the PISA-based formulations reported to date. From there, the later experimental chapters were dedicated to addressing these challenges and exploring new preliminary platforms for PISA-derived drug delivery.

NPs should be designed in a clinically relevant manner and synthesized from simple and industrialized approaches. Thanks to a plethora of block chemistries and polymer architectures, block copolymer particles could be finely tuned and adapted for optimizing drug delivery efficiency. PISA has been a promising method to produce block copolymer NPs at high yields and directly in one pot. RAFT-mediated PISA has been the most widely researched modality to prepare nano-assemblies owing to the diversity of monomer groups and reaction parameters. In aqueous media, it begins with the chain extension of a hydrophilic macro-CTA with a hydrophobic monomer. With the growth of the hydrophobic block, the block copolymers become increasingly insoluble and tended to precipitate into assemblies with core-shell structures.

The first chapter highlighted the evolution of RAFT in synthesizing highly controlled polymers with defined macromolecular structures, which could be furthered into the polymerization of block copolymers in PISA. PISA is known for generating diverse morphologies and sizes which could be controlled through a variety of reaction parameters and conditions. Additionally, RAFT-based PISA has largely been employed to formulate nano-objects for drug loading, post-polymerization modifications, and stimuli-responsiveness. Although these methods demonstrated certain exciting results, they usually involved laborious and tedious procedures. This PhD project, therefore, aimed to simplify the formulation processes, making PISA as simple as it should be, while incorporating useful functionalities into the generated particles.

The second chapter exploited the versatility of PISA for producing vesicles applicable to both drug loading and drug conjugation. A novel hydrophilic macro-CTA was synthesized,

Perspectives

There are many improvements to be made in the future.

The second chapter on PISA for drug encapsulation and drug conjugation should be exploited further. PISA-made vesicles offered surface functionalization with drugs, and similarly can be modified with targeting ligands. Thanks to the p-fluoro-thiol chemistry, the pentafluorophenyl functionalities can react with nucleophile-rich thiol-containing ligands. One of the well-known ligands is antibody with cysteine residues bearing free thiol functionalities. 1,2 For example, antibody fragment 111 In-JVZ007-cys was used as a diagnostic ligand to prostatic specific membrane antigen (PSMA) overexpressed on prostate cancer cells. V. Fuchs et al. also demonstrated a PSMA peptide with 1 thiol group could enhance the uptake of a hyperbranched polymer-conjugating PSMA peptide into different prostate cancer cell lines. 3 Furthermore, nanobody 11A4 attached with a C-terminal cysteine that can target breast cancer HER-2 receptors. [4][5][6] Due to limited time available during the PhD, the last chapter has just finished at the cytotoxicity test of the polymersomes. Further cellular uptake assessments in confocal imaging and flow cytometry are necessary.

The three chapters only carried out in vitro cellular culture experiments, while it holds promises to apply in 3D cell models or in vivo. Also, it is of importance to be able to design multifunctional PISA-made particles that can load multiple therapeutic agents and/or diagnostic probes.

Although RAFT-mediated PISA is an interesting method to prepare well-defined NPs for drug delivery, the use of non-degradable vinyl polymers causes environmental issues. Based on the discussion of section 1.3 in the introduction, RAFT and ROP could be used together to synthesize biodegradable polyester-and vinyl-containing block copolymers, while respecting the high control and functionalization of RAFT. To this sense, the 4-cyano-4-(ethylsulfanylthiocarbonylsulfanyl)pentanoic acid (CEPA) RAFT agent used in the current thesis could be modified and attached with a hydroxyl end moiety, to first initiate the ROP process of a cyclic ester, which will be subsequently chain-extended with a vinyl hydrophilic monomer. The resulting block copolymers can not only form particles with tunable sizes and shapes, but also have biodegradable and biocompatible properties. Recently, Nicolas and co-workers have demonstrated that the incorporation of cyclic ketene acetals (CKAs) into block copolymers leads to the hydrolytic degradation of the resultant nanocarriers. [7][8][9] For instance, the copolymerization of