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In Situ Encapsulation of Biologically Active Ingredients into Polymer Particles by Polymerization in Dispersed Media

The encapsulation of biologically active ingredients (e.g., peptides, proteins, enzymes, drugs) into polymer particles is extensively used for drug delivery purposes. However, this strategy relies mainly on emulsification processes from preformed polymers, which leads to strong limitations such as low particle concentrations (typically a few wt %), poor active ingredient loadings, as well as a rather limited structural diversity of the polymers usually used.

Conversely, polymerizations in dispersed media, which allow for the formation of scalable suspensions of (nano)particles during the polymerization process, have been advantageously used for the in situ encapsulation of active ingredients. In this review, the in situ encapsulation of active ingredients, such as peptides, proteins, enzymes or drugs, in polymer particles obtained by polymerization in dispersed media for potential biomedical applications, is covered. Their physical and chemical encapsulations were both considered as function of the polymerization technique used. Several polymerization and encapsulation parameters will be discussed in view of adjusting the drug loading and the encapsulation efficiency of the active agent considered.

AA

acrylic acid AAm acrylamide ACA alkyl cyanoacrylate AC-NCs aqueous core nanocapsules AGA acrylamidoglycolic acid AIBN 2,2′-azobis(2-methylpropionitrile) ALP alkaline phosphatase protein AmB amphotericin B AOT sodium bis(2-ethylhexyl) sulfosuccinate APM N-(3-aminopropyl) methacrylamide APS ammonium persulfate ATRP atom-transfer radical polymerization

Introduction

The encapsulation of biologically active ingredients (e.g., peptides, proteins, enzymes, drugs) in (biodegradable) polymer (nano)particles is a well-established strategy for a wild range of applications and in particular for drug delivery purposes. [START_REF] Vrignaud | Strategies for the nanoencapsulation of hydrophilic molecules in polymer-based nanoparticles[END_REF][START_REF] Ye | A review of recent progress in drug and protein encapsulation: Approaches, applications and challenges[END_REF][START_REF] Kumari | Biodegradable polymeric nanoparticles based drug delivery systems[END_REF][START_REF] Nicolas | Design, functionalization strategies and biomedical applications of targeted biodegradable/biocompatible polymer-based nanocarriers for drug delivery[END_REF][START_REF] Mitchell | Engineering precision nanoparticles for drug delivery[END_REF][START_REF] Kakkar | Evolution of macromolecular complexity in drug delivery systems[END_REF] This approach has several key advantages, as it can: (i) protect the active ingredient from early degradation/metabolization;

(ii) improve the active ingredient's solubility and stability in a biological medium and thus increase its bioavailability; (iii) decrease the potential toxicity of the active ingredient and (iv) increase the active ingredient's accumulation to the diseased site (e.g., targeting), thereby reducing off-target effects and resulting in increased treatment efficacy. However, since this strategy mainly relies on emulsification processes (e.g., nanoprecipitation) from preformed polymers, it exhibited serious limitations such as the impossibility to reach high particle concentrations (typically 1-5 wt % of polymer nanoparticles) and the quite modest amount of loaded active ingredients. Moreover, there is a rather limited structural diversity of the polymers that are usually employed (e.g., aliphatic polyesters, natural polysaccharides). [START_REF] Liechty | Polymers for Drug Delivery Systems[END_REF] Conversely, radical polymerization in aqueous dispersed media allows for the in situ formation of scalable suspensions of (nano)particles during the polymerization process. [START_REF] Vauthier | Methods for the Preparation and Manufacture of Polymeric Nanoparticles[END_REF][START_REF] Qiu | Controlled/living radical polymerization in aqueous media: homogeneous and heterogeneous systems[END_REF] By taking advantage of this strategy, active ingredients can be encapsulated in situ by simply adding them to the reaction medium during the course of the polymerization/particle formation (typically at the very beginning of the process). This approach can therefore represent a straightforward encapsulation method in one-step, relevant for industrial purposes. However, the stability and inertia of the active ingredient during polymerization must be taken into account, especially in the case of fragile compounds such as peptides, enzymes or even sometimes drugs. The reaction conditions must therefore be adapted to avoid early degradation of the active ingredients. Compared to traditional nanocarriers made of other materials than polymers (e.g., liposome, inorganic-based nanocarriers), polymer particles are versatile nanocarriers owing to the high diversity of polymers in terms of composition, structure, functionalization strategies, as well as regarding the wild range of polymerization conditions/processes that can be used. [START_REF] Bhatia | Nanoparticles types, classification, characterization, fabrication methods and drug delivery applications[END_REF] Not only does polymer synthesis benefit from solid industrial knowledge, but the recent advent of reversible activation radical polymerization (RDRP) techniques such as nitroxide-mediated polymerization (NMP), [START_REF] Nicolas | Nitroxide-mediated polymerization[END_REF][START_REF] Grubbs | Nitroxide-Mediated Radical Polymerization: Limitations and Versatility[END_REF] reversible addition-fragmentation chain transfer (RAFT) polymerization, [START_REF] Perrier | 50th Anniversary Perspective: RAFT Polymerization-A User Guide[END_REF][START_REF] Moad | Reversible Deactivation Radical Polymerization: RAFT[END_REF] or atom transfer radical polymerization (ATRP), [START_REF] Matyjaszewski | Atom Transfer Radical Polymerization[END_REF][START_REF] Matyjaszewski | Advanced Materials by Atom Transfer Radical Polymerization[END_REF] has enabled the easy synthesis of welldefined and sophisticated macromolecular architectures. Moreover, various particle sizes and morphologies can be obtained by polymerization in dispersed media, such as micrometric or nanometric spheres, capsules and others. Importantly, when biomedical applications are envisioned, degradability can be imparted to vinyl polymers, [START_REF] Delplace | Degradable vinyl polymers for biomedical applications[END_REF] notably by radical-ring opening polymerization (rROP) [START_REF] Tardy | Radical Ring-Opening Polymerization: Scope, Limitations, and Application to (Bio)Degradable Materials[END_REF][START_REF] Pesenti | 100th Anniversary of Macromolecular Science Viewpoint: Degradable Polymers from Radical Ring-Opening Polymerization: Latest Advances, New Directions, and Ongoing Challenges[END_REF][START_REF] Jackson | Reversible-deactivation radical polymerization of cyclic ketene acetals[END_REF] during which labile groups are inserted into the polymer backbone from cyclic monomers such as cyclic ketene acetals or thionolactones.

In this review, the in situ encapsulation into polymer particles of biologically active ingredients (e.g., proteins, peptides, enzymes and drugs), that are generally highly sensitive to external parameters (e.g., temperature, organic solvent, chemicals/reagents and even functional groups), will be covered (Fig. 1). Different polymerization processes will be examined, such as precipitation, dispersion, emulsion, miniemulsion or microemulsion polymerization, as well as polymerization-induced self-assembly (PISA) and interfacial polymerization. The main features of the different polymerization processes will be first presented, before covering physical (i.e., via traditional entrapment) and chemical (i.e., via covalent linkage) encapsulations. The different polymerization processes and encapsulation parameters will be discussed in order to evaluate their impact on the drug loading (DL, the weight fraction of active ingredient per particle) and the encapsulation efficiency (EE, the percentage of active ingredient that is successfully entrapped), which represent two key criteria for the encapsulation of active ingredients. [START_REF] Liu | Development of High-Drug-Loading Nanoparticles[END_REF] It should be noted that in this review, since it will mainly deal with nanoparticulate systems, the generic term nanoparticles (NPs) will be used for general descriptions while more specific terms will be employed to finely characterize particle morphology when available. 

Polymerization in dispersed media: a brief description of the different processes

The main characteristics of the different polymerization processes in dispersed media are gathered in Table 1 and briefly explained in the following sections. 

Dispersion polymerization

Dispersion polymerization involves an initially homogeneous system composed of monomer, solvent, initiator and a stabilizer. [START_REF] Odian | Principles of polymerization[END_REF][START_REF] Barandiaran | Emulsion polymerization[END_REF][START_REF] Asua | Polymeric Dispersions: Principles and Applications[END_REF] Initially soluble, the growing chain starts to precipitate upon polymerization when the oligomer reaches a critical chain length. Selfnucleation and aggregation occur, followed by growth of the particle via monomer swelling.

Average size of particles above 1 µm is usually achieved (Table 1). A particular type of dispersion polymerization is polymerization-induced self-assembly (PISA, see section 2.7).

Precipitation polymerization

Precipitation polymerization is similar to a dispersion polymerization but is generally performed in absence of stabilizer. [START_REF] Odian | Principles of polymerization[END_REF][START_REF] Barandiaran | Emulsion polymerization[END_REF][START_REF] Asua | Polymeric Dispersions: Principles and Applications[END_REF] The monomer and the initiator are generally soluble in water (Table 1). The monomer does not swell (or partially) the polymer particle during polymerization.

Emulsion polymerization

In a typical direct (inverse) emulsion polymerization, the reaction mixture consists of micrometric sized monomer droplets dispersed in a continuous aqueous (oil) phase containing an initiator and a surfactant at concentration above or below its critical micellar concentration (CMC). [START_REF] Barandiaran | Emulsion polymerization[END_REF][START_REF] Lovell | Fundamentals of Emulsion Polymerization[END_REF][START_REF] Chern | Principles and applications of emulsion polymerization[END_REF] Generally, the polymerization is initiated in the continuous phase leading to the formation of oligomers. When the oligomers reach a critical chain length and become insoluble, they either enter the monomer-swollen micelles and turn them into particles if [surfactant] > CMC (micellar nucleation), or precipitate to form a primary particle if

[surfactant] < CMC (homogeneous nucleation). The monomer droplets act as monomer reservoir, from which it diffuses through the water to the growing polymer particles.

Depending on their nature, surfactants provide electrostatic, steric, or electrosteric stabilization to particles preventing colloidal instability during and after polymerization (e.g., coalescence, sedimentation, etc.). Particles with an average size of 50-300 nm are usually obtained (Table 1). A particular type of emulsion polymerization is PISA (see section 2.7).

Miniemulsion polymerization

Compared to emulsion polymerization, miniemulsions are initially prepared by applying a high-shear device, such as ultrasonic homogenizers or high-pressure homogenizers, to an emulsion polymerization recipe. [START_REF] Landfester | Miniemulsion Polymerization and the Structure of Polymer and Hybrid Nanoparticles[END_REF][START_REF] Asua | Miniemulsion polymerization[END_REF] Stable and narrowly distributed monomer droplets of about 30 nm are formed without residual micelle. The polymerization reaction takes place in the droplets, which acts as nanoreactors, similar to a bulk polymerization. To prevent Ostwald ripening, a costabilizer (hydrophilic or lipophilic agents) is usually dissolved in the dispersed droplets. Compared to other heterogeneous polymerization processes, miniemulsion polymerization offers great flexibility to create various nano-objects (Table 1).

Microemulsion polymerization

Microemulsion polymerization offers the opportunity to synthesize stable monodisperse particles with average diameters of 10-100 nm (Table 1). [START_REF] Barandiaran | Emulsion polymerization[END_REF][START_REF] Chern | Principles and applications of emulsion polymerization[END_REF] To this aim, this process requires a high concentration of surfactant (~10-20 wt %) relative to the monomer (~5 wt %).

Therefore, it might be not suitable for some applications like biomedical applications considering the potential toxicity of many surfactants.

Suspension polymerization

Suspension polymerization uses an oil-soluble monomer and initiator dispersed as liquid droplets with a steric stabilizer and vigorous stirring to produce polymer particles. Due to the low amount of surfactant (< CMC), this process generally leads to large polymer particles (size ≥ 1 µm) (Table 1). [START_REF] Odian | Principles of polymerization[END_REF][START_REF] Asua | Polymeric Dispersions: Principles and Applications[END_REF] 1.7.

Polymerization-induced self-assembly (PISA)

In recent years, PISA has been established as a powerful one-step strategy to efficiently produce polymer NPs. PISA can be performed via two main processes: dispersion or emulsion polymerization. [START_REF] Phan | Polymerisation-induced self-assembly (PISA) as a straightforward formulation strategy for stimuli-responsive drug delivery systems and biomaterials: recent advances[END_REF][START_REF] D'agosto | RAFT-Mediated Polymerization-Induced Self-Assembly[END_REF][START_REF] Armes | Introduction to polymerisation-induced self assembly[END_REF][START_REF] Penfold | Emerging Trends in Polymerization-Induced Self-Assembly[END_REF][START_REF] Warren | Polymerization-Induced Self-Assembly of Block Copolymer Nano-objects via RAFT Aqueous Dispersion Polymerization[END_REF][START_REF] Charleux | Polymerization-Induced Self-Assembly: From Soluble Macromolecules to Block Copolymer Nano-Objects in One Step[END_REF] Briefly, a solvophilic macroinitiator obtained by RDRP is chain-extended to form a solvophobic polymer block. In dispersion PISA, an initially homogeneous system is obtained, whereas dispersed monomer droplets are present in emulsion polymerization PISA, for which the macroinitiator participates to their stabilization.

Compared to other polymerizations in dispersed media, the PISA process enables the preparation of particles with various morphologies (e.g., micelles, worms, vesicles, inverse mesophase) [START_REF] Karagoz | Polymerization-Induced Self-Assembly (PISA) -control over the morphology of nanoparticles for drug delivery applications[END_REF][START_REF] Rho | In situ monitoring of PISA morphologies[END_REF][START_REF] Liu | Polymerization techniques in polymerization-induced self-assembly (PISA)[END_REF][START_REF] Lv | Scalable preparation of alternating block copolymer particles with inverse bicontinuous mesophases[END_REF][START_REF] Takashima | Morphology Control via RAFT Emulsion Polymerization-Induced Self-Assembly: Systematic Investigation of Core-Forming Blocks[END_REF] in absence of surfactant and at high solids content (10-50 wt %).

Moreover, owing to its extensive versatility in terms of monomers and polymerization methods, PISA systems can generate biocompatible and/or (bio)degradable nano-objects in water suitable for biomedical applications. [START_REF] Zhu | Bio)degradable and Biocompatible Nano-Objects from Polymerization-Induced and Crystallization-Driven Self-Assembly[END_REF] 1.8.

Interfacial polymerization

Interfacial polymerization involves the reaction of two types of monomers or a monomer and an initiator/catalyst dissolved in two immiscible phases. [START_REF] Zhang | Interfacial Polymerization: From Chemistry to Functional Materials[END_REF][START_REF] Song | Recent progress in interfacial polymerization[END_REF] The polymerization is initiated at the interface leading to the formation of an insoluble polymer film at the phase junction.

Then, the polymerization kinetics is controlled by the diffusion of the monomer through the film, which decreases with the thickness of the polymer film/shell. The reaction stops due to the increase of the diffusion barrier. This process represents a relevant method to obtain nanocapsules, especially by using an emulsion as "template".

Physical encapsulation

The in situ physical encapsulation of active ingredients relies on favorable interactions between the polymer matrix and the active ingredients during NP formation, thus leading to NPs loaded with active ingredient molecules entrapped into their core. Their release from the NP core is generally governed by a diffusion mechanism through the polymer, which can be accelerated if the polymer is (bio)degradable. Various parameters can govern the release profile of the active ingredient, like the polymer composition/properties, the structure and morphology of the NPs, the nature of the active ingredient, its loading and eventually its localization within the NPs. However, partial adsorption of the active ingredient at the particle surface often occurs during the encapsulation/NP formation processes. This results in its early and abrupt release, also called "burst release," once the NPs are administered, which may induce prohibitive toxicity in the case of cytotoxic drugs. [START_REF] Huang | On the importance and mechanisms of burst release in matrix-controlled drug delivery systems[END_REF] In this section, the in situ physical encapsulation of active ingredients by polymerization in dispersed media is discussed.

Dispersion polymerization

Dispersion polymerization leads to the formation of nanospheres (NSs) or nanocapsules (NCs). To be adaptable to a wide range of monomers and to ensure colloidal stability, most NPs are cross-linked. By introducing a crosslinker, a three-dimensional network is created, which helps to maintain the particle morphology. Therefore, the production of NPs is no longer based on the soluble monomer/insoluble linear polymer equilibrium in the reaction medium. As a consequence, the addition of active ingredients for their in situ encapsulation is believed to have less influence on the colloidal stability of the particles. Note that when hydrophilic polymers are used, the resulting morphologies are termed nano/microgels.

Dispersion polymerization is an unconfined process which requires the active ingredient to be soluble in the continuous phase, with a preferential affinity to the polymer formed. Depending on the strength of the active ingredient-NP interactions, the active ingredient may be in the core, in the shell and/or on the surface of the NPs. Intrinsic physicochemical properties of the active ingredient (e.g., solubility in the dispersed medium via its log P value, interaction with the polymer matrix, physical state such as crystallinity), strongly influence the DL, the EE and its release. [START_REF] Sairam | Encapsulation efficiency and controlled release characteristics of crosslinked polyacrylamide particles[END_REF][START_REF] Ogunwuyi | Antiretroviral Drugs-Loaded Nanoparticles Fabricated by Dispersion Polymerization with Potential for HIV/AIDS Treatment[END_REF] For instance, the EEs of cefadroxil (a water-soluble antibiotic drug) and indomethacin (a water-insoluble nonsteroidal antiinflammatory drug (NSAID)) were compared during their in situ encapsulation into poly(methyl methacrylate) (PMMA) microparticles in the presence of ethylene glycol dimethacrylate (EGDMA) as a crosslinking agent and polyvinylpyrrolidone (PVP) as a stabilizer (Fig. 2). [START_REF] Sairam | Poly(methylmethacrylate)poly(vinyl pyrrolidone) microspheres as drug delivery systems: Indomethacin/cefadroxil loading and in vitro release study[END_REF] The reaction was carried out in a water/methanol mixture at 70°C initiated by azobisisobutyronitrile (AIBN). Spherical monodispersed particles of 5 µm in diameter were obtained without alteration of the drugs. Interestingly, a higher EE was observed for indomethacin (84 %) than for cefadroxil (66 %), which was more localized on the surface of the particle. In vitro release studies in phosphate buffer solution (PBS) showed a controlled release up to 12 h for indomethacin and 10 h for cefadroxil, following a Fickian diffusion mechanism. Surprisingly, no burst released was observed despite partial surface localization of the drugs. The EE and DL can be enhanced by varying the polymer composition and therefore its properties. The introduction of a comonomer (e.g., MMA, methacrylic acid (MAA)) [START_REF] Galia | Dispersion polymerization of vinyl monomers in supercritical carbon dioxide in the presence of drug molecules: A one-pot route for the preparation of controlled delivery systems[END_REF] or the choice of a more or less hydrophilic crosslinker (e.g., N,N-methylenebis-acrylamide (NNMBA), [START_REF] Sairam | Encapsulation efficiency and controlled release characteristics of crosslinked polyacrylamide particles[END_REF] N,O-dimethacryloylhydroxylamine (MANHOMA), [START_REF] Ogunwuyi | Antiretroviral Drugs-Loaded Nanoparticles Fabricated by Dispersion Polymerization with Potential for HIV/AIDS Treatment[END_REF] EGDMA, [START_REF] Parilti | Antimicrobial peptide encapsulation and sustained release from polymer network particles prepared in supercritical carbon dioxide[END_REF] N,N′biscystamine (BAC), [START_REF] Zhao | Redox-responsive nanocapsules for intracellular protein delivery[END_REF] peptidic linker [START_REF] Biswas | Endoprotease-Mediated Intracellular Protein Delivery Using Nanocapsules[END_REF]) can modulate the NP/active ingredient interactions. The effects of two crosslinking agents, NNMBA and EGDMA, was also compared in polyacrylamide (PAAm) microparticles with a size of 2.5-3 µm. [START_REF] Sairam | Encapsulation efficiency and controlled release characteristics of crosslinked polyacrylamide particles[END_REF] It was observed a higher EE (82 % vs. 66 %) of the hydrophilic anticancer drug 5-fluorouracil (5-FU)

when NNMBA was used. This was assigned to the higher hydrophilicity of NNMBA, resulting in stronger affinity to the drug. However, a more prolonged controlled release was observed with EGDMA because the swelling of the particle in the buffer solution was lower than for the particles with the more hydrophilic NNMBA crosslinker (Fig. 3). [START_REF] Sairam | Encapsulation efficiency and controlled release characteristics of crosslinked polyacrylamide particles[END_REF] Interestingly, increasing the amount of crosslinker led to a lower EE. By densifying the microgel network, the swelling of the particles decreased as well as the free volume available for the encapsulated drug. As mentioned previously, the release of the active ingredient can be influenced by the polymer composition and the affinity of the drug to the polymer. Other parameters, such as the swelling rate, the hydration rate, the particle size, or the surface chemistry may also govern the release. [START_REF] Sairam | Encapsulation efficiency and controlled release characteristics of crosslinked polyacrylamide particles[END_REF] The insertion of a stimuli-responsive function (e.g., pH-, photo-, redox-sensitive) can be relevant for the establishment of a spatio-temporal controlled release, especially for targeted drug delivery. [START_REF] Mura | Stimuli-responsive nanocarriers for drug delivery[END_REF] For instance, the UV-mediated copolymerization under UV of MAA with EGDMA and tetraethylene glycol dimethacrylate (TEGDMA) in presence of bleomycin produced pH-responsive nanogels for oral chemotherapy. [START_REF] Blanchette | Oral Chemotherapeutic Delivery: Design and Cellular Response[END_REF] These nanogels were able to swell and release the drug in response to a change of pH, similar to the one existing between the stomach and upper small intestine (i.e., pH from 1.5 to 6.5) (Fig. 4). Indeed, MAA units become ionized at pH > pK MAA = 4.9 and generate electrostatic repulsion between the polymer chains, allowing nanogels to swell. In vitro studies revealed that the nanogels were able to decrease the permeability of Caco-2 cell monolayers, which may promote the transport of bleomycin out of the intestinal lumen and thus to increase its bioavailability. [START_REF] Blanchette | Oral Chemotherapeutic Delivery: Design and Cellular Response[END_REF] Fig. 4. Release of bleomycin encapsulated in P(EGDMA-co-MAA) nanogels in response to an increase in pH after entering the upper small intestine.

To improve the treatment of certain diseases, such as AIDS, multiple drug encapsulation can be also achieved during in situ physical encapsulation. Four antiretroviral (ARV) drugs (idovudine, lamivudine, nevirapine and raltegravir) were simultaneously loaded into poly(εcaprolactone) (PCL) or PMMA-based NPs stabilized with a poly(ethylene glycol) methyl ether methacrylate (PEGMA) macro-comonomer, featuring DL of 6.8/6.4 wt % (raltegravir), 1.0/2.1 wt % (lamivudine), 2.1/0.8 wt % (zidovudine) and 5.1/4.2 wt % (nevirapine) for PCL and PMMA-based NPs, respectively (Fig. 5). [START_REF] Ogunwuyi | Antiretroviral Drugs-Loaded Nanoparticles Fabricated by Dispersion Polymerization with Potential for HIV/AIDS Treatment[END_REF] To adjust the drug release, the hydrolyzable crosslinker MANHOMA was used. The NPs efficiently inhibited HIV-1 infection in CEM T cells and peripheral mononuclear blood cells. Functionalization of poly(ethylene glycol) (PEG) with ligands to target specific receptors expressed at the surface of HIV reservoir cells could then be considered for improved therapeutic efficacy. The use of supercritical carbon dioxide (scCO 2 ) is a relevant strategy to avoid the use of solvent. [START_REF] Parilti | Antimicrobial peptide encapsulation and sustained release from polymer network particles prepared in supercritical carbon dioxide[END_REF] It also ensures an easy purification thanks to the high volatility of CO 2 . For instance, an antimicrobial peptide, Pro3TL, was entrapped in poly(2-hydroxyethyl methacrylate) (PHEMA) nanogels by dispersion polymerization (Fig. 6). [START_REF] Parilti | Antimicrobial peptide encapsulation and sustained release from polymer network particles prepared in supercritical carbon dioxide[END_REF] After removal of the photocleavable (UV) stabilizer (PEO45-hv-PFDA40), the nanogels were dispersed in water, exhibiting sustained release of the peptide. Drugs like ibuprofen (IBU) [START_REF] Galia | Dispersion polymerization of vinyl monomers in supercritical carbon dioxide in the presence of drug molecules: A one-pot route for the preparation of controlled delivery systems[END_REF] or Piroxicam [START_REF] Galia | A one-pot method to enhance dissolution rate of low solubility drug molecules using dispersion polymerization in supercritical carbon dioxide[END_REF] were also successfully loaded into poly(1-vinyl-2-pyrrolidone) NPs under scCO 2 conditions. DL was 4-9 wt % for IBU and 4-12 wt % for Piroxicam (with EE > 70 %).

The NPs exhibited a sub-micron average diameter with a narrow particle size distribution (PSD). Reproduced with permission from Elsevier Science Ltd.

Precipitation polymerization

So far, only a few examples of in situ encapsulation by precipitation polymerization have been reported. The few differences with classic dispersion polymerization are the absence of stabilizer and the partial/non-swelling of the NPs by the monomer.

Multiple responsive NPs have been the focus of great attention for drug delivery applications. For instance, pH-and thermo-responsive poly(N-isopropylacrylamide-co-acrylic acid) P(NIPAAm-co-AA) nanogels obtained by precipitation polymerization using N,N-methylenebisacrylamide as a crosslinker were able to successfully entrap amphotericin B (AmB), [START_REF] Nayak | In Situ Encapsulation and Release Kinetics of pH and Temperature Responsive Nanogels[END_REF] with an almost quantitative EE. They exhibited a volume phase transition temperature (VPTT), which can be assimilated to a low critical solution temperature (LCST), of about 50°C. At T < VPTT, the nanogels were in swollen state, allowing high drug release up to 94 % at basic pH according to electrostatic repulsions between deprotonated AA units and AmB. Interestingly, the proportion of AA can be adjusted to further control the drug release. Physical entrapment of ketoprofen was also achieved through the development of multiresponsive poly(N-vinylcaprolactam-co-itaconic acid-co-ethylene glycol dimethacrylate) nanogels (Fig. 7). [START_REF] Fonseca | Chitosan microparticles embedded with multi-responsive poly(N-vinylcaprolactam-co-itaconic acidco-ethylene-glycol dimethacrylate)-based hydrogel nanoparticles as a new carrier for delivery of hydrophobic drugs[END_REF] The release kinetics was prolonged by embedding the NPs in a chitosan matrix in order to stabilize the particle dispersion in human body conditions. [START_REF] Fonseca | Chitosan microparticles embedded with multi-responsive poly(N-vinylcaprolactam-co-itaconic acidco-ethylene-glycol dimethacrylate)-based hydrogel nanoparticles as a new carrier for delivery of hydrophobic drugs[END_REF] Fig. 7. Chitosan microparticles embedded with multi-responsive poly(N-vinylcaprolactam-co-itaconic acid-co-ethylene glycol dimethacrylate)-based nanogels for the delivery of hydrophobic drugs. [START_REF] Fonseca | Chitosan microparticles embedded with multi-responsive poly(N-vinylcaprolactam-co-itaconic acidco-ethylene-glycol dimethacrylate)-based hydrogel nanoparticles as a new carrier for delivery of hydrophobic drugs[END_REF],

Copyright 2019. Reproduced with permission from Elsevier Science Ltd.

Other stimuli have been used to trigger the delivery, like the presence of specific enzymes. [START_REF] Dheer | Cathepsin-sensitive nanoscale drug delivery systems for cancer therapy and other diseases[END_REF] For instance, a metalloproteinase-2 (MMP2)-responsive peptide crosslinker was developed for cancer metastasis inhibition (Fig. 8). [START_REF] Wang | Facile Synthesis of Peptide Cross-Linked Nanogels for Tumor Metastasis Inhibition[END_REF] Nanogels were obtained by copolymerizing NIPAAm with a crosslinker in presence of P-5m (a tumour metastasis inhibition peptide), resulting in a drug loading as high as 43 wt %. They led to remarkable suppression of cancer cell migration and invasion were achieved in vivo. Copyright 2019. Reproduced with permission from the American Chemical Society.

Emulsion polymerization

In emulsion polymerization, the surfactant, which is often used at a concentration higher than its CMC (micellar nucleation), constitutes a key component of the emulsion process. It can indeed modify the surface hydrophilicity and stability of the NPs, and can impart biologically relevant properties to the NPs (e.g., stealthiness, enhanced cellular uptake, opportunity for surface functionalization). It can also represent a second diffusion barrier in case of drug release. [START_REF] Duan | Reversion of multidrug resistance by co-encapsulation of doxorubicin and curcumin in chitosan/poly(butyl cyanoacrylate) nanoparticles[END_REF][START_REF] Fontana | Amoxicillin-loaded polyethylcyanoacrylate nanoparticles: Influence of PEG coating on the particle size, drug release rate and phagocytic uptake[END_REF] Both direct and inverse emulsion polymerization can be considered for NP synthesis. However, direct emulsion polymerizations are more frequently used for biomedical applications than inverse emulsion polymerizations which require a redispersion step to achieve aqueous suspensions of nanoparticles. Depending on the solubility of the active ingredient, it can be solubilized either in the monomer droplets or in the continuous phase.

However, since the emulsion polymerization mechanism requires partial solubility of the monomer in the continuous phase, the same should apply for the active ingredient which would that way reach the monomer-swollen micelles (i.e., the polymerization loci) and be loaded in situ in the forming polymer particles.

In the case of direct emulsion polymerization, poly(alkyl cyanoacrylate) (PACA) NPs represent one of the most studied polymer nanocarriers ever developed. Featuring biocompatibility, biodegradability and an easy synthetic route, PACA NPs are relevant nanocarriers which reached phase II/III clinical trials. [START_REF] Nicolas | Synthesis of poly(alkyl cyanoacrylate)-based colloidal nanomedicines[END_REF][START_REF] Mura | From poly(alkyl cyanoacrylate) to squalene as core material for the design of nanomedicines[END_REF] A wide range of biologically active ingredients (e.g., drugs, peptides, proteins, etc.) have been physically encapsulated in situ into PACA NPs. Three types of polymerizations, such as anionic, zwitterionic and radical, can be performed. However, since alkyl cyanoacrylate monomers are highly reactive, they mainly propagate by an anionic and zwitterionic mechanism, unless very specific conditions to favor a radical polymerization mechanism are used (Fig. 9). [START_REF] Nicolas | Synthesis of poly(alkyl cyanoacrylate)-based colloidal nanomedicines[END_REF] For instance, radical polymerization requires a redox initiating system based on a strong oxidative agent, but this can cause drug alteration.

[62] The general procedure for the synthesis of PACA NPs was developed in 1979 and consists in adding dropwise the ACA monomer into an aqueous acidic medium containing a surfactant under vigorous stirring. Polymerization is then initiated by hydroxyl anions resulting of water autoproteolysis. Stable and narrowly dispersed particles are obtained, with submicronic size (between 50-300 nm). However, they often exhibited low solids contents around 1 wt %, [START_REF] Nicolas | Synthesis of poly(alkyl cyanoacrylate)-based colloidal nanomedicines[END_REF] which is relatively low for a polymerization in aqueous dispersed medium.

The phase chosen to dissolve the drug as well as the experimental parameters for the addition into the aqueous phase can enhance the EE and the DL. For instance, the active compound can be solubilized either in a dispersed medium or in a monomer solution. By comparing these two pathways, higher EE and DL values were observed when 5-FU (which is hydrophilic) was solubilized in butyl cyanoacrylate (BCA) rather than in water (EE ~74 % vs. ~59 % and DL = 9.6 wt % vs. 7.7 wt %). [START_REF] Ortiz | Poly(butylcyanoacrylate) and Poly(ε-caprolactone) Nanoparticles Loaded with 5-Fluorouracil Increase the Cytotoxic Effect of the Drug in Experimental Colon Cancer[END_REF] Due to a stronger drug/polymer interaction, the solubilization of 5-FU in the monomer phase limits its leakage from the polymer matrix to water. In addition, simultaneous encapsulation of hydrophilic and hydrophobic drugs can be accomplished. [START_REF] Duan | Reversion of multidrug resistance by co-encapsulation of doxorubicin and curcumin in chitosan/poly(butyl cyanoacrylate) nanoparticles[END_REF][START_REF] Hekmatara | Encapsulation of water-insoluble drugs in poly(butyl cyanoacrylate) nanoparticles[END_REF] By dissolving doxorubicin hydrochloride (Dox.HCl) in the continuous phase, and curcumin (Cur) in an alcoholic solution, a concurrent incorporation into poly(butyl cyanoacrylate) (PBCA) NPs was successfully achieved. [START_REF] Duan | Reversion of multidrug resistance by co-encapsulation of doxorubicin and curcumin in chitosan/poly(butyl cyanoacrylate) nanoparticles[END_REF] To this end, the Cur solution was added 1 h after the initiation of the polymerization to avoid drug precipitation. Therefore, the timing of the addition of the different drugs is a key parameter for in situ encapsulation.

The EE, DL and drug release were also tuned by changing the nature of the PACA. [START_REF] Arias | Poly(alkylcyanoacrylate) colloidal particles as vehicles for antitumour drug delivery: A comparative study[END_REF] The shortening of the alkyl chain length of ACA monomers affected the absorption density (Γm) of 5-FU (which is correlated to the amount of drug encapsulated by the polymer particles). For instance, Γm of 5-FU at concentration equilibrium of 10 -2 M was:

150 ± 4 > 95 ± 6 > 63 ± 3 > 41.7 ± 2.4 µmol.g -1 for poly(ethyl cyanoacrylate) (PECA), PBCA, poly(hexyl cyanoacrylate) (PHCA) and poly(octyl cyanoacrylate) (POCA) NPs, respectively (Fig. 10). [START_REF] Arias | Poly(alkylcyanoacrylate) colloidal particles as vehicles for antitumour drug delivery: A comparative study[END_REF] Indeed, a faster polymerization rate occurred by enhancing the hydrophilicity of the monomer (i.e., by shortening the alkyl chain length). This allowed for faster and therefore more efficient mechanical entrapment of the drug. Besides, ACA monomers with shorter alkyl chains usually lead to faster degradation, and thus to faster drug release kinetics. It is noteworthy that an increase in pH (from 2 to 4 and from 2 to 7.2) also results in faster polymerization and degradation of PACA owing to the increase in the concentration of hydroxyl ion responsible for the hydrolysis of alkyl side chain. By varying the type of NP coating, the EE and the drug release profile can be modulated because the surfactant, which can be either physically or chemically linked at the NP surface, constitutes a second diffusion barrier for drug release. [START_REF] Duan | Reversion of multidrug resistance by co-encapsulation of doxorubicin and curcumin in chitosan/poly(butyl cyanoacrylate) nanoparticles[END_REF][START_REF] Fontana | Amoxicillin-loaded polyethylcyanoacrylate nanoparticles: Influence of PEG coating on the particle size, drug release rate and phagocytic uptake[END_REF] For example, in vitro release of amoxicillin, an hydrophilic drug, in PBS was enhanced by increasing the number-average molar mass (M n ) of the PEG coating onto PECA NPs. This was explained by an increase in the drug/polymer NPs affinity due to the hydrophilic nature of PEG. Furthermore, higher EE (from 8.4 % to 65.2 %) of Dox in PBCA NPs was reported by rising the surfactant concentration from 0.05 % to 0.2 % (w/v). The porosity of the NPs was reduced, thus limiting the drug diffusion to the surrounding environment during the reaction. [START_REF] Duan | Reversion of multidrug resistance by co-encapsulation of doxorubicin and curcumin in chitosan/poly(butyl cyanoacrylate) nanoparticles[END_REF] However, successful surfactant-free emulsion polymerization of BCA can also be performed in a hydrochloric acid solution leading to high EE and DL. [START_REF] Yang | Doxorubicin-loaded poly(butylcyanoacrylate) nanoparticles produced by emulsifier-free emulsion polymerization[END_REF] Dox was loaded up to 13.6 wt % in stable NPs with average diameters below 50 nm.

As the solubility of the active ingredient in the continuous/dispersed phases remains the key parameter to enhance EE and DL, inclusion complexes can be employed to improve the hydrophilicity of poorly water-soluble active ingredients. [START_REF] Zhao | Enhanced bioavailability of orally administered flurbiprofen by combined use of hydroxypropyl-cyclodextrin and poly(alkyl-cyanoacrylate) nanoparticles[END_REF][START_REF] Mazzaferro | Intestinal permeation enhancement of docetaxel encapsulated into methyl-β-cyclodextrin/poly(isobutylcyanoacrylate) nanoparticles coated with thiolated chitosan[END_REF][START_REF] Boudad | Combined hydroxypropyl-βcyclodextrin and poly(alkylcyanoacrylate) nanoparticles intended for oral administration of saquinavir[END_REF] For instance, hydroxypropyl-cyclodextrin was used as a complex to in situ encapsulate saquinavir.

Compared to the free drug, the loading was 20 times higher. [START_REF] Boudad | Combined hydroxypropyl-βcyclodextrin and poly(alkylcyanoacrylate) nanoparticles intended for oral administration of saquinavir[END_REF] Moreover, other physicochemical properties of the active ingredient may also affect the release. For instance, the active ingredient (or the surfactant) can contain nucleophilic groups that trigger anionic [START_REF] Page-Clisson | Drug Targeting by Polyalkylcyanoacrylate Nanoparticles Is Not Efficient Against Persistent Salmonella[END_REF] or zwitterionic [START_REF] Yang | Doxorubicin-loaded poly(butylcyanoacrylate) nanoparticles produced by emulsifier-free emulsion polymerization[END_REF][START_REF] Guise | Vidarabine-Loaded Nanoparticles: A Physicochemical Study[END_REF] polymerization, thus leading to a covalent bound between the active ingredient and the polymer. In this case the covalent linkage needs to be cleaved to release the active ingredient. This explains why the cumulative release of ciprofloxacin was limited to 70 % from poly(isohexyl cyanoacrylate) NPs prepared by emulsion polymerization and stabilized by 1 wt % dextran and 5 wt % glucose. [START_REF] Page-Clisson | Drug Targeting by Polyalkylcyanoacrylate Nanoparticles Is Not Efficient Against Persistent Salmonella[END_REF] It may also be noted that this phenomenon can simultaneously lead to inactivation of the active ingredient (the so-called prodrug concept) until the drug-polymer linkage is cleaved. [START_REF] Guise | Vidarabine-Loaded Nanoparticles: A Physicochemical Study[END_REF] Other matrices based on MMA or NIPAAm are commonly employed for direct and reverse emulsion polymerization, respectively. [START_REF] Babu | Development of 5-fluorouracil loaded poly(acrylamide-co-methylmethacrylate) novel core-shell microspheres: In vitro release studies[END_REF][START_REF] Bhawal | Effect of a polymerizable cosurfactant on the microstructure and drug-release properties of nanoparticles synthesized through emulsion polymerization[END_REF][START_REF] Schachschal | Encapsulation of enzymes in microgels by polymerization/cross-linking in aqueous droplets[END_REF] As discussed previously in part 2.1 and 2.3, variations of the polymer composition can be performed to modulate EE, DL and the drug release. For instance, laccase enzyme-loaded PNIPAAm microgels were synthesized via water/heptane emulsion polymerization. The introduction of a hydrophilic monomer, 1vinylimidazol (VIm), at 5 mol % in the PNIPAAm matrix, increased the EE of the enzyme by 4, [START_REF] Schachschal | Encapsulation of enzymes in microgels by polymerization/cross-linking in aqueous droplets[END_REF] due to the imidazole groups that generated strong electrostatic interactions with the opposite charges of the enzyme. In another study, the release of 5-FU from P(MMA-co-AAm) microspheres was tuned by reducing the amount of NNMBA crosslinker, resulting in a less rigid matrix (Fig. 11). [ Stimuli-responsive systems also constitute a relevant approach for the in situ encapsulation of active ingredients. The introduction of degradable crosslinkers (e.g., BAC, [START_REF] Wutzel | Poly[N-(2-hydroxypropyl)methacrylamide] nanogels by RAFT polymerization in inverse emulsion[END_REF] cystine disacrylamide, [START_REF] Raghupathi | Utilizing Inverse Emulsion Polymerization To Generate Responsive Nanogels for Cytosolic Protein Delivery[END_REF] peptidic [START_REF] Dorresteijn | Polylactide-block-Polypeptide-block-Polylactide Copolymer Nanoparticles with Tunable Cleavage and Controlled Drug Release[END_REF]), or pH-, and electrical-sensitive monomers (e.g., Vim [START_REF] Schachschal | Encapsulation of enzymes in microgels by polymerization/cross-linking in aqueous droplets[END_REF],

3,4-ethylenethiophene (EDOT)[80]), allows for the modulation of the release kinetics of the active ingredients. For instance, a controlled release of the CREKA peptide from poly(3,4ethylenethiophene) (PEDOT) NPs by cyclic voltammetry (CV) was reported.

[80] Each CV cycle led to a release of 0.3 % of the initial amount of entrapped CREKA. From a mechanistic point of view, the polymer/peptide interactions weaken after each oxidation/reduction cycle, allowing the interactions to be adjusted by an external voltage. By copolymerizing HEMA with the BAC crosslinker via RAFT-mediated reverse emulsion polymerization, reduction-sensitive nanogels were obtained (Fig. 12). [START_REF] Wutzel | Poly[N-(2-hydroxypropyl)methacrylamide] nanogels by RAFT polymerization in inverse emulsion[END_REF] Subsequent release of cytochrome C was demonstrated by disulfide-bond cleavage. It should be noted that controlled radical polymerization may be an attractive method to produce uniform nanogels relevant for controlled drug release applications. A bifunctionalized peptide was also employed to generate enzyme-responsive NPs by emulsion polymerization. [START_REF] Dorresteijn | Polylactide-block-Polypeptide-block-Polylactide Copolymer Nanoparticles with Tunable Cleavage and Controlled Drug Release[END_REF] It was used as both an initiator and a crosslinking agent, and triggered the ring-opening polymerization of L-lactide in non-aqueous emulsion (NAE) during which 5-FU was encapsulated (Fig. 13). [START_REF] Dorresteijn | Polylactide-block-Polypeptide-block-Polylactide Copolymer Nanoparticles with Tunable Cleavage and Controlled Drug Release[END_REF] After transfer to water and stabilization by Lutensol AP20 as a PEG-based surfactant, the resulting NPs exhibited significant cytotoxicity on C2C12 cells (similar to the free drug) via specific cleavage from MMP2 enzyme. The enzyme-mediated decrease in M n promoted the release of 5-FU under physiological conditions, together with the concomitant decrease in the glass transition temperature (T g ) of the copolymer from 39 to 31°C. It could be noticed that the NAE method is convenient for the encapsulation of temperature and moisture-sensitive ingredients. Hydrophilic monomers are mainly considered for the encapsulation of fragile hydrophilic biological compounds, such as peptides or proteins, necessitating inverse emulsion process.

However, the presence of organic solvents can cause denaturation of enzymes. [START_REF] Raghupathi | Utilizing Inverse Emulsion Polymerization To Generate Responsive Nanogels for Cytosolic Protein Delivery[END_REF] , [START_REF] Schachschal | Encapsulation of enzymes in microgels by polymerization/cross-linking in aqueous droplets[END_REF] Several parameters can be adjusted to perform the reaction under mild conditions, like using low temperatures, selecting non-ionic surfactants, adapting the pH, protecting specific enzyme functions or purification via centrifugation rather than chemical extraction. The hydrophilic initiator APS/TEMED and the non-ionic surfactant BrijL4 were used for the encapsulation of caspase-3 protein into poly(hydroxyl ethylacrylamide) (PHEA) nanogels (~15 protein per nanogel) in PBS/heptane emulsion at room temperature (Fig. 14). [START_REF] Raghupathi | Utilizing Inverse Emulsion Polymerization To Generate Responsive Nanogels for Cytosolic Protein Delivery[END_REF] Interestingly, the biological activity of the protein was successfully maintained. Considering NS morphology, interpenetrating networks (IPN) can generate stable, loaded nanogels. [START_REF] Rao | Curcumin encapsulated pH sensitive gelatin based interpenetrating polymeric network nanogels for anti cancer drug delivery[END_REF] Diffusion of the active ingredient through the nanogels can be modulated by the degree of cross-linking of each network. For instance, the encapsulation of curcumin in pH-sensitive gelatin-poly(acrylamidoglycolic acid) INP nanogels (Fig. 15) was reported. [START_REF] Rao | Curcumin encapsulated pH sensitive gelatin based interpenetrating polymeric network nanogels for anti cancer drug delivery[END_REF] Firstly, free-radical polymerization (FRP) of acrylamidoglycolic acid (AGA) and NNMBA was performed in the presence of gelatin at 70°C by reverse emulsion. Then, glutaraldehyde (GA)

was added to form the second network. Cur was evenly distributed in the INP nanogels and an EE of 48 % was obtained. Interestingly, Cur exhibited controlled release from the nanogels and absence of initial burst release. Reproduced with permission from Elsevier Science Ltd.

In conclusion, in situ encapsulation during emulsion polymerization offers the opportunity to encapsulate hydrophobic or hydrophilic active ingredients through direct or inverse emulsion, where PACA NPs represents the most investigated system.

Miniemulsion polymerization

Miniemulsion polymerization represents a convenient process for the in situ encapsulation of active ingredients as it can be considered as a simplified model of the emulsion polymerization. [START_REF] Landfester | Miniemulsions for Nanoparticle Synthesis[END_REF][START_REF] Landfester | Encapsulation by Miniemulsion Polymerization[END_REF] The active ingredient is dissolved in the monomer droplets and is therefore directly at the polymerization site. Therefore, partial solubility of the active ingredient in the dispersed medium is not required and its concentration in the monomer droplet remains constant and predictable throughout the polymerization. Depending on its solubility in the polymer matrix, the active ingredient can be distributed uniformly or form microdomains in the NPs. Miniemulsion polymerization is a straightforward pathway to achieve nanoparticles with different characteristics, not only by radical or anionic polymerizations, but also by cationic, catalytic, ring-opening metathesis polymerization (ROMP), polyaddition, enzymatic, oxidative ones. [START_REF] Landfester | Encapsulation by Miniemulsion Polymerization[END_REF][START_REF] Landfester | Nanocapsules with specific targeting and release properties using miniemulsion polymerization[END_REF] Like emulsion, miniemulsion can be direct or reverse, depending on the monomer solubility, and it can also produce NS and NC morphologies.

In the case of direct miniemulsion, PACA NSs have been extensively studied. [START_REF] Shahmabadi | Efficacy of Cisplatin-loaded polybutyl cyanoacrylate nanoparticles on the glioblastoma[END_REF][START_REF] Xu | Protective Effects of Poly (butyl) Cyanoacrylate Nanoparticles Containing Vasoactive Intestinal Peptide Against 6-Hydroxydopamine-Induced Neurotoxicity In Vitro[END_REF][START_REF] Hasandoost | In vitro effect of imatinib mesylate loaded on polybutylcyanoacrylate nanoparticles on leukemia cell line K562[END_REF][START_REF] Jin | In vitro and in vivo evaluation of 10hydroxycamptothecin-loaded poly (n-butyl cyanoacrylate) nanoparticles prepared by miniemulsion polymerization[END_REF][START_REF] Huang | Synthesis of high loading and encapsulation efficient paclitaxelloaded poly(n-butyl cyanoacrylate) nanoparticles via miniemulsion[END_REF][START_REF] Ghaferi | Preparation, Characterization, and Evaluation of Cisplatin-Loaded Polybutylcyanoacrylate Nanoparticles with Improved In Vitro and In Vivo Anticancer Activities[END_REF] Developed later than emulsion polymerization, [START_REF] Weiss | A Route to Nonfunctionalized and Functionalized Poly(nbutylcyanoacrylate) Nanoparticles: Preparation in Miniemulsion[END_REF][START_REF] Douglas | Particle size and size distribution of poly(butyl-2cyanoacrylate) nanoparticles: I. Influence of physicochemical factors[END_REF][START_REF] Limouzin | Anionic Polymerization of n-Butyl Cyanoacrylate in Emulsion and Miniemulsion[END_REF] miniemulsion polymerization of PACA can give higher solids content with a wider pH range of the reaction medium. [START_REF] Weiss | A Route to Nonfunctionalized and Functionalized Poly(nbutylcyanoacrylate) Nanoparticles: Preparation in Miniemulsion[END_REF] Basically, BCA is solubilized with the active ingredient in the organic phase, and transferred to an aqueous solution containing a surfactant. Then, high-energy emulsification is applied (by means of ultrasounds or microfluidizer). Anionic polymerization remains the most used method. A wide range of active compounds like cisplastin, [START_REF] Ghaferi | Preparation, Characterization, and Evaluation of Cisplatin-Loaded Polybutylcyanoacrylate Nanoparticles with Improved In Vitro and In Vivo Anticancer Activities[END_REF] imatinib mesylate, [START_REF] Hasandoost | In vitro effect of imatinib mesylate loaded on polybutylcyanoacrylate nanoparticles on leukemia cell line K562[END_REF] 10hydroxycamptothecin (HPCT), [START_REF] Jin | In vitro and in vivo evaluation of 10hydroxycamptothecin-loaded poly (n-butyl cyanoacrylate) nanoparticles prepared by miniemulsion polymerization[END_REF] paclitaxel (Ptx) [START_REF] Huang | Synthesis of high loading and encapsulation efficient paclitaxelloaded poly(n-butyl cyanoacrylate) nanoparticles via miniemulsion[END_REF] and VIP peptide [START_REF] Xu | Protective Effects of Poly (butyl) Cyanoacrylate Nanoparticles Containing Vasoactive Intestinal Peptide Against 6-Hydroxydopamine-Induced Neurotoxicity In Vitro[END_REF] were successfully entrapped in PBCA NSs, [START_REF] Shahmabadi | Efficacy of Cisplatin-loaded polybutyl cyanoacrylate nanoparticles on the glioblastoma[END_REF][START_REF] Xu | Protective Effects of Poly (butyl) Cyanoacrylate Nanoparticles Containing Vasoactive Intestinal Peptide Against 6-Hydroxydopamine-Induced Neurotoxicity In Vitro[END_REF][START_REF] Hasandoost | In vitro effect of imatinib mesylate loaded on polybutylcyanoacrylate nanoparticles on leukemia cell line K562[END_REF][START_REF] Jin | In vitro and in vivo evaluation of 10hydroxycamptothecin-loaded poly (n-butyl cyanoacrylate) nanoparticles prepared by miniemulsion polymerization[END_REF][START_REF] Huang | Synthesis of high loading and encapsulation efficient paclitaxelloaded poly(n-butyl cyanoacrylate) nanoparticles via miniemulsion[END_REF][START_REF] Ghaferi | Preparation, Characterization, and Evaluation of Cisplatin-Loaded Polybutylcyanoacrylate Nanoparticles with Improved In Vitro and In Vivo Anticancer Activities[END_REF] especially for the treatment of cancer and Parkinson's disease. To enhance the stability and therapeutic properties of the resulting PACA NSs, [START_REF] Shahmabadi | Efficacy of Cisplatin-loaded polybutyl cyanoacrylate nanoparticles on the glioblastoma[END_REF][START_REF] Xu | Protective Effects of Poly (butyl) Cyanoacrylate Nanoparticles Containing Vasoactive Intestinal Peptide Against 6-Hydroxydopamine-Induced Neurotoxicity In Vitro[END_REF] surfactants with suggested anticancer activity (e.g., honey and olive oil) can be added to the initial formulation.

By considering similar drug delivery systems, the miniemulsion process can yield higher DL and EE values than those obtained by emulsion polymerization, for instance with Ptx (DL: 0.18 vs 0.57 wt % and EE: 18 vs. 57 %, respectively) (Table 2). [START_REF] Huang | Synthesis of high loading and encapsulation efficient paclitaxelloaded poly(n-butyl cyanoacrylate) nanoparticles via miniemulsion[END_REF] These results were approximatively 3-fold higher than those obtained via the emulsion process at a similar drug concentration in the monomer feed (1 wt %). In addition, a less pronounced burst effect and slower release were observed. It can be noticed that the release rate of Ptx decreased by increasing the initial drug content in the NPs. These results differ to the usual release trend of hydrophilic drugs from NPs via a concentration gradient. Indeed, hydrophobic drugs reduce the rate of hydrolytic degradation of PACA by limiting the penetration of water and hydroxyl ions into the NPs. [START_REF] Huang | Synthesis of high loading and encapsulation efficient paclitaxelloaded poly(n-butyl cyanoacrylate) nanoparticles via miniemulsion[END_REF] In other attempt, analogous trends were obtained for the DL and EE of 10-hydroxycamptothecin between miniemulsion and emulsion techniques (EE: 94 % > 52 % and DL: 16 wt % > 0.6 wt %, respectively). [START_REF] Jin | In vitro and in vivo evaluation of 10hydroxycamptothecin-loaded poly (n-butyl cyanoacrylate) nanoparticles prepared by miniemulsion polymerization[END_REF] These NPs also demonstrated successful cellular uptake by Caco-2 cells via active endocytosis, clathrin-and caveolinmediated pathways, which was proportional to the concentration of the NPs. Furthermore, a pharmacokinetic study on rats showed improved bioavailability of the drug encapsulated in the NPs compared to a suspension of HPCT, which is promising for the use these NPs as oral drug delivery nanocarriers. Styrene (S) and MMA-based matrices are commonly used for the entrapment of hydrophobic active ingredients [START_REF] Fonseca | Production of PMMA Nanoparticles Loaded with Praziquantel Through "In Situ" Miniemulsion Polymerization[END_REF][START_REF] Campos | P(MMA-co-AA) Nanoparticles Loaded with Clioquinol and Functionalized with TAT Peptide[END_REF][START_REF] Gomes | Encapsulation of N,N-diethyl-meta-toluamide (DEET) via miniemulsion polymerization for temperature controlled release[END_REF][START_REF] Song | Size-controlled/Surface-Functionalized Polystyrene Nanospheres with Good Biocompatibility and High Encapsulation Efficiency of Cyclosporin A via Miniemulsion Polymerization in One Step[END_REF][START_REF] Alves | In situ encapsulation of praziquantel through methyl methacrylate/diethylaminoethyl methacrylate and MMA/DMAEMA miniemulsion copolymerizations in presence of distinct ionic surfactants[END_REF][START_REF] Valério | Kinetic Study of Candida antarctica Lipase B Immobilization Using Poly(Methyl Methacrylate) Nanoparticles Obtained by Miniemulsion Polymerization as Support[END_REF] via direct miniemulsion polymerization at high solids content (around 10-20 wt %), using AIBN or KPS as initiator. As discussed previously, a comonomer can be introduced to adjust the hydrophilicity of the polymer matrix and improve the EE. [START_REF] Song | Size-controlled/Surface-Functionalized Polystyrene Nanospheres with Good Biocompatibility and High Encapsulation Efficiency of Cyclosporin A via Miniemulsion Polymerization in One Step[END_REF] In addition, tuning the T g of poly(methyl methacrylate-co-n-butyl methacrylate) (P(MMA-co-BMA)) NSs by adjusting the comonomer ratio resulted in a temperature dependence for the release mechanism. [START_REF] Gomes | Encapsulation of N,N-diethyl-meta-toluamide (DEET) via miniemulsion polymerization for temperature controlled release[END_REF] At T < T g , the release rate of N,N-diethyl-meta-toluamide (DEET), the most common active ingredient in insect repellents, was limited by polymer relaxation, whereas Fickian diffusion governed the overall release at higher temperature. NSs based on a P(S-co-MMA-co-AA) terpolymer were also developed to tune the release of Ptx (Fig. 16). [START_REF] Rajaee | Encapsulation of paclitaxel in ultra-fine nanoparticles of acrylic/styrene terpolymer for controlled release[END_REF] By modulating monomer ratio, a prolonged release over 96 h was reached, which was governed by the concentration gradient and swelling mechanism. For the development of targeted delivery systems, the incorporation of AA monomer units may provide a suitable strategy for surface functionalization. For instance, in case of clioquinol encapsulation, cell-penetrating trans-activating transcriptor (TAT) was successfully immobilized via the carboxylic groups of P(AA-co-S) NSs to enhance the passage of nanoparticles through the blood brain barrier. [START_REF] Campos | P(MMA-co-AA) Nanoparticles Loaded with Clioquinol and Functionalized with TAT Peptide[END_REF] In other hand, a hydrophilic enzyme (CaIB) can be used in direct miniemulsion polymerization. The enzyme was first dissolved in the aqueous continuous phase and further immobilized on the surface of PMMA NSs after polymerization (Fig. 17). The decrease in enzyme activity after 120 min of reaction was circumvented by increasing the initial CaIB content, making such a strategy of high relevance for catalytic applications. Interestingly, in situ encapsulation of hydrophobic active ingredients (e.g., Ptx) during miniemulsion polymerization has also been adapted to degradable polymer matrices, such as poly(5,6-benzo-2-methylene-1,3-dioxepane) (PBMDO) [START_REF] Siebert | Synthesis of Polyester Nanoparticles in Miniemulsion Obtained by Radical Ring-Opening of BMDO and Their Potential as Biodegradable Drug Carriers[END_REF] or chitosan. [START_REF] Du | Characteristics of paclitaxel-loaded chitosan oligosaccharide nanoparticles and their preparation by interfacial polyaddition in O/W miniemulsion system[END_REF] High EE values (> 70 %) were mostly achieved in particles smaller than 300 nm in diameter without any drug alteration. For instance, radical ring-opening polymerization of BMDO was efficiently performed in aqueous dispersed medium under miniemulsion conditions at 7 wt % solids content using Tween80 as surfactant. [START_REF] Siebert | Synthesis of Polyester Nanoparticles in Miniemulsion Obtained by Radical Ring-Opening of BMDO and Their Potential as Biodegradable Drug Carriers[END_REF] These degradable NSs, containing ester linkages in the copolymer backbones, were successfully internalized by HeLa cells and were able to deliver the drug to the cytoplasm of HeLa cells. In addition, a slower release was observed in vitro compared with two commercially available formulations of Ptx (i.e., Pac-Hospira and Abraxane).

Since EE and DL are essential criteria for the in situ encapsulation of active ingredients, specific parameters of the miniemulsion process can be tuned to improve them, such as the characteristics of the emulsification method [START_REF] Fonseca | Production of PMMA Nanoparticles Loaded with Praziquantel Through "In Situ" Miniemulsion Polymerization[END_REF] or the nature of the hydrophobic agent to prevent Ostwald repening. [START_REF] Rajot | Nonionic Nanoparticles by Miniemulsion Polymerization of Vinyl Acetate with Oligocaprolactone Macromonomer or Miglyol as Hydrophobe. Application to the Encapsulation of Indomethacin[END_REF][START_REF] Park | Influence of hydrophobe on the release behavior of vinyl acetate miniemulsion polymerization[END_REF] For instance, benzyl benzoate was used as a hydrophobic agent to reach high EE values of indometahacin in vinyl acetate (VAc) based NPs while the drug was insoluble in Miglyol, which is an lipophilic compound. [START_REF] Rajot | Nonionic Nanoparticles by Miniemulsion Polymerization of Vinyl Acetate with Oligocaprolactone Macromonomer or Miglyol as Hydrophobe. Application to the Encapsulation of Indomethacin[END_REF] The release profile of an antibiotic, erythromycin estolate, was also tuned by modifying the nature of the hydrophobic agent in PVAc NSs. [START_REF] Park | Influence of hydrophobe on the release behavior of vinyl acetate miniemulsion polymerization[END_REF] Faster release was observed for PVAc as a hydrophobic agent while hexadecane, which is more hydrophobic, prevented the drug release. Furthermore, a hydrophobic drug can be directly employed as a hydrophobic stabilizer to target high drug contents. [START_REF] Chausson | Block copolymers of the type poly(caprolactone)-b-poly(ethylene oxide) for the preparation and stabilization of nanoemulsions[END_REF] By loading the organic phase up to 50 wt % with vitamin E acetate, stable PVAc NSs with an average size of less than 200 nm were produced while maintaining the drug integrity. [START_REF] Chausson | Block copolymers of the type poly(caprolactone)-b-poly(ethylene oxide) for the preparation and stabilization of nanoemulsions[END_REF] A method operating under milder reaction conditions was based on a UV initiator and a polymerizable surfactant Hitenol BC 20. [START_REF] Amato | Destruction of Opportunistic Pathogens via Polymer Nanoparticle-Mediated Release of Plant-Based Antimicrobial Payloads[END_REF] It avoided the use of a hydrophobic agent and achieved a high loading capacity without the need for post-polymerization purification (Fig. 18). For the first time, the antimicrobial efficacy of essential oils, thymol and carvacrol solution, loaded in polythioeter NPs against B.

cenocepacia was demonstrated due to their sustained release. By comparing two emulsification methods, a higher EE (~100 %) of praziquantel (PZQ) in PMMA NPs was achieved with the high-pressure homogenizer than with the ultraturax. [START_REF] Fonseca | Production of PMMA Nanoparticles Loaded with Praziquantel Through "In Situ" Miniemulsion Polymerization[END_REF] These NPs featured a smaller average diameter (< 100 nm) and a narrow PSD, as well as increased colloidal stability. Thus, the encapsulation of PZQ relied not only on thermodynamic partitioning but also on hydrodynamic effects. Despite, the multifunctional nature of the PZQ, no significant variation in polymerization rate was observed, although a small amount of drug may act as a chain transfer agent (CTA) given its multiple functional groups.

Inverse miniemulsion polymerization represents a relevant and easy method for the encapsulation of hydrophilic compounds. For example, a widely used biocompatible PEGtype nanogels has been considered to entrap various active ingredients, such as caffeine [START_REF] Artusio | Synthesis of high payload nanohydrogels for the ecapsulation of hydrophilic molecules via inverse miniemulsion polymerization: caffeine as a case study[END_REF] or several polyphosphates. [START_REF] Yin | De Novo Synthesis and Functional Analysis of Polyphosphate-Loaded Poly(Ethylene) Glycol Hydrogel Nanoparticles Targeting Pyocyanin and Pyoverdin Production in Pseudomonas aeruginosa as a Model Intestinal Pathogen[END_REF] To eradicate virulence factors of intestinal pathogen, Pseudomonas aeruginosa, sodium hexametaphosphate-loaded into poly[oligo(ethylene glycol) diacrylate-co-N-vinyl pyrrolidone] nanogels were synthesized at 56°C using cyclohexane as oil phase, Tween 20/Span 80 as surfactant mixture and KPS as initiator. [START_REF] Yin | De Novo Synthesis and Functional Analysis of Polyphosphate-Loaded Poly(Ethylene) Glycol Hydrogel Nanoparticles Targeting Pyocyanin and Pyoverdin Production in Pseudomonas aeruginosa as a Model Intestinal Pathogen[END_REF] In vitro release studies demonstrated a prolonged drug release. Therefore, since these nanogels exhibited a negative zeta-potential and thus minimize cellular uptake, they could be exploited for delivery into intestinal mucus. Physical entrapment of biological compounds, such as a peptide has also been successfully accomplished in PEG nanogels (Fig. 19). [START_REF] Young | Design and characterization of hydrogel nanoparticles with tunable network characteristics for sustained release of a VEGF-mimetic peptide[END_REF] When loaded with QK, a peptide mimicking vascular endothelial growth factor A (VEGF), they exhibited an average diameter of 230 nm and narrow size distribution.

Despite thermal initiation, preservation of the α-helical secondary structure and bioactivity of QK were confirmed by circular dichroism spectroscopy and a tubulogenesis assay on Matrigel, respectively. The release profile was regulated by the nanogel density, and led to sustained release over several weeks. These representative examples highlighted the potential of the miniemulsion polymerization process for the in situ physical encapsulation of a wide range of biologically active ingredients. Acting as nanoreactors, the monomer droplets provide a confined medium for the drug via direct or reverse miniemulsion. Despite the need for a high-energy emulsification step, the miniemulsion process is one of the most widespread and simple techniques for the in situ entrapment of active ingredients, by featuring droplets of controlled size and broad diversity in terms of the nature of the polymer, as well as high solids content and post functionalization opportunities. In addition, the introduction of hydrophobic agents into the formulation provides another leverage to tune DL and EE values.

Microemulsion polymerization

Microemulsion polymerization represents a relevant process to form smaller, monodisperse nanoparticles exhibiting sizes often below 100 nm. [START_REF] Qiu | Controlled/living radical polymerization in aqueous media: homogeneous and heterogeneous systems[END_REF] This process generally leads to very stable nanoparticle suspensions, suitable for biomedical applications. Microemulsions are spontaneously formed, thus avoiding the use for a high shear emulsification device. For the in situ encapsulation during microemulsion polymerization, it limits the risk of early degradation of the active ingredient. However, due to the large amount of surfactant required, its nature and its potential interaction with the encapsulated compound, it represents a key parameter for both the stability of the system and the integrity of the biologically active ingredient. Indeed, ionic surfactants can reduce protein activity through electrostatic and hydrophobic interactions. [START_REF] Wu | Optimisation of Dex-GMA nanoparticles prepared in modified micro-emulsion system: Physical and biologic characterization[END_REF] For example, the sodium bis(2-ethylhexyl) sulfosuccinate (AOT) surfactant was used in a water/n-heptane inverse microemulsion process for the polymerization of glycidyl methacrylate-derived dextran (Dex-GMA). [START_REF] Wu | Optimisation of Dex-GMA nanoparticles prepared in modified micro-emulsion system: Physical and biologic characterization[END_REF] To prevent the degradation of basic fibroblast growth factor (bFGF) activity by AOT, an aprotic solvent like dimethyl sulfoxide (DMSO) was added. DMSO was located at the micellar interface and enhanced the activity of bFGF in vitro. PACA polymers were also studied as polymer matrices for microemulsion polymerization by modulating the size of the NPs as a function of drug and monomer concentrations. [START_REF] Harmia-Pulkkinen | Manufacture of polyalkylcyanoacrylate nanoparticles with pilocarpine and timolol by micelle polymerization: Factors influencing particle formation[END_REF] To modulate the EE and the drug release profile, varying the composition of the polymer backbone constitutes an appropriate strategy for each polymerization process, including microemulsion polymerization. The influence of N-vinylcaprolactam as a hydrophilic comonomer was studied for PMMA NPs by changing the initial stoichiometry of the comonomer feed. [START_REF] Shah | A novel approach to prepare etoposide-loaded poly(N-vinyl caprolactam-co-methylmethacrylate) copolymeric nanoparticles and their controlled release studies[END_REF] The highest EE value was obtained for pure PMMA NPs when loaded with etoposide as a hydrophobic anticancer drug (EE = 67 % > 35 % for PMMA and P(MMAco-VCL) NPs with a MMA:VCL ratio of 25:75, respectively). On the contrary, the cumulative etoposide release increased with the hydrophilicity of the NPs (Fig. 21). It could be noticed that the drug release profile exhibited an initial burst effect, followed by a controlled release over 30 h in PBS solution. On-demand release could also be achieved by incorporating a photocleavable crosslinker.

This was illustrated by the synthesis of crosslinked PHEA nanogels of 200 nm in diameter by reverse microemulsion polymerization in the presence of alkaline phosphatase protein (ALP) (Fig. 22). [START_REF] Azagarsamy | Photocontrolled Nanoparticles for On-Demand Release of Proteins[END_REF] In response to light exposure, concomitant degradation and swelling of the nanogels led to a successful enzymatic release. Micro BCA assays revealed a DL of 1.5 wt % of protein. ). [START_REF] Azagarsamy | Photocontrolled Nanoparticles for On-Demand Release of Proteins[END_REF], Copyright 2012. Reproduced with permission from the American Chemical Society.

Microemulsion polymerization is thus a convenient method to synthesize small and monodisperse NPs. However, this less investigated process requires a high amount of surfactant which would likely hamper clinical translation unless further developments are made in this direction.

Suspension polymerization

In situ physical encapsulation via suspension polymerization has been less reported in the case of biologically active ingredients, as it generally leads to microparticles, which are less suitable for drug delivery applications, especially those requiring intravenous administration.

Recently, biodegradable poly(p-dioxanone) (PDDO) was synthesized at body temperature in scCO 2 conditions. [START_REF] Rao | Body temperature polymerization and in situ drug encapsulation in supercritical carbon dioxide[END_REF] Microparticles with a narrow average diameter of 5 µm were obtained. The successful encapsulation of Ptx (EE ≈ 80 % and DL = 2-4 wt % ) was performed under mild conditions (Fig. 23). [START_REF] Rao | Body temperature polymerization and in situ drug encapsulation in supercritical carbon dioxide[END_REF] In vitro release experiments in PBS showed a controlled release of the drug with a cumulative release of 50 % in one month. This process represents a relevant one-pot synthetic pathway at low temperature in the absence of organic solvent that could be interesting for potential industrialization. 

Polymerization-induced self-assembly

Much of the current research effort devoted to PISA is focused on designing systems suitable for biomedical applications, including drug delivery. [START_REF] Zhu | Bio)degradable and Biocompatible Nano-Objects from Polymerization-Induced and Crystallization-Driven Self-Assembly[END_REF][START_REF] Zhang | Polymerization-Induced Self-Assembly of Functionalized Block Copolymer Nanoparticles and Their Application in Drug Delivery[END_REF] It is well known that the self-assembly of block copolymers can be affected by a variety of parameters such as solvent polarity, pH, and ionic strength etc. Thus, for the in situ loading of active ingredients by PISA, its presence during polymerization/copolymer self-assembly process could alter the morphology phase diagram depending on its concentration and interaction with the polymer chains. [START_REF] Cao | Drug-Directed Morphology Changes in Polymerization-Induced Self-Assembly (PISA) Influence the Biological Behavior of Nanoparticles[END_REF] However, most of the current studies have reported morphology retention during the in situ encapsulation by PISA. [START_REF] Jiang | Preparation of Redox-Sensitive Shell Cross-Linked Nanoparticles for Controlled Release of Bioactive Agents[END_REF][START_REF] Wang | Preparation and drug release property of CO2 stimulussensitive poly(N, N-dimethylaminoethyl methacrylate)-b-polystyrene nanoparticles[END_REF][START_REF] Engström | In Situ Encapsulation of Nile Red or Doxorubicin during RAFT-Mediated Emulsion Polymerization via Polymerization-Induced Self-Assembly for Biomedical Applications[END_REF][START_REF] Varlas | Tuning the membrane permeability of polymersome nanoreactors developed by aqueous emulsion polymerization-induced self-assembly[END_REF][START_REF] Tan | Photo-PISA: Shedding Light on Polymerization-Induced Self-Assembly[END_REF][START_REF] Blackman | Permeable Protein-Loaded Polymersome Cascade Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] Tan | Enzyme-Assisted Photoinitiated Polymerization-Induced Self-Assembly: An Oxygen-Tolerant Method for Preparing Block Copolymer Nano-Objects in Open Vessels and Multiwell Plates[END_REF][START_REF] Tan | Facile Preparation of CO2-Responsive Polymer Nano-Objects via Aqueous Photoinitiated Polymerization-Induced Self-Assembly (Photo-PISA)[END_REF][START_REF] Blackman | Confinement of Therapeutic Enzymes in Selectively Permeable Polymer Vesicles by Polymerization-Induced Self-Assembly (PISA) Reduces Antibody Binding and Proteolytic Susceptibility[END_REF][START_REF] Varlas | Photoinitiated Polymerization-Induced Self-Assembly in the Presence of Surfactants Enables Membrane Protein Incorporation into Vesicles[END_REF][START_REF] Zaquen | Visible Light-Mediated Polymerization-Induced Self-Assembly Using Continuous Flow Reactors[END_REF][START_REF] Blackman | Antimicrobial Honey-Inspired Glucose-Responsive Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] He | Thermoresponsive Block Copolymer Vesicles by Visible Light-Initiated Seeded Polymerization-Induced Self-Assembly for Temperature-Regulated Enzymatic Nanoreactors[END_REF] To the best of our knowledge, RAFT-controlled polymerization remains the most used polymerization technique for PISA, due to its ability to control a wide range of monomers and its relatively mild reaction conditions. [START_REF] Zhang | Polymerization-Induced Self-Assembly of Functionalized Block Copolymer Nanoparticles and Their Application in Drug Delivery[END_REF][START_REF] Wang | Preparation and drug release property of CO2 stimulussensitive poly(N, N-dimethylaminoethyl methacrylate)-b-polystyrene nanoparticles[END_REF][START_REF] Engström | In Situ Encapsulation of Nile Red or Doxorubicin during RAFT-Mediated Emulsion Polymerization via Polymerization-Induced Self-Assembly for Biomedical Applications[END_REF][START_REF] Varlas | Tuning the membrane permeability of polymersome nanoreactors developed by aqueous emulsion polymerization-induced self-assembly[END_REF][START_REF] Tan | Photo-PISA: Shedding Light on Polymerization-Induced Self-Assembly[END_REF][START_REF] Blackman | Permeable Protein-Loaded Polymersome Cascade Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] Tan | Enzyme-Assisted Photoinitiated Polymerization-Induced Self-Assembly: An Oxygen-Tolerant Method for Preparing Block Copolymer Nano-Objects in Open Vessels and Multiwell Plates[END_REF][START_REF] Tan | Facile Preparation of CO2-Responsive Polymer Nano-Objects via Aqueous Photoinitiated Polymerization-Induced Self-Assembly (Photo-PISA)[END_REF][START_REF] Blackman | Confinement of Therapeutic Enzymes in Selectively Permeable Polymer Vesicles by Polymerization-Induced Self-Assembly (PISA) Reduces Antibody Binding and Proteolytic Susceptibility[END_REF][START_REF] Varlas | Photoinitiated Polymerization-Induced Self-Assembly in the Presence of Surfactants Enables Membrane Protein Incorporation into Vesicles[END_REF][START_REF] Zaquen | Visible Light-Mediated Polymerization-Induced Self-Assembly Using Continuous Flow Reactors[END_REF][START_REF] Blackman | Antimicrobial Honey-Inspired Glucose-Responsive Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] He | Thermoresponsive Block Copolymer Vesicles by Visible Light-Initiated Seeded Polymerization-Induced Self-Assembly for Temperature-Regulated Enzymatic Nanoreactors[END_REF] It could be hypothesized that the DL and release profile of the active ingredients can be tuned by the morphology of the NPs, as the polymer represents the only diffusion barrier.

NPs with core-shell structures can be obtained by a direct emulsion PISA for the loading of hydrophobic compounds. Hydrophilic macro-RAFT agents obtained by the polymerization of poly[2-(dimethylamino)ethyl methacrylate} (PDMAEMA) [START_REF] Jiang | Preparation of Redox-Sensitive Shell Cross-Linked Nanoparticles for Controlled Release of Bioactive Agents[END_REF][START_REF] Wang | Preparation and drug release property of CO2 stimulussensitive poly(N, N-dimethylaminoethyl methacrylate)-b-polystyrene nanoparticles[END_REF] or poly[(N-[3-(dimethylamino)propyl] methacrylamide)] (PDMAPMA), were chained extend with solvophobic monomers, like styrene [START_REF] Jiang | Preparation of Redox-Sensitive Shell Cross-Linked Nanoparticles for Controlled Release of Bioactive Agents[END_REF][START_REF] Wang | Preparation and drug release property of CO2 stimulussensitive poly(N, N-dimethylaminoethyl methacrylate)-b-polystyrene nanoparticles[END_REF] or MMA. [START_REF] Engström | In Situ Encapsulation of Nile Red or Doxorubicin during RAFT-Mediated Emulsion Polymerization via Polymerization-Induced Self-Assembly for Biomedical Applications[END_REF] Various hydrophobic drugs were dissolved in the monomer phase and subsequently physically entrapped in the NP core, such as indomedine (IDN), [START_REF] Jiang | Preparation of Redox-Sensitive Shell Cross-Linked Nanoparticles for Controlled Release of Bioactive Agents[END_REF] indomethacin (IDM) [START_REF] Wang | Preparation and drug release property of CO2 stimulussensitive poly(N, N-dimethylaminoethyl methacrylate)-b-polystyrene nanoparticles[END_REF] and Dox. [START_REF] Engström | In Situ Encapsulation of Nile Red or Doxorubicin during RAFT-Mediated Emulsion Polymerization via Polymerization-Induced Self-Assembly for Biomedical Applications[END_REF] For instance, Dox was successfully loaded in PDMAPMA-b-MMA core-shell NPs with EE = 30 % (Fig. 24). [START_REF] Engström | In Situ Encapsulation of Nile Red or Doxorubicin during RAFT-Mediated Emulsion Polymerization via Polymerization-Induced Self-Assembly for Biomedical Applications[END_REF] To adjust the drug release profile, responsive comonomers [START_REF] Jiang | Preparation of Redox-Sensitive Shell Cross-Linked Nanoparticles for Controlled Release of Bioactive Agents[END_REF] or crosslinkers [START_REF] Engström | In Situ Encapsulation of Nile Red or Doxorubicin during RAFT-Mediated Emulsion Polymerization via Polymerization-Induced Self-Assembly for Biomedical Applications[END_REF] were used during the copolymerization. For instance, a redox-responsive crosslinker, bis(acryloyloxyethyl) disulfide (BAEDS), was successfully incorporated in the core of the NPs, leading to accelerated release of IDN in PBS in the presence of dithiothreitol (DTT), a reducing agent. [START_REF] Jiang | Preparation of Redox-Sensitive Shell Cross-Linked Nanoparticles for Controlled Release of Bioactive Agents[END_REF] It could be noted that crosslinked systems provide structural stability of the morphology, which is of paramount importance for drug delivery applications to avoid early release of the payload. Dispersion PISA in water has been considered for the in situ encapsulation of hydrophilic active ingredients. Typically, a PEG-based macro CTA (e.g., PEG-CTA, POEGMA-CTA) was selected as the hydrophilic block and the chain was extended with 2-hydroxypropyl methacrylate at high solids content (10-20 wt % of HMPA). [START_REF] Tan | Photo-PISA: Shedding Light on Polymerization-Induced Self-Assembly[END_REF][START_REF] Blackman | Permeable Protein-Loaded Polymersome Cascade Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] Tan | Enzyme-Assisted Photoinitiated Polymerization-Induced Self-Assembly: An Oxygen-Tolerant Method for Preparing Block Copolymer Nano-Objects in Open Vessels and Multiwell Plates[END_REF][START_REF] Tan | Facile Preparation of CO2-Responsive Polymer Nano-Objects via Aqueous Photoinitiated Polymerization-Induced Self-Assembly (Photo-PISA)[END_REF][START_REF] Blackman | Confinement of Therapeutic Enzymes in Selectively Permeable Polymer Vesicles by Polymerization-Induced Self-Assembly (PISA) Reduces Antibody Binding and Proteolytic Susceptibility[END_REF][START_REF] Varlas | Photoinitiated Polymerization-Induced Self-Assembly in the Presence of Surfactants Enables Membrane Protein Incorporation into Vesicles[END_REF][START_REF] Zaquen | Visible Light-Mediated Polymerization-Induced Self-Assembly Using Continuous Flow Reactors[END_REF][START_REF] Blackman | Antimicrobial Honey-Inspired Glucose-Responsive Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] He | Thermoresponsive Block Copolymer Vesicles by Visible Light-Initiated Seeded Polymerization-Induced Self-Assembly for Temperature-Regulated Enzymatic Nanoreactors[END_REF] A UV-visible light triggered the polymerization at room temperature allowing for a short reaction time. By changing the length of the PHMPA block, different morphologies have been obtained such as worms, spheres or vesicles. [START_REF] Penfold | Thermoreversible Block Copolymer Worm Gels Using Binary Mixtures of PEG Stabilizer Blocks[END_REF] However, encapsulation in polymer vesicles has been mainly reported. [START_REF] Tan | Photo-PISA: Shedding Light on Polymerization-Induced Self-Assembly[END_REF][START_REF] Varlas | Photoinitiated Polymerization-Induced Self-Assembly in the Presence of Surfactants Enables Membrane Protein Incorporation into Vesicles[END_REF][START_REF] Blackman | Antimicrobial Honey-Inspired Glucose-Responsive Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] He | Thermoresponsive Block Copolymer Vesicles by Visible Light-Initiated Seeded Polymerization-Induced Self-Assembly for Temperature-Regulated Enzymatic Nanoreactors[END_REF] For instance, Dox was successfully loaded into PEG-b-PHMPA vesicles with DL of 0.5 wt % and EE of 6.5 %, which exhibited an average diameter of 163 nm. [START_REF] Zaquen | Visible Light-Mediated Polymerization-Induced Self-Assembly Using Continuous Flow Reactors[END_REF] It may be noted that Dox can also be used as a catalyst for the photopolymerization without being degraded. [START_REF] Zhang | Dual Role of Doxorubicin for Photopolymerization and Therapy[END_REF] By comparing photoinitiation and thermal initiation, it appeared that higher enzymatic activity of bovine serum albumin (BSA) was obtained under UV light initiation, as the retention of enzymatic activity was > 90 % for photoinitiation vs. < 65 % for the thermal route. [START_REF] Tan | Photo-PISA: Shedding Light on Polymerization-Induced Self-Assembly[END_REF] Enzyme-assisted photoinitiated PISA was also reported for the co-encapsulation of BSA and glucose oxidase (Gox). [START_REF] Tan | Enzyme-Assisted Photoinitiated Polymerization-Induced Self-Assembly: An Oxygen-Tolerant Method for Preparing Block Copolymer Nano-Objects in Open Vessels and Multiwell Plates[END_REF] Gox allowed to degas the solution by reduction of dissolved oxygen, which enabled the polymerization to reach high monomer conversion (> 80 %) and high EE values for both enzymes (~50 %). 54 % is considered to be the highest loading efficiency via physical trapping during PISA dispersion. [START_REF] Blackman | Permeable Protein-Loaded Polymersome Cascade Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] Tan | Enzyme-Assisted Photoinitiated Polymerization-Induced Self-Assembly: An Oxygen-Tolerant Method for Preparing Block Copolymer Nano-Objects in Open Vessels and Multiwell Plates[END_REF] To tune the release of the active ingredient, a responsive comonomer can be introduced. By using DMAEMA as a comonomer during the chain extension, carbon dioxide (CO 2 )-sensitive vesicles were prepared (Fig. 25). The responsiveness of the vesicles relies on the higher hydrophilicity of the tertiary amine group of DMAEMA in presence of CO 2 , which leads to the disassembly of the vesicles. In situ physical encapsulation in vesicles via PISA represents a relevant strategy to protect enzymes for the external environment. By allowing modulation of membrane permeability, these capsules are particularly relevant for nanoreactor applications. [START_REF] Blackman | Permeable Protein-Loaded Polymersome Cascade Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] Blackman | Confinement of Therapeutic Enzymes in Selectively Permeable Polymer Vesicles by Polymerization-Induced Self-Assembly (PISA) Reduces Antibody Binding and Proteolytic Susceptibility[END_REF][START_REF] Varlas | Photoinitiated Polymerization-Induced Self-Assembly in the Presence of Surfactants Enables Membrane Protein Incorporation into Vesicles[END_REF][START_REF] Blackman | Antimicrobial Honey-Inspired Glucose-Responsive Nanoreactors by Polymerization-Induced Self-Assembly[END_REF][START_REF] He | Thermoresponsive Block Copolymer Vesicles by Visible Light-Initiated Seeded Polymerization-Induced Self-Assembly for Temperature-Regulated Enzymatic Nanoreactors[END_REF] For instance, the permeability of PHMPA membranes was studied with a range of small molecule substrates. [START_REF] Blackman | Permeable Protein-Loaded Polymersome Cascade Nanoreactors by Polymerization-Induced Self-Assembly[END_REF] Horseradish peroxidase (HRP) and GOx were separately loaded into PEG-b-PHPMA vesicles (EE(HRP) = 27 % and EE(GOx) = 25 %) and generated cascade reactions in the presence of D-glucose (Fig. 26). [START_REF] Blackman | Permeable Protein-Loaded Polymersome Cascade Nanoreactors by Polymerization-Induced Self-Assembly[END_REF] Relatively to the free enzymes, the cascade proceeded with 46 ± 3 % activity owing to the intrinsic permeability of the PHPMA membrane for small components. Thanks to its size selective permeability, the PEG-b-PHMPA membrane also provided a powerful protective barrier for enzymes. A therapeutic enzyme, L-asparaginase (ASNS), was preserved from proteolytic degradation and antibody binding, allowing it to be effective against lung adenocarcinoma (gene silenced A549) cells. [START_REF] Blackman | Confinement of Therapeutic Enzymes in Selectively Permeable Polymer Vesicles by Polymerization-Induced Self-Assembly (PISA) Reduces Antibody Binding and Proteolytic Susceptibility[END_REF] More recently, GOx was entrapped in PEG-b-PHMA vesicles as nanoreactors for antibacterial treatment, producing hydrogen peroxide in response to glucose, which exhibited high efficacy against both Gram-positive and Gram-negative bacteria at high glucose concentrations. [START_REF] Blackman | Antimicrobial Honey-Inspired Glucose-Responsive Nanoreactors by Polymerization-Induced Self-Assembly[END_REF] Fig. 26 ( Different strategies have also been considered to control membrane permeability, which is an essential parameter for nanoreactor efficacy. For example, inclusion of a hydrophobic protein (outer membrane protein F (OmpF)) in the vesicle membrane has been investigated. [START_REF] Varlas | Photoinitiated Polymerization-Induced Self-Assembly in the Presence of Surfactants Enables Membrane Protein Incorporation into Vesicles[END_REF] In situ encapsulation of HRP enzyme resulted in a higher enzymatic catalytic activity for the functionalized membrane. In another work, epoxy-functionalized vesicles were also envisaged by copolymerization of HPMA and glycidyl methacrylate (GlyMA). [START_REF] Varlas | Tuning the membrane permeability of polymersome nanoreactors developed by aqueous emulsion polymerization-induced self-assembly[END_REF] To adjust the membrane porosity, the epoxy functions were reacted with diverse amines. However, these pathways led to an irreversible change in membrane porosity. Recently, a thermoresponsive polymer, PNIPAM, was crosslinked with hydrophobic diacetone acrylamide (DAAm) or hydrophilic N,N′-dimethylacrylamide (DMAAm), and introduced into the vesicle membrane (EE = 27 %) via seeded PISA (Fig. 27). [START_REF] He | Thermoresponsive Block Copolymer Vesicles by Visible Light-Initiated Seeded Polymerization-Induced Self-Assembly for Temperature-Regulated Enzymatic Nanoreactors[END_REF] The reversible membrane permeability was demonstrated and the transition temperature of the vesicle was tuned in particular by the composition of the copolymer and the nature of the crosslinker. Furthermore, the authors demonstrated the release of HRP through morphology transition (from vesicle to worm-like micelle) by decreasing the temperature down to 6°C for the uncrosslinked system. Although conservation of the morphology during in situ entrapment is often observed, some morphological variation may also occur, especially depending on the initial concentration of active ingredient and its interaction with the polymer matrix. This was for instance the case particles obtained via RAFT dispersion in ethanol/water mixture (Fig. 28). [START_REF] Cao | Drug-Directed Morphology Changes in Polymerization-Induced Self-Assembly (PISA) Influence the Biological Behavior of Nanoparticles[END_REF] By increasing the amount of Cur for a given degree of polymerization of PMMA, the authors showed the possibility of achieving transition to higher morphological orders, such as worms to vesicles or micelles to worms. This has been assigned to the fact that the drug participated in increasing the hydrophobicity of the particles. EEs between 22-38 % and DLs of 0.1-1.5 wt % were obtained. Depending on the morphology, the drug was preferentially localized in the core for the worms and NSs, and in the shell for the vesicles, according to SANS and SAXS measurements. Thus, the shell hydration and the arrangement of polymers in the shell were modified, which had an impact on cellular internalization, as enhanced cellular uptake was reported for worms and NSs. Due to the morphological diversity and mild surfactant-free polymerization conditions, PISA is a promising polymerization process for the in situ loading of biologically active ingredients.

Multiple parameters, such as the length of the hydrophobic block and the block length ratio of the particles can tune the DL, EE and drug release kinetics. Future developments based on the relationship between the nature/concentration of the active ingredient and the morphology of the particles could be an interesting avenue to follow, especially for biomedical applications (e.g., impact on cellular uptake, biological interactions, etc.).

Interfacial polymerization

The nanocapsule morphology can also be considered for the in situ encapsulation of active ingredients. These structures are composed of a liquid core, either aqueous (AC-NCs) or oily (OC-NCs), surrounded by a thin polymer layer/shell (Fig. 29). They have therefore a lower polymer content than that of NSs.[60] Thus, higher DL values are expected since the solubility of the active ingredients in a liquid core can be very high compared to what is often obtained with other morphologies that rely on polymer/drug affinity. As a common method for NCs synthesis, interfacial polymerization is performed by using dispersed droplets as templates. The active ingredient is previously dissolved in the dispersed phase (that will eventually constitute the liquid core of the NCs). AC-NCs may be a relevant strategy to encapsulate hydrophilic active ingredients which is currently challenging when water is the dispersing medium owing to their low affinity with NSs. It may be noted that interfacial polymerization consisting of crosslinking a preformed polymer has not been considered in this review as it is out of its scope. In this section, different types of templates were considered depending on the emulsification process. The droplet size and dispersity can influence the polymerization kinetics and the final characteristics of the NCs suspension in terms of stability, size, DL and EE. 

Emulsion template

In this section, macroemulsion and nanoemulsion templates obtained by different emulsification processes, such as the solvent displacement method, the use of a homogenizer or magnetic stirring, will be treated simultaneously.

Overall, PACA polymers have been extensively used for the preparation of polymer

NCs. [START_REF] Valero | Effect of Polymerization Coadjuvants on Nanocapsule Elaboration and Triamcinolone Entrapment[END_REF][START_REF] Michel C | The Effect of Site of Administration in the Gastrointestinal Tract on the Absorption of Insulin from Nanocapsules in Diabetic Rats[END_REF][START_REF] Aboubakar | Study of the mechanism of insulin encapsulation in poly(isobutylcyanoacrylate) nanocapsules obtained by interfacial polymerization[END_REF][START_REF] Cournarie | Evidence for restrictive parameters in formulation of insulin-loaded nanocapsules[END_REF][START_REF] Lambert | Polyisobutylcyanoacrylate nanocapsules containing an aqueous core for the delivery of oligonucleotides[END_REF][START_REF] Miyazaki | Poly n-butylcyanoacrylate (PNBCA) nanocapsules as a carrier for NSAIDs: in vitro release and in vivo skin penetration[END_REF][START_REF] Yao | Optimization of paeonol-loaded poly(butyl-2-cyanoacrylate) nanocapsules by central composite design with response surface methodology together with the antibacterial properties[END_REF][START_REF] Khouri Fallouh | Development of a new process for the manufacture of polyisobutylcyanoacrylate nanocapsules[END_REF][START_REF] Gallardo | Study of the mechanisms of formation of nanoparticles and nanocapsules of polyisobutyl-2-cyanoacrylate[END_REF] Depending on the nature of the dispersed phase, AC-NCs or OC-NCs have been obtained. OC-NCs were generated by mixing the ACA monomer with an oil and a water-miscible solvent (usually ethanol). [START_REF] Khouri Fallouh | Development of a new process for the manufacture of polyisobutylcyanoacrylate nanocapsules[END_REF] By pouring this solution into an aqueous phase containing a surfactant under vigorous stirring, an emulsion was formed, and anionic interfacial polymerization occurred at the water/oil interface triggered by hydroxide ions.

Several parameters can modulate the size of the NCs and thus the DL, such as the diffusion of the organic solvent into the organic phase, the concentration of the monomer and the surfactant. ACA NCs exhibited an average diameter about 250-350 nm with low solid content (1 wt %). [START_REF] Valero | Effect of Polymerization Coadjuvants on Nanocapsule Elaboration and Triamcinolone Entrapment[END_REF][START_REF] Michel C | The Effect of Site of Administration in the Gastrointestinal Tract on the Absorption of Insulin from Nanocapsules in Diabetic Rats[END_REF][START_REF] Aboubakar | Study of the mechanism of insulin encapsulation in poly(isobutylcyanoacrylate) nanocapsules obtained by interfacial polymerization[END_REF][START_REF] Cournarie | Evidence for restrictive parameters in formulation of insulin-loaded nanocapsules[END_REF][START_REF] Lambert | Polyisobutylcyanoacrylate nanocapsules containing an aqueous core for the delivery of oligonucleotides[END_REF][START_REF] Miyazaki | Poly n-butylcyanoacrylate (PNBCA) nanocapsules as a carrier for NSAIDs: in vitro release and in vivo skin penetration[END_REF][START_REF] Yao | Optimization of paeonol-loaded poly(butyl-2-cyanoacrylate) nanocapsules by central composite design with response surface methodology together with the antibacterial properties[END_REF][START_REF] Khouri Fallouh | Development of a new process for the manufacture of polyisobutylcyanoacrylate nanocapsules[END_REF][START_REF] Gallardo | Study of the mechanisms of formation of nanoparticles and nanocapsules of polyisobutyl-2-cyanoacrylate[END_REF] It is noteworthy that NSs can also be generated among the NC population by partial polymerization in the organic phase. The use of aprotic solvents, such as acetonitrile or acetone can nonetheless inhibit this side polymerization. [START_REF] Puglisi | Influence of the preparation conditions on poly(ethylcyanoacrylate) nanocapsule formation[END_REF] For example, insulin, a water-soluble peptide used for the treatment of diabetes, was loaded in situ into PBCA OC-NCs. [START_REF] Michel C | The Effect of Site of Administration in the Gastrointestinal Tract on the Absorption of Insulin from Nanocapsules in Diabetic Rats[END_REF][START_REF] Aboubakar | Study of the mechanism of insulin encapsulation in poly(isobutylcyanoacrylate) nanocapsules obtained by interfacial polymerization[END_REF][START_REF] Cournarie | Evidence for restrictive parameters in formulation of insulin-loaded nanocapsules[END_REF] As it was soluble in the organic phase at pH < 3, insulin was directly dissolved in the oil phase prior to emulsion formation. [START_REF] Cournarie | Evidence for restrictive parameters in formulation of insulin-loaded nanocapsules[END_REF] An EE of 75 % was achieved in NCs of 350 nm in diameter. Hydrophobic drugs, like indomethacin [START_REF] Miyazaki | Poly n-butylcyanoacrylate (PNBCA) nanocapsules as a carrier for NSAIDs: in vitro release and in vivo skin penetration[END_REF] and paenol, [START_REF] Yao | Optimization of paeonol-loaded poly(butyl-2-cyanoacrylate) nanocapsules by central composite design with response surface methodology together with the antibacterial properties[END_REF] were successfully encapsulated in situ into PACA OC-NCs for NSAIDs transdermal delivery [START_REF] Miyazaki | Poly n-butylcyanoacrylate (PNBCA) nanocapsules as a carrier for NSAIDs: in vitro release and in vivo skin penetration[END_REF] or antibacterial activity, [START_REF] Yao | Optimization of paeonol-loaded poly(butyl-2-cyanoacrylate) nanocapsules by central composite design with response surface methodology together with the antibacterial properties[END_REF] respectively. Water-core ACA NCs have also been developed by adding ACA monomers to perform inverse emulsion template. However, this system required a redispersion in the water phase to yield NCs suitable for biomedical applications. The in situ encapsulation of antisense oligonucleotides (ODNs) in PBCA AC-NCs with 2.5 nmol ODN per mg of polymer was also successfully reported. [START_REF] Lambert | Polyisobutylcyanoacrylate nanocapsules containing an aqueous core for the delivery of oligonucleotides[END_REF] Other polymeric matrices obtained by interfacial polycondensation were also reported for the in situ physical encapsulation of active ingredients. For instance, interfacial Like the PIT method, other low shearing energy emulsification processes, such as the solvent diffusion method, have been combined with step-growth polymerization for the synthesis of polyester, [START_REF] Stumpo | Scale-up of polyamide and polyester Parsol® MCX nanocapsules by interfacial polycondensation and solvent diffusion method[END_REF] polyamide [START_REF] Hanno | Polyamide Nanocapsules and Nano-emulsions Containing Parsol® MCX and Parsol® 1789: In Vitro Release, Ex Vivo Skin Penetration and Photo-Stability Studies[END_REF] and polyurethane [START_REF] Bouchemal | Synthesis and characterization of polyurethane and poly(ether urethane) nanocapsules using a new technique of interfacial polycondensation combined to spontaneous emulsification[END_REF] NCs. In general, the organic phase is composed of a water miscible solvent and one of the two monomers. The aqueous phase contains the surfactants, the second monomer and the active ingredient.

Then, interfacial polycondensation occurs during the formation of the emulsion on the surface of the droplet. For instance, this was applied to α-tocopherol, a hydrophobic drug, in polyurethane and poly(ether urethane) NCs leading to high EE values (88-92 %). [START_REF] Bouchemal | Synthesis and characterization of polyurethane and poly(ether urethane) nanocapsules using a new technique of interfacial polycondensation combined to spontaneous emulsification[END_REF] In addition, to avoid the high energy process and to modulate the size of capsules, an emulsifying membrane can be employed to generate an emulsion. [START_REF] Ishizuka | Synthesis of microcapsules using inverse emulsion periphery RAFT polymerization via SPG membrane emulsification[END_REF] Poly[(diethylene glycol) methyl ether methacrylate]-b-poly(methyl methacrylate)-b-poly[(ethylene glycol) dimethacrylate-co-methyl methacrylate] (PDEGMA-b-PMMA-b-P(MMA-co-EGDMA)) NCs loaded with bovine serum albumin were synthesized using a broad size range of monomer droplets (from 500 nm to 12 µm), which is inaccessible by conventional (mini)emulsion polymerization (Fig. 31). [START_REF] Ishizuka | Synthesis of microcapsules using inverse emulsion periphery RAFT polymerization via SPG membrane emulsification[END_REF] High EE (close to 100 %) was obtained due to the low solubility of proteins in the organic phase. Using a preformed inverse miniemulsion, periphery-controlled polymerization can be achieved to obtain NCs. This process involves triggering polymerization at the periphery of the dispersed drop with an amphiphilic macroinitiator, suitable to stabilize the emulsion. For example, the chain extension of poly(N-(2-hydroxylpropyl methacrylamide)-b-poly(methyl methacrylate) (PHPMAm-co-MMA)) macro-CTA with MMA and the crosslinking agent EGDMA via reverse emulsion polymerization in a toluene/water mixture under ultrasonication was demonstrated (Fig. 33). [START_REF] Utama | Synthesis of hollow polymeric nanoparticles for protein delivery via inverse miniemulsion periphery RAFT polymerization[END_REF] The reaction was triggered at 60°C using AIBN as radical initiator in the presence of BSA in the aqueous phase. NCs with an average diameter of 170 nm and a shell of 12 nm were obtained without denaturation of BSA (87 % of its remaining activity). An in vitro assay in PBS revealed that 41 % of the encapsulated BSA was released within 3 days, mediated by the crosslinking density of the shell that ensured efficient diffusion of the protein. co-EGDMA)) by using camphorquinone/ethyl 4(dimethylamino)benzoate photoinitiators (Fig. 34). [START_REF] Ishizuka | Polymeric Nanocapsules for Enzyme Stabilization in Organic Solvents[END_REF] Calorimetric assay demonstrated the conservation of the enzyme activity.

Interestingly, this inverse miniemulsion periphery RAFT polymerization allows the use of enzymes in organic media for biocatalytic application. Polycondensation reactions can be also carried out from miniemulsion template to achieve

NCs. [START_REF] Gaudin | Core-shell biocompatible polyurethane nanocapsules obtained by interfacial step polymerisation in miniemulsion[END_REF][START_REF] Du | Preparation and characteristics of hydroxypropyl-βcyclodextrin polymeric nanocapsules loading nimodipine[END_REF][START_REF] Seneca | Nanocapsules with stimuli-responsive moieties for controlled release employing light and enzymatic triggers[END_REF] For instance, IBU has been successfully incorporated into biocompatible polyurethane NCs with mean size inferior to 200 nm. [START_REF] Gaudin | Core-shell biocompatible polyurethane nanocapsules obtained by interfacial step polymerisation in miniemulsion[END_REF] However, side reactions between the carboxylic group of IBU and the isocyanate functions of the isophorone diisocyanate (IPDI) monomer have been detected by NMR, resulting in a decrease in the degree of polymerization. As previously discussed in section 2.1, the composition of the polymer NPs can affect the drug diffusion and the drug release. This phenomenon was observed for nimodipine loaded in hydroxypropyl-b-cyclodextrin (Hp-b-CD) crosslinked OC-NCs. [START_REF] Du | Preparation and characteristics of hydroxypropyl-βcyclodextrin polymeric nanocapsules loading nimodipine[END_REF] By comparing the in vitro release of nimodipine from Hp-b-CD OC-NCs and chitosan NCs, a lower cumulative release rate was obtained for Hp-b-CD OC-NCs which may be due to the inclusion of the drug in the cavity of Hp-b-CD (Fig. 35). [START_REF] Du | Preparation and characteristics of hydroxypropyl-βcyclodextrin polymeric nanocapsules loading nimodipine[END_REF] Dual-stimuli responsive OC-NCs have also been reported. [START_REF] Seneca | Nanocapsules with stimuli-responsive moieties for controlled release employing light and enzymatic triggers[END_REF] Based on thiol-isocyanate and hydroxyl-isocyanate coupling, NCs featured both UV-light and esterase enzyme sensitivities. Successful encapsulation of Dox.HCl was performed with a DL of 0.18 wt % and EE of 96 %. An apoptotic effect was demonstrated in MCF-7 breast cancer cells after drug release (Fig. 36).

[161] 

"Microemulsion" template

NC morphology has also been explored for in situ encapsulation using a microemulsion template. The main polymer matrix investigated remains PACA, especially via reverse microemulsion polymerization for the loading of hydrophilic active ingredients. Generally, the formulation is composed of a mixture of surfactants (Cillet4/Crill4, [START_REF] Watnasirichaikul | Preparation of Biodegradable Insulin Nanocapsules from Biocompatible Microemulsions[END_REF] polysorbate 80 and sorbitan mono-oleate [START_REF] Watnasirichaikul | Effects of formulation variables on characteristics of poly (ethylcyanoacrylate) nanocapsules prepared from w/o microemulsions[END_REF]) solubilized in an oil phase (Crodamol GTCC and Capmul, [START_REF] Watnasirichaikul | Preparation of Biodegradable Insulin Nanocapsules from Biocompatible Microemulsions[END_REF][START_REF] Pitaksuteepong | Uptake of antigen encapsulated in polyethylcyanoacrylate nanoparticles by D1-dendritic cells[END_REF][START_REF] Pitaksuteepong | Factors influencing the entrapment of hydrophilic compounds in nanocapsules prepared by interfacial polymerisation of water-in-oil microemulsions[END_REF][START_REF] Hillaireau | Encapsulation of antiviral nucleotide analogues azidothymidine-triphosphate and cidofovir in poly(iso-butylcyanoacrylate) nanocapsules[END_REF][START_REF] Hillaireau | Encapsulation of mono-and oligonucleotides into aqueous-core nanocapsules in presence of various water-soluble polymers[END_REF] glyceride mixture). Then, the ACA monomer dissolved in chloroform is added dropwise at 4°C overnight. Biocompatible surfactants can be used to avoid centrifugation/washing/drying process to remove the large excess of potentially toxic surfactants. [START_REF] Watnasirichaikul | Preparation of Biodegradable Insulin Nanocapsules from Biocompatible Microemulsions[END_REF] Various compounds (e.g., insulin, [START_REF] Watnasirichaikul | Preparation of Biodegradable Insulin Nanocapsules from Biocompatible Microemulsions[END_REF][START_REF] Watnasirichaikul | Effects of formulation variables on characteristics of poly (ethylcyanoacrylate) nanocapsules prepared from w/o microemulsions[END_REF][START_REF] Watnasirichaikul | In-vitro release and oral bioactivity of insulin in diabetic rats using nanocapsules dispersed in biocompatible microemulsion[END_REF][START_REF] Graf | Protein delivery using nanoparticles based on microemulsions with different structure-types[END_REF][START_REF] Graf | Oral insulin delivery using nanoparticles based on microemulsions with different structure-types: Optimisation and in vivo evaluation[END_REF] antiviral nucleotide azidothymidine-triphosphate and cidofovir [START_REF] Hillaireau | Encapsulation of antiviral nucleotide analogues azidothymidine-triphosphate and cidofovir in poly(iso-butylcyanoacrylate) nanocapsules[END_REF][START_REF] Hillaireau | Encapsulation of mono-and oligonucleotides into aqueous-core nanocapsules in presence of various water-soluble polymers[END_REF]) have been successfully entrapped in PACA NCs. For example, the parameters influencing the encapsulation of various hydrophilic compounds into PECA NCs were investigated. [START_REF] Pitaksuteepong | Factors influencing the entrapment of hydrophilic compounds in nanocapsules prepared by interfacial polymerisation of water-in-oil microemulsions[END_REF] It was shown that the EE increases with the MW of the loaded active ingredient: dextran with MW of 70 kDa (Dex70) presented higher EE than with dextran 10 kDa (Dex10) (90 % vs. 50 %) (Fig. 37). [START_REF] Pitaksuteepong | Factors influencing the entrapment of hydrophilic compounds in nanocapsules prepared by interfacial polymerisation of water-in-oil microemulsions[END_REF] Furthermore, negatively charge active ingredients led to a lower EE due to the repulsive interactions with PECA NCs compared to cationic and neutral counterparts. Another crosslinked system based on styrene has also been reported to achieve NCs. [START_REF] Liu | Synthesis of polystyrene nanocapsules by redox interface-initiated inversed microemulsion polymerization for drug release[END_REF] By studying the release in deionized water, it was demonstrated that the release of sodium salicylate, can be controlled by the thickness and size of NCs via adjusting the solids content.

Sucrose

Interfacial polymerization represents a suitable strategy for physical encapsulation in AC-NCs or OC-NCs. By tuning the dispersed droplet templates, DL and EE can be adjusted using a wide range of monomers by step or propagation polymerization.

2.9.

Other polymerization processes

In addition to traditional polymerization processes in dispersed media described in section 1, other polymerization methods have been reported for the in situ physical encapsulation of biomacromolecules (e.g., proteins, peptides, ribonucleic acid (RNA), viruses), and were referred as "in situ polymerization" processes by the authors. [START_REF] Zhao | Redox-responsive nanocapsules for intracellular protein delivery[END_REF][START_REF] Biswas | Endoprotease-Mediated Intracellular Protein Delivery Using Nanocapsules[END_REF][START_REF] Liu | Efficient delivery of therapeutic miRNA nanocapsules for tumor suppression[END_REF][START_REF] Weng | Enhanced structural stability of adenovirus nanocapsule[END_REF][START_REF] Zhao | Degradable polymeric nanocapsule for efficient intracellular delivery of a high molecular weight tumor-selective protein complex[END_REF][START_REF] Yan | Single siRNA Nanocapsules for Enhanced RNAi Delivery[END_REF][START_REF] Wen | Controlled Protein Delivery Based on Enzyme-Responsive Nanocapsules[END_REF][START_REF] Biswas | Polyethylene glycol-based protein nanocapsules for functional delivery of a differentiation transcription factor[END_REF][START_REF] Shibata | Surfactant-free aqueous preparation from a star polymer of sizecontrolled nanoparticles with encapsulated functional molecules[END_REF] It is noteworthy that in situ polymerization is defined in this review as a polymerization which occurs in the presence of an additional compound (e.g., an active ingredient), thus including all types of in situ encapsulation obtained by polymerization in dispersed media. [START_REF] Nguyen | 19 -Hybrid materials based on polymer nanocomposites for environmental applications[END_REF] However, a common criterion is that the monomer must be completely soluble in the reaction medium.

Encapsulation of fragile biological compounds, such as peptides or proteins, into various NCs can be performed through the formation of thin polymeric shell around the biomacromolecules of interest in situ during polymerization. To avoid their rapid degradation, the preferred synthetic routes are performed at room temperature in a buffer solution using ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) as initiating system. [START_REF] Zhao | Redox-responsive nanocapsules for intracellular protein delivery[END_REF][START_REF] Biswas | Endoprotease-Mediated Intracellular Protein Delivery Using Nanocapsules[END_REF][START_REF] Liu | Efficient delivery of therapeutic miRNA nanocapsules for tumor suppression[END_REF][START_REF] Weng | Enhanced structural stability of adenovirus nanocapsule[END_REF][START_REF] Zhao | Degradable polymeric nanocapsule for efficient intracellular delivery of a high molecular weight tumor-selective protein complex[END_REF][START_REF] Yan | Single siRNA Nanocapsules for Enhanced RNAi Delivery[END_REF][START_REF] Wen | Controlled Protein Delivery Based on Enzyme-Responsive Nanocapsules[END_REF][START_REF] Biswas | Polyethylene glycol-based protein nanocapsules for functional delivery of a differentiation transcription factor[END_REF] Spherical NCs with diameters below 100 nm were mainly reported.

For instance, proteins of different sizes and tertiary structures were successfully encapsulated in situ during the formation of poly(acrylamide-co-aminopropylmethacrylamide) NCs (Fig. 38). [START_REF] Biswas | Endoprotease-Mediated Intracellular Protein Delivery Using Nanocapsules[END_REF] A degradable peptide crosslinker sensitive to ubiquitous endoprotease furin was used. Successful intracellular delivery and release without loss of protein bioactivity on HeLa, hAFDC, and MEF cells lines were demonstrated. Other degradable crosslinkers based on a disulfide bond were also successfully used for intracellular delivery. [START_REF] Zhao | Redox-responsive nanocapsules for intracellular protein delivery[END_REF][START_REF] Zhao | Degradable polymeric nanocapsule for efficient intracellular delivery of a high molecular weight tumor-selective protein complex[END_REF] Interestingly, PEG-based monomers can advantageously substitute traditional surfactants to stabilize the NPs. [START_REF] Shibata | Surfactant-free aqueous preparation from a star polymer of sizecontrolled nanoparticles with encapsulated functional molecules[END_REF] Four-arm PEGs functionalized with an acrylate group were used to encapsulate trypsin protein. [START_REF] Shibata | Surfactant-free aqueous preparation from a star polymer of sizecontrolled nanoparticles with encapsulated functional molecules[END_REF] NP size was modulated by the intensity of the vortex, the concentrations of polymer and initiator, and the duration of the post-mixing reaction.

Other types of biological compounds, such as negatively charged non-coding RNA (siNRA [START_REF] Yan | Single siRNA Nanocapsules for Enhanced RNAi Delivery[END_REF] and miRNA [START_REF] Liu | Efficient delivery of therapeutic miRNA nanocapsules for tumor suppression[END_REF]) can also be encapsulated into NCs via in situ physical encapsulation. To promote formation of the polymeric shell, a positively charged monomer, N-(3-aminopropyl) methacrylamide (APM) [START_REF] Liu | Efficient delivery of therapeutic miRNA nanocapsules for tumor suppression[END_REF] or acryl-spermine, [START_REF] Yan | Single siRNA Nanocapsules for Enhanced RNAi Delivery[END_REF] were used (Fig. 39).

Spherical, acidic degradable NCs were obtained exhibiting an average diameter of 25

nm.

[172] Simultaneous encapsulation of different proteins has also been described, for instance in the treatment of alcohol intoxication. [START_REF] Liu | Biomimetic enzyme nanocomplexes and their use as antidotes and preventive measures for alcohol intoxication[END_REF] Featuring complementary and synergic functions, alcohol oxidase and catalase enzymes were encapsulated in situ into PAAm NCs obtained by using bis-methylacrylamide as the crosslinker. However, to ensure a well-controlled composition and spatial arrangement into the NCs, the enzymes were bounded together with a sacrificial DNA-inhibitor scaffold (Fig. 40). In vivo studies revealed that NCs of alcohol oxidase and catalase significantly reduced blood alcohol levels and lowered plasma alanine aminotransferase levels, demonstrating effective removal of toxic H 2 O 2 . The NCs also enhanced the stability and the catalytic efficiency compared to the free enzymes. Other related systems have also been developed, such as viral vector surrounded by a pHdegradable shell that increased the structural stability of the capsules 11-fold. [START_REF] Weng | Enhanced structural stability of adenovirus nanocapsule[END_REF] 

Chemical encapsulation

Although many examples have illustrated the in situ physical encapsulation of active ingredients by polymerization in dispersed media, it is well-known that this strategy faces the same limitations that those encountered from the physical encapsulation from preformed polymers via emulsification processes: (i) the "burst release" of the active ingredient postadministration; (ii) some incompatibility between the active ingredient and the polymer matrix and (iii) poor drug loadings and/or limited encapsulation efficiencies. [START_REF] Delplace | Recent trends in the design of anticancer polymer prodrug nanocarriers[END_REF] To overcome these issues, a covalent linkage between the active ingredient of interest and the polymer scaffold (to form polymer prodrugs) can be envisioned.

To this aim, two main synthetic routes have been investigated to achieve in situ chemical encapsulation of active ingredients by polymerization in dispersed media: the "grafting from" technique, which consists in growing the polymer chain from the molecule of interest and the "grafting through" technique, which requires the conjugation of the monomer to the molecule of interest prior to polymerization. [START_REF] Delplace | Recent trends in the design of anticancer polymer prodrug nanocarriers[END_REF][START_REF] Nicolas | Drug-Initiated Synthesis of Polymer Prodrugs: Combining Simplicity and Efficacy in Drug Delivery[END_REF] In general, chemical anchoring allows for a quantitative encapsulation efficiency, which is already a strong improvement compared to the physical encapsulation strategy. Nevertheless, this covalent bond must be cleavable or at least not alter the biological activity of the loaded active ingredient, which is rarely the case for prodrugs.

Precipitation polymerization

In situ chemical encapsulation by precipitation polymerization has been mainly performed via the synthesis of nanogels. A hydrophobic anticancer drug, camptothecin (CPT), was incorporated with a high grafting rate of 94.5 % into PMAA NPs using NNMBA as a crosslinker at 82°C in acetonitrile (Fig. 41). [START_REF] Qu | Redox/pH dual-stimuli responsive camptothecin prodrug nanogels for "on-demand" drug delivery[END_REF] CPT was covalently conjugated via a redoxresponsive disulfide linker and its release was triggered by increasing the amount of the reducing agent glutathione (GSH). This strategy appears relevant for on-demand liberation in the tumour tissue microenvironment as these prodrug nanogels exhibited superior antitumor activity in both in vitro and in vivo experiments, without inducing noticeable side effects. A light-initiated copolymerization of acrylate-modified avidin with NIPAM was performed at 45°C to immobilize the enzyme and prevent its degradation with temperature. [START_REF] Hu | Control of Poly(N-isopropylacrylamide) Microgel Network Structure by Precipitation Polymerization near the Lower Critical Solution Temperature[END_REF] In contrast to physical encapsulation, retention of enzyme activity was demonstrated using fluorescence spectroscopy. The chemical bonding led to its efficient incorporation into microgels, resulting in a few hundred avidin molecules per particle.

The enzyme can also be used as a free radical precursor to enable the synthesis to occur in mild conditions. For instance, synthesis of poly(N-vinylcaprolactam) (PVCL) microgels was triggered at moderate temperature (45°C) by glucose oxydase (Gox), glucose and ferrous ions without prior deoxygenation of the medium (Fig. 42). [START_REF] Gau | Enzymatic synthesis of temperature-responsive poly(N-vinylcaprolactam) microgels with glucose oxidase[END_REF] Interestingly, most of the GOx enzymes were immobilized onto particles, which suggested covalent linkage with the polymer. After purification by dialysis, ABTS assay showed that the immobilized GOx retained a very high activity (2000-3000 U.L -1 ). A slower polymerization rate and yield (64 % < 90 %) were obtained compared to traditional azo initiators. 

Emulsion polymerization

As previously described in section 2.3, emulsion polymerization can be also considered to chemically anchor the active agent. IBU is a well-known drug that can be conjugated to a methacrylate monomer via a pH-sensitive ester bond. [START_REF] Agostini | Synthesis and characterization of pH-sensitive drinkable nanoparticles for oral delivery of ibuprofen[END_REF] A final suspension of particles containing 30 mg.mL -1 of IBU was synthesized by direct emulsion polymerization in water at 80°C. By modulating the nature of the linker, the drug release was finely tuned (Fig. 43). A pH 6.8, a faster release was achieved when using HEMALA 4 as a linker which contains a higher number of cleavable lactic acid units (HEMALA 4 -IBU > HEMALA 2 -IBU > HEMA-IBU), exhibiting comparable IBU release than with the more hydrophilic PEGMA linker. 

Miniemulsion polymerization

A few examples of chemical encapsulations have been reported by inverse miniemulsion polymerization via ATRP. A genetically modified GFP protein (GFP1) carrying a single ATRP initiator was successfully incorporated into well-defined PEG-based nanogels, with a DL of 2.1 wt % (Fig. 44). [START_REF] Averick | Covalently incorporated protein-nanogels using AGET ATRP in an inverse miniemulsion[END_REF] In addition, it was shown that the synthesis conditions maintained the native tertiary structure of the protein. To enhance cellular uptake, glycine-arginine-glycine-aspartic acid-serine (GRGDS) peptide-PEG-acrylate was copolymerized with OEGMA. [START_REF] Siegwart | Cellular Uptake of Functional Nanogels Prepared by Inverse Miniemulsion ATRP with Encapsulated Proteins, Carbohydrates, and Gold Nanoparticles[END_REF] Uniformly crosslinked PEG nanogels with a diameter of 155 nm were obtained. Higher internalization into MC3T3 cells by clathrinmediated endocytosis was demonstrated compared with non-functionalized nanogels (95 % > 65 % internalization) using flow cytometry.

Polymerization-induced self-assembly

Given the key advantages of PISA over traditional polymerization processes in dispersed media, it has been naturally investigated for the in situ chemical encapsulation of active ingredients. This could represent a convenient system for nanomedicine applications as high DL, EE and solids content can be obtained.

When PISA is combined with the "grafting through" method, it gives the opportunity to link the active ingredient either at the surface, [START_REF] Chen | Preparation of pH-and reductiveresponsive prodrug nanoparticles via polymerization-induced self-assembly[END_REF][START_REF] Noy | Length of the Stabilizing Zwitterionic Poly(2-methacryloyloxyethyl phosphorycholine) Block Influences the Activity of the Conjugated Arsenic Drug in Drug-Directed Polymerization-Induced Self-Assembly Particles[END_REF][START_REF] Dao | Self-Assembling Peptide-Polymer Nano-Objects via Polymerization-Induced Self-Assembly[END_REF] or in the core of the NPs. [START_REF] Das | Synthesis of zwitterionic, hydrophobic, and amphiphilic polymers: Via RAFT polymerization induced self-assembly (PISA) in acetic acid[END_REF][START_REF] Tucker | Grafting-From Proteins Using Metal-Free PET-RAFT Polymerizations under Mild Visible-Light Irradiation[END_REF][START_REF] Wright | Ring-opening metathesis polymerizationinduced self-assembly (ROMPISA) of a cisplatin analogue for high drug-loaded nanoparticles[END_REF] Indeed, when the molecule of interest is covalently attached to the monomer, it can be inserted either in the solvophilic block or in the solvophobic block, depending on which type of monomer is it linked. Moreover, depending on the drug activation mechanism (i. To enhance cellular internalization, a combination of two different macro-CTAs was used for the polymerization of the CTP monomer in ethanol: (i) neutral PHPMAm-CTA to maintain the colloidal stability of the NPs and (ii) cationic poly(2-(diethylamino)ethyl methacrylate)-CTA (PDEAEMA-CTA) at a molar ratio of 9:1 (Fig. 46). [START_REF] Zhao | Polymerization-Induced Self-Assembly to Produce Prodrug Nanoparticles with Reduction-Responsive Camptothecin Release and pH-Responsive Charge-Reversible Property[END_REF] The PDEAEMA block, which is hydrophobic at physiological pH, was rapidly protonated and became positively charged in Generally speaking, even if RAFT polymerization remains the most widespread method to perform in situ chemical encapsulation by PISA, other polymerization techniques such as ROMP have also been successfully reported to achieve a similar goal. For instance, norbornene dicarboximide monomer was linked to the hydrophobic anticancer drug, cisplatin (CP), which eventually led to CP-containing NPs by PISA in aqueous media with solids content up 5 wt %. DL values of 17-54 wt % (based on platinum) were reached with NPs exhibiting an average diameter below 80 nm. [START_REF] Wright | Ring-opening metathesis polymerizationinduced self-assembly (ROMPISA) of a cisplatin analogue for high drug-loaded nanoparticles[END_REF] Protein-initiated polymerization can also be achieved simultaneously in the presence of free guest biomolecules. [START_REF] Droumaguet | In Situ ATRP-Mediated Hierarchical Formation of Giant Amphiphile Bionanoreactors[END_REF][START_REF] Ma | Efficient Way to Generate Protein-Based Nanoparticles by in-Situ Photoinitiated Polymerization-Induced Self-Assembly[END_REF][START_REF] Liu | In Situ Growth of Self-Assembled Protein-Polymer Nanovesicles for Enhanced Intracellular Protein Delivery[END_REF] By grafting an ATRP initiator onto the single free cysteine group (Cys 34) of globular BSA, BSA-polystyrene giant amphiphiles bionanoreactors were synthesized in the presence of free HRP (Fig. 47). [START_REF] Droumaguet | In Situ ATRP-Mediated Hierarchical Formation of Giant Amphiphile Bionanoreactors[END_REF] Through a combination of physical and chemical loading, the intracellular delivery of a green fluorescence protein (GFP) was enhanced using HSA-PHMPA NPs via aqueous ATRP. [START_REF] Liu | In Situ Growth of Self-Assembled Protein-Polymer Nanovesicles for Enhanced Intracellular Protein Delivery[END_REF] An EE of 12 % and DL of nearly 5 wt % were observed. Thanks to HSA surface, successful internalization of GFP-loaded NPs in MCF-7 cells was achieved through the macropinocytosis pathway. It could be noticed that by tuning the molar mass of the insoluble polymer block, different protein-polymer nanostructures were obtained; from spheres to vesicles, with retention of HRP activity. Light polymerization of HPMA in water with a multifunctionalized biomolecule (BSA) was also reported by RAFT polymerization. [START_REF] Ma | Efficient Way to Generate Protein-Based Nanoparticles by in-Situ Photoinitiated Polymerization-Induced Self-Assembly[END_REF] Guest hydrophilic agents, such as Dox or DNA, were incorporated in situ with EE of 13.5 % and 11.5 % respectively, and a triggered protease release was demonstrated. Other "grafting from" ATRP polymerizations from proteins have been reported to form giant amphiphiles in situ. [START_REF] Daskalaki | Multifunctional Giant Amphiphiles via simultaneous copper(i)-catalyzed azide-alkyne cycloaddition and living radical polymerization[END_REF][START_REF] Li | Site-Selective in Situ Growth-Induced Self-Assembly of Protein-Polymer Conjugates into pH-Responsive Micelles for Tumor Microenvironment Triggered Fluorescence Imaging[END_REF][START_REF] Theodorou | Proteinpolymer bioconjugates via a versatile oxygen tolerant photoinduced controlled radical polymerization approach[END_REF][START_REF] Theodorou | Oxygen tolerant, photoinduced controlled radical polymerization approach for the synthesis of giant amphiphiles[END_REF] For instance, pH-responsive poly(2-(diisopropylamino) ethyl methacrylate) (PDPA) micelles were successfully produced using an HSA protein initiator for the targeting of the tumor microenvironment (Fig. 48). [START_REF] Li | Site-Selective in Situ Growth-Induced Self-Assembly of Protein-Polymer Conjugates into pH-Responsive Micelles for Tumor Microenvironment Triggered Fluorescence Imaging[END_REF] Recently, oxygen tolerant photoinduced controlled radical polymerization has been developed, featuring significant advantages over conventional ATRP (Fig. 49). [START_REF] Theodorou | Proteinpolymer bioconjugates via a versatile oxygen tolerant photoinduced controlled radical polymerization approach[END_REF] In this study, different proteins (e.g., BSA, HSA, GOx and beta-galactosidase) and types of monomer such as acrylates, have been studied. [START_REF] Theodorou | Proteinpolymer bioconjugates via a versatile oxygen tolerant photoinduced controlled radical polymerization approach[END_REF] Copyright 2018. Reproduced with permission from the American Chemical Society. applications. [START_REF] Qu | Interfacial Polymerization of Dopamine in a Pickering Emulsion: Synthesis of Cross-Linkable Colloidosomes and Enzyme Immobilization at Oil/Water Interfaces[END_REF] For instance, interfacial polymerization of dopamine was achieved in the presence of lipase using silica NPs as stabilizer, via reverse emulsion polymerization at room temperature (Fig. 51). [START_REF] Qu | Interfacial Polymerization of Dopamine in a Pickering Emulsion: Synthesis of Cross-Linkable Colloidosomes and Enzyme Immobilization at Oil/Water Interfaces[END_REF] Importantly, the activity of the immobilized lipase was 1.4 and 8 times higher than that of the physically encapsulated lipase and free lipase, respectively.

Moreover, notable recyclability and stability of the enzyme was demonstrated as 87 % of the lipase activity was retained after 15 cycles. Peptides were also successfully bound to the polymer scaffold of PACA NCs by copolymerization of D-Lys6-GnRH with ECA via anionic interfacial polymerization using an inverse microemulsion template. [START_REF] Kafka | Histidine Residues in the Peptide d-Lys6-GnRH: Potential for Copolymerization in Polymeric Nanoparticles[END_REF] This led to a high EE of 95 ± 4 % of the peptide. In another example, an acryloyl functionalized peptide, representing the antigenic epitope of lymphocytic choriomeningitis virus glycoprotein (LCMV33-41), was covalently incorporated into PACA nanoparticles with high coupling efficiency (90 % of linked peptide), as shown by the low cumulative release in PBS when comparing the functionalized and non-functionalized peptide (Fig. 52).

[205] Copyright 2008. Adapted with permission from Elsevier Science Ltd.

Other polymerization processes

Other polymerization processes using the "grafting through" method have been reported for the chemical encapsulation of enzymes, and were qualified as in situ polymerization processes by the authors. [START_REF] Ge | Lipase Nanogel Catalyzed Transesterification in Anhydrous Dimethyl Sulfoxide[END_REF][START_REF] Yan | Encapsulation of Single Enzyme in Nanogel with Enhanced Biocatalytic Activity and Stability[END_REF][START_REF] Yan | A novel intracellular protein delivery platform based on single-protein nanocapsules[END_REF][START_REF] Liu | Catalase Nanocapsules Protected by Polymer Shells for Scavenging Free Radicals of Tobacco Smoke[END_REF][START_REF] Zhu | Single enzyme loaded nanoparticles for combinational ultrasound-guided focused ultrasound ablation and hypoxia-relieved chemotherapy[END_REF][START_REF] Şahutoğlu | One-phase synthesis of single enzyme nanoparticles (SENs) of Trametes versicolor laccase by in situ acrylamide polymerisation[END_REF] Typically, functionalization of the biomolecule surface is performed prior to polymerization to provide a chemical anchor. [START_REF] Ge | Lipase Nanogel Catalyzed Transesterification in Anhydrous Dimethyl Sulfoxide[END_REF][START_REF] Yan | Encapsulation of Single Enzyme in Nanogel with Enhanced Biocatalytic Activity and Stability[END_REF][START_REF] Yan | A novel intracellular protein delivery platform based on single-protein nanocapsules[END_REF][START_REF] Liu | Catalase Nanocapsules Protected by Polymer Shells for Scavenging Free Radicals of Tobacco Smoke[END_REF][START_REF] Zhu | Single enzyme loaded nanoparticles for combinational ultrasound-guided focused ultrasound ablation and hypoxia-relieved chemotherapy[END_REF][START_REF] Şahutoğlu | One-phase synthesis of single enzyme nanoparticles (SENs) of Trametes versicolor laccase by in situ acrylamide polymerisation[END_REF] For example, an acryloylation reaction is often performed on a protein to provide an available vinyl group on its surface (Fig. 53,I). [START_REF] Yan | A novel intracellular protein delivery platform based on single-protein nanocapsules[END_REF] The resulting macromonomer is then solubilized in an aqueous medium in the presence of water-soluble monomers and crosslinkers with a free radical initiator (e.g., APS/TEMED). Upon copolymerization, the double bonds are involved in the shell formation. For example, the in situ chemical encapsulation of acryloylated HRP into PAAm NCs was performed, exhibiting an average diameter of 20 nm. A single enzyme per nanogel was obtained with an a EE value of 90 %. [START_REF] Yan | Encapsulation of Single Enzyme in Nanogel with Enhanced Biocatalytic Activity and Stability[END_REF] It could be noticed that in the case of chemical encapsulation, the EE might rely more on the reactivity of the surface functions rather than on the monomer/biomolecule affinity compared to physical encapsulation.

Various acryloylated proteins such as green fluorescent protein (GFP), HRP, superoxide dismutase (SOD) or caspase-3 (CAS), were in situ chemically encapsulated into poly(acrylamide-co-2-dimethylaminoethyl methacrylate) (P(AAm-co-DMAEA))-based shell, using glycerol dimethacrylate (GDMA) and NNMBA as degradable and nondegradable crosslinkers, respectively, resulting in high EE (> 95 %) for further use in intracellular delivery (Fig. 53). [START_REF] Yan | A novel intracellular protein delivery platform based on single-protein nanocapsules[END_REF] For future research in this area, we believe that it would be important, in the context of biomedical applications, to ensure as much as possible the biocompatibility and/or biodegradation/excretion of these drug delivery systems. This is a key aspect, even if often overlooked, especially when seeking to develop a drug candidate. Selecting biocompatible/biodegradable polymers or adapting the synthesis methodologies to make the polymers (bio)degradable, for instance by using rROP for vinyl polymers, would already ensure the non-toxicity of the systems used. It would also be necessary to push as far as possible the biological evaluations of these systems (in particular to in vivo experiments) in order to know more precisely their potential and to identify the most promising systems for possible clinical translation. Furthermore, particular attention should be paid to the reproducibility and scaling up of these systems, in order to verify that the production of clinical batches could be envisaged.
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 1 Fig. 1. In situ encapsulation of biologically active ingredients into polymer (nano)particles by polymerization in dispersed media.

Fig. 2 .

 2 Fig. 2. In situ encapsulation of cefadroxil and indomethacin into poly(methyl methacrylate) (PMMA) microparticles using ethylene glycol dimethacrylate (EGDMA) as a crosslinking agent and polyvinylpyrrolidone (PVP) as stabilizer by dispersion copolymerization.

Fig. 3 .

 3 Fig. 3. (a) Cumulative release of 5-FU from PAAm microparticles containing 10 wt % of 5-FU and crosslinked with: (•) 2 wt %, (▲) 4 wt % or (■) 6 wt % of NNMBA. (b) Cumulative release of 5-FU through PAAm microparticles containing 10 wt % of 5-FU and crosslinked with: (■) 2 wt %, (•) 4 wt %, or (▲) 6 wt % of EGDMA. [44], Copyright 2020. Adapted with permission from the Royal Society of Chemistry.

Fig. 5 .

 5 Fig. 5. In situ encapsulation of four active antiretroviral (ARV) drugs (idovudine, lamivudine, nevirapine, and raltegravir) into poly(ε-caprolactone) (PCL)-based NPs using benzoyl peroxide (BPO) as the initiator, and N-phenyldiethanolamine (NPDEA)) and N,O-dimethacryloylhydroxylamine (MANHOMA) as hydrolyzable crosslinkers. PEGMA = poly(ethylene glycol) methyl ether methacrylate, PCL-HEMA = methacrylate-terminated PCL.

Fig. 6 .

 6 Fig. 6. Synthesis of antimicrobial peptide loaded particles by one-pot dispersion polymerization of HEMA in scCO 2 . Left: scheme of the high-pressure stainless-steel cell filled with HEMA, the EGDMA cross-linker, the PEO45-hv-PFDA40 stabilizer, the V-70 initiator, Pro3TL and sCO 2 . Right: A picture of the dry powder obtained after 12 h of polymerization and complete depressurization of the cell and a scanning electron microscopy image of this powder (scale bar = 3 µm). [48], Copyright 2018.

Fig. 8 .

 8 Fig. 8. Synthesis of metalloproteinase-2 (MMP2)-responsive PAAm-based nanogels for the encapsulation of a tumor metastasis inhibition peptide for inhibiting melanoma metastasis in vivo. [57],

Fig. 9 .

 9 Fig. 9. Schematic representation of poly(alkyl cyanoacrylate) formation via the stepwise anionic polymerization mechanism in emulsion/dispersion. (a) Initiation step; (b) reversible propagation step and (c) reversible termination step. [60], Copyright 2009. Reproduced with permission from John Wiley & Sons Inc.

Fig. 10 . 1 )

 101 Fig. 10. 5-FU absorption density (Γm; μmol.g -1 ) to PE-2-CA (•), PBCA (▲), PHCA (▾ ) and POCA (■) particles, as a function of the equilibrium drug concentration. The lines are guides to the eyes. [65], Copyright 2008. Reproduced with permission from Elsevier Science Ltd.

Fig. 11 .

 11 Fig. 11. Cumulative release of 5-FU through P(AAm-co-MMA) microspheres. Percentage of NNMBA crosslinker: (▲) 3 %, (■) 2 % and () 1 %. [72], Copyright 2006. Reproduced with permission from Elsevier Science Ltd.

Fig. 12 .

 12 Fig. 12. Synthesis of poly[N-(2-hydroxypropyl)methacrylamide] nanogels by RAFT-mediated reverse emulsion polymerization.

Fig. 13 .

 13 Fig. 13. Reaction scheme of L-lactide polymerization initiated by bioactive peptide. [79], Copyright 2014. Reproduced with permission from John Wiley & Sons Inc.

Fig. 14 .

 14 Fig. 14. Inverse emulsion polymerization to generate redox-responsive nanogels for cytosolic protein delivery. [78], Copyright 2017. Reproduced with permission from the American Chemical Society.

Fig. 15 .

 15 Fig. 15. Schematic representation of the formation of gelatin-poly(acrylamidoglycolic acid) interpenetrating network nanogels (INP nanogels). The reaction represents crosslinking of N,Nmethylenebis-acrylamide (NNMBA) with acrylamidoglycolic acid (AGA) via covalent bond in gelatin (GL), then glutaraldehyde (GA) are crosslinked with GL via imine linkages. [81], Copyright 2015.

Fig. 16 .

 16 Fig. 16. Schematic process for the synthesis of P(S-co-MMA-co-AA) nanosphere. [100], Copyright 2016. Reproduced with permission from Springer Nature.

[ 99 ]Fig. 17 .

 9917 Fig. 17. Schematic representation of immobilization of CalB enzyme at the surface of PMMA particles. [99], Copyright 2015. Reproduced with permission from John Wiley & Sons Inc.

Fig. 18 .

 18 Fig. 18. (a) Synthesis of polythioether NPs via photopolymerization for the in situ encapsulation of thymol and carvacrol. (b) Multifunctional monomers/surfactant used to generate polythioether nanoparticles via thiolalkene photopolymerization in miniemulsion. (c) Representative TEM of thymol/carvacrol-loaded NPs. [106], Copyright 2016. Adapted with permission from John Wiley & Sons Inc.

Fig. 19 .Fig. 20 .

 1920 Fig. 19. PEG-based hydrogel nanoparticles loaded with the angiogenic QK peptide. [109], Copyright 2017. Reproduced with permission from the Royal Society of Chemistry.

Fig. 21 .

 21 Fig. 21. Percentage cumulative release of etoposide through copolymeric nanoparticles. Symbols: PMMA (○),P(MMA-co-VCL) with MMA:VCL ratio of 75:25 (□), P(MMA-co-VCL) with MMA:VCL ratio of 50:50 (), (•) P(MMA-co-VCL) with MMA:VCL ratio of 25:75 nanoparticles. [115], Copyright 2013. Reproduced with permission from John Wiley & Sons Inc.

Fig. 22 .

 22 Fig. 22. (a) Schematic illustration of protein encapsulation and its light-induced release from crosslinked polymeric nanogels. (b) Chemical structures of monomers used in the synthesis of photocontrolled nanogels. (c) TEM image of nanogels. (d) Hydrodynamic size of unloaded nanogel (0.2 mg.mL -1

Fig. 23 .

 23 Fig. 23. In vitro release of paclitaxel from poly(p-dioxanone) (PPDO) particles with drug loading of 3 wt % or 5 wt %. [117], Copyright 2020. Reproduced with permission from the Royal Society of Chemistry.

Fig. 24 .

 24 Fig. 24. Schematic representation of the synthesis of PDMAPMA macro-RAFT agent and its chain extension with MMA via PISA to produce PDMAPMA-b-PMMA NPs. The hydrophobic agent (Dox) was encapsulated during PISA. [122], Copyright 2020. Reproduced with permission from John Wiley & Sons Inc.

[ 127 ]

 127 They were loaded with BSA (EE ~24 %) and fluorescence measurement demonstrated successful release of the enzyme after treatment with CO 2 . Recently, an azoreductase-responsive comonomer derived from a fluorescent probe, (tetraphenyl-ethylene)-azobenzene (TPE), allowed for concomitant release of loaded Dox (54 % after 24 h) and increase of the NP fluorescence (owing to the presence of a suitable fluorescent probe) in a simulated human colon environment providing biological detection and drug delivery.[START_REF] Zhou | Azoreductase-triggered fluorescent nanoprobe synthesized by RAFT-mediated polymerization-induced self-assembly for drug release[END_REF] 

Fig. 25 .

 25 Fig. 25. (a) Synthesis of poly(poly(ethylene glycol) methacrylate)-b-poly(2-hydroxypropyl methacrylate-co-2-(dimethylamino)ethyl methacrylate) polymer nano-objects via photoinitiated RAFT dispersion polymerization in water; (b) schematic illustration of CO 2 -responsive controlled disassembly process of the vesicles. [127], Copyright 2017. Reproduced with permission from John Wiley & Sons Inc.

  Fig. 26 (a) Preparation of inherently permeable protein-loaded nanoreactors by aqueous PISA. (b) Schematic and activity of the cascade reaction between HRP-and GOx-loaded vesicles with negative controls. [125], Copyright 2017. Adapted with permission from the American Chemical Society.

Fig. 27 .

 27 Fig. 27. Preparation of HRP-loaded thermoresponsive block copolymer vesicles by visible lightinitiated seeded RAFT-mediated PISA. [132], Copyright 2020. Reproduced with permission from the American Chemical Society.

  ethylphosphorylcholine)-b-poly(methyl methacrylate) (PMPC-b-PMMA)

Fig. 28 .

 28 Fig. 28. Phase diagram of PMPC-b-PMMA NP morphologies as function of the PMMA chain length and curcumin DL. [119], Copyright 2020. Adapted with permission from the American Chemical Society.

Fig. 29 .

 29 Fig. 29. Schematic representation of nanospheres (NSs), aqueous core nanocapsules (AC-NCs), and oil core nanocapsules (OC-NCs). [60], Copyright 2009. Adapted with permission from John Wiley & Sons Inc.

Fig. 30 .

 30 Fig. 30. Schematic representation of the production process of polyurea aqueous core nanocapsules. [147], Copyright 2009. Adapted with permission from the American Chemical Society.

Fig. 31 .

 31 Fig. 31. Schematic illustration of Shirasu Porous Glass (SPG) membrane emulsification with the macro-RAFT stabilizer. The dispersed phase (blue) contains guest molecules and is passed though pores into the continuous phase by pressure. Crosslinked polymeric shells are formed on the outer surface of the droplets via inverse emulsion periphery RAFT polymerization (IEPP). [151], Copyright 2016. Adapted with permission from the Royal Society of Chemistry.

Fig. 32 .

 32 Fig. 32. Effect of protein molecular weight on their release profiles, encapsulated into PBCA AC-NCs. [152], Copyright 2005. Reproduced with permission from Springer Nature.

Fig. 33 .

 33 Fig. 33. Schematic description of the synthesis of AC-NCs via inverse miniemulsion periphery RAFT copolymerization of methyl methacrylate and ethylene glycol dimethacrylate using a PHPMAm-b-PMMA macro-RAFT agent at 60°C. [157], Copyright 2012. Reproduced with permission from the Royal Society of Chemistry.

Fig. 34 .

 34 Fig. 34. Schematic illustration of synthesis of nanocapsules via inverse miniemulsion periphery RAFT polymerization. The dispersed phase (blue) contains the enzyme GOx, and the continuous phase (gray) initially contains amphiphilic macro-RAFT agent as colloidal stabilizer as well as mono-and divinyl monomer. [158], Copyright 2018. Reproduced with permission from the American Chemical Society.

Fig. 35 .

 35 Fig. 35. In vitro drug release behavior of nimodipinie-loaded hydroxypropyl-b-cyclodextrin based NCs () and nimodipinie loaded chitosan NCs () prepared by interfacial polyaddition under the same condition. [160], Copyright 2009. Reproduced with permission from Elsevier Science Ltd.

Fig. 36 .

 36 Fig. 36. Evaluation of cell toxicity in MCF-7 breast cancer cells in the presence of NCs loaded with the anticancer drug doxorubicin. Results indicate a dose dependent decrease in cell viability post 24 h incubation. Concentrations indicate total doxorubicin-loaded within NCs. Free doxorubicin at a concentration of 250 nM was used as a control. [161], Copyright 2020. Reproduced with permission from the Royal Society of Chemistry.

Fig. 37 .

 37 Effect of molecular weight and preparation method on entrapment of the model compounds: sucrose, dextran 10 kDa (Dex10) and dextran 70 kDa (Dex70). [165], Copyright 2002. Adapted with permission from Elsevier Science Ltd.

Fig. 38 .

 38 Fig. 38. (A) Structures of acrylamide, N-(3-aminopropyl) methacrylamide and furin-degradable crosslinker (CL) used to form NCs. (B) Monomers and furin-degradable CLs are polymerized to create a degradable polymeric matrix around the protein. NCs degrade intracellularly and protein releases upon proteolysis of the CLs by furin. (C) TEM images of fresh NCs and (D) NCs after incubation with furin for 10 h. (E) eGFP release by 2.5 nmol NCs for 10 h. Black solid circle: Furin-degradable NCs; Furin-degradable NCs with 1U(red solid circle) and 4 U (blue solid circle) furin; Green solid circle: Furin-degradable NCs with 1 U furin and dec-RVKR-cmk; and purple solid circle: NCs with nondegradable CLs. [50], Copyright 2011. Reproduced with permission from the American Chemical Society.

Fig. 39 .

 39 Fig. 39. Schematic illustration of the synthesis and delivery of antisense miRNA NCs. (I) enriching of the positively charged monomer (N-(3-aminopropyl) methacrylamide (APM)), the neutral monomer (acrylamide (AAm)) and crosslinkers (ethylene glycol dimethacrylate (EGDMA)), around miRNA. (II) In situ physical encapsulation leading to the formation of a thin polymer shell around the miRNA. (III) Intracellular delivery of miRNA NCs. (IV) Release of miRNA from the NCs into the cytosol upon degradation of the NC shell. [172], Copyright 2015. Reproduced with permission from John Wiley & Sons Inc.

Fig. 40 .

 40 Fig. 40. Schematic illustration of the synthesis of a double-enzyme nanocomplex model by DNAdirected assembly and nano-encapsulation. (I) Spontaneous assembly of alcohol oxidase (A), and catalase (B) with a sacrificial inhibitor-DNA scaffold. (II) Confinement and stabilization of the doubleenzyme architecture by in situ growth of a thin network polymer around the enzyme nanocomplex. [180], Copyright 2013. Adapted with permission from Springer Nature.

Fig. 41 .

 41 Fig. 41. (a) Synthesis of P(CPT-co-MAA) nanogels. (b) Schematic illustration of the pH and redox dual responsive drug release of P(CPT-co-MAA) prodrug nanogels. (c) Illustration of the redox-responsive drug release mechanism and (d) the pH-responsive mechanism. DHEDS = di-(2-hydroxyethyl) disulfide, CPTM = CPT monomer and HSEMA = 2-((2-hydroxyethyl) disulfanyl) ethyl methacrylate. [183], Copyright 2019. Reproduced with permission from Elsevier Science Ltd.

Fig. 42 .

 42 Fig. 42. Enzyme-initiated synthesis of PVCL microgel with an initiating system consisting of glucose oxidase (GOx), glucose and ferrous ions. [185], Copyright 2018. Reproduced with permission from the Royal Society of Chemistry.

Fig. 43 .

 43 Fig. 43. Ibuprofen (IBU) conjugated to the methacrylate monomer via a pH-sensitive ester bond using different linkers/monomers: poly(ethylene glycol) methacrylate (PEGMA), 2-hydroxyethyl methacrylate (HEMA) or lactide base macromonomers (HEMALA n ).

Fig. 44 .

 44 Fig. 44. Covalent attachment of GFP1 into a nanogel matrix using ATRP by inverse miniemulsion polymerization. [187], Copyright 2011. Reproduced with permission from the Royal Society of Chemistry.

  e., involving (or not) the cleavage of the covalent bond between the polymer and the drug), different strategies can modulate the accessibility of the drug and its interaction with the surrounding environment. For instance, CPT was incorporated at the surface of poly(N-(2hydroxypropyl)methacrylamide)-b-poly(2-(diisopropylamino)ethylmethacrylate-cocamptothecin)-b-poly(benzyl methacrylate) (PHPMAm-b-P(DIPEMA-co-CPT)-b-PBzMA) NPsby RAFT-mediated PISA in ethanol at 70°C (Fig.45a).[START_REF] Chen | Preparation of pH-and reductiveresponsive prodrug nanoparticles via polymerization-induced self-assembly[END_REF] 7.1 mol % of CPT was successfully inserted in polymer chain at high solids content (25 wt %). The use of a disulfide bond-containing linker enabled the successful release of CPT in the presence of GSH.Interestingly, the pH sensitivity of DIPEMA also regulated the release rate of CPT: at acidic pH, the hydrophilicity of the NPs increased and improved the accessibility of CPT by GSH (Fig.45b).

Fig. 45 .

 45 Fig. 45. (a) (1) Synthesis of PHPMAm-P(DIPEMA-co-CPTM) macro-RAFT agent. (2) Synthesis of prodrug nanoparticles via polymerization induced self-assembly (PISA) using PHPMAm-b-P(DIPEMAco-CPTM) copolymer as the macro-RAFT agent. (b) In vitro CPT release profiles from the prodrug nanoparticles at different pH and GSH concentrations. [189], Copyright 2018. Adapted with permission from Springer Nature.

  an acidic tumor environment. Thus, superior cellular internalization and anticancer efficacy were achieved compared to PHMPA-b-PCTP NPs. It was also noticed that the introduction of covalently bounded biomacromolecules influenced the nanostructure of the NPs. A morphological transition was observed by incorporating a peptide monomer into the macro-CTA. By decreasing the temperature, the anisotropic fibers were replaced by worm-like micelles.[START_REF] Dao | Self-Assembling Peptide-Polymer Nano-Objects via Polymerization-Induced Self-Assembly[END_REF] 

Fig. 46 .

 46 Fig. 46. (a) Polymerization-induced self-assembly using CPTM as the monomer and PHPMAm-CTA and PDEAEMA-CTA as the macro-RAFT agents in ethanol to synthesize PHPMAm/PDEAEMA-stabilized prodrug nanoparticles. (b) pH-responsive charge-reversal of the prodrug nanoparticles (PDEAEMA chains are hydrophobic and collapsed in neutral water whereas they became protonated and hydrophilic in acidic water). [40], Copyright 2022. Adapted with permission from the American Chemical Society.

Fig. 47 .

 47 Fig. 47. General scheme for the in situ ATRP-mediated synthesis of giant amphiphiles. [196], Copyright 2008. Adapted with permission from John Wiley & Sons Inc.

Fig. 48 .

 48 Fig. 48. Schematic illustration of synthesis of HSA-PDPA/ICG (HDI) nanoprobes (a) with pHresponsiveness (b) for acidic tumor microenvironment-triggered fluorescence imaging (c). [200],

Fig. 49 .

 49 Fig. 49. General scheme and setup for the synthesis of protein-polymer amphiphiles. Top: Conventional ATRP approach. Bottom: oxygen tolerant, photoinduced polymerization developed in the study. [201], Copyright 2020. Reproduced with permission from Springer Nature.

Fig. 50 .

 50 Fig. 50. TEM and SEM micrographs of BSA-polymer amphiphilic bioconjugates. [202], Copyright 2021. Reproduced with permission from the Royal Society of Chemistry

Fig. 51 .

 51 Fig. 51. Schematic illustration of chemical encapsulation of enzymes via simultaneous selective polymerization and covalent linking enzymes at the oil/water interface in a hydrophobic silica NPstabilized pickering emulsion. [203], Copyright 2015. Reproduced with permission from the American Chemical Society.

Fig. 52 .

 52 Fig. 52. (a) Copolymerization mechanism of alkyl cyanoacrylate and acryloyl peptide. (b) In vitro release of LCMV 33-41 (•) and acryloyl LCMV 33-41 (▲) from NPs in phosphate buffer pH 8.0. [205],

Fig. 53 .

 53 Fig. 53. Schematic showing the synthesis and cellular uptake of cationic single-protein nanocapsules (NCs) with degradable and non-degradable polymeric shells prepared by in situ copolymerization of: (1) acrylamide (AAm), (2) 2-dimethylaminoethyl methacrylate (DMAEA) and (3) non-degradable crosslinker methylenebisacrylamide (NNMBA) or (4) acid-degradable glycerol dimethacrylate (GDMA).I, formation of polymerizable proteins by conjugating polymerizable acryl groups to the protein surface; II, formation of non-degradable NCs from (1), (2) and (3); III, formation of degradable NCs from (1), (2) and (4); IV, cellular uptake of the degradable or non-degradable NCs via endocytosis; V, shells of degradable NCs break down after internalization to release the protein cargoes, allowing them to interact with large molecular substrates.[START_REF] Yan | A novel intracellular protein delivery platform based on single-protein nanocapsules[END_REF], Copyright 2010. Reproduced with permission from Springer Nature.

  

  

  

Table 1 .

 1 Characteristics of the different types of polymerizations in dispersed media.[START_REF] Qiu | Controlled/living radical polymerization in aqueous media: homogeneous and heterogeneous systems[END_REF], Copyright 2001. Adapted with permission from Elsevier Science Ltd.

	Type	a	Typical particle radius	Droplet size	Initiator	Continuous phase	Discrete phase (particles)
							Organic (poor	Initially absent, monomer-
	Dispersion	≥ 1 µm	-	Oil-soluble	solvent for	swollen polymer particles
							formed polymer)	form
	Precipitation	50-300 nm	Monomer usually water-soluble	Water-soluble	Water	As in ordinary emulsion polymerization, but monomer does not swell polymer
								Initially absent, monomer-
	Emulsion	50-300 nm	≈ 1-10 µm	Water-soluble	Water	swollen polymer particles
								form
	Inverse emulsion	10	2 -10 3 nm	≈ 1-10 µm	Water or Oil-soluble	Oil	Monomer, water + formed polymer
	Miniemulsion 30-100 nm	≈ 30 nm	Water-soluble	Water	Monomer, co-surfactant + formed polymer
	Microemulsion 10-30 nm	≈ 10 µm	Water-soluble	Water	Monomer, co-surfactant + formed polymer
	Suspension	≥ 1 µm	≈ 1-10 µm	Oil-soluble	Water	Monomer + formed polymer in pre-existing droplets

a without taking into account the characteristics of the PISA process.

Table 2 .

 2 Comparison between emulsion and miniemulsion polymerization in terms of NP properties, drug loading (DL) and encapsulation efficiency (EE) during the in situ encapsulation of paclitaxel (the monomer feed contains 1 wt % of paclitaxel).

	Method	Average diameter ± S.D. (nm)	Polydispersity	Zeta potentiel ± S.D. (mV)	M n (g.mol -1 )	DL ± S.D. (%)	EE ± S.D. (%)
	Emulsion	56.2 ± 2.0	0.132	-0.3 ± 0.3	3 900	0.18 ± 0.02 18.0 ± 2.0
	Minimemulsion 99.7 ± 4.4	0.248	-19.3 ± 2.2	3 300	0.56 ± 0.04 56.6 ± 4.0
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1-vinylimidazol VPTT volume phase transition temperature polycondensation of tolylene-2,4-diisocyanate (TDI) led to the formation of a polyurea shell, which was applied to the production of AC-NCs suitable for the encapsulation in hydrophilic drugs. [START_REF] Vrignaud | Aqueous core nanocapsules: a new solution for encapsulating doxorubicin hydrochloride[END_REF] More specifically, by using the phase inversion temperature (PIT) method, an inverse nanoemulsion template with a drop size of about 30 nm in diameter was generated under mild conditions. [START_REF] Vrignaud | Aqueous core nanocapsules: a new solution for encapsulating doxorubicin hydrochloride[END_REF][START_REF] Anton | Aqueous-Core Lipid Nanocapsules for Encapsulating Fragile Hydrophilic and/or Lipophilic Molecules[END_REF] Prior to PIT, Dox.HCl was solubilized in the aqueous phase.

After addition of monomer into the oil continuous phase, interfacial polycondensation occurred on the surface of the droplets. Finally, AC-NCs were suspended in aqueous medium by evaporating the solvent and adding water (Fig. 30). [START_REF] Vrignaud | Aqueous core nanocapsules: a new solution for encapsulating doxorubicin hydrochloride[END_REF] Cryo-TEM highlighted the formation of small AC-NCs with an average diameter of 50 nm. A high EE up to 90 %, followed by complete and prolonged release were demonstrated for the PEG-decorated AC-NCs.

"Miniemulsion" template

When an ultrasonic emulsification process is used to form a template, it can be assimilated to the formation of a "miniemulsion" template (from the analogy with the miniemulsion polymerization). By using a reverse miniemulsion template, several biological active ingredients have been loaded in PACA AC-NCs obtained by interfacial polymerization. [START_REF] Li | In vitro release of protein from poly(butylcyanoacrylate) nanocapsules with an aqueous core[END_REF][START_REF] Musyanovych | Synthesis of Poly(butylcyanoacrylate) Nanocapsules by Interfacial Polymerizationin Miniemulsions for the Delivery of DNA Molecules[END_REF][START_REF] Baier | DNA Amplification via Polymerase Chain Reaction Inside Miniemulsion Droplets with Subsequent Poly(nbutylcyanoacrylate) Shell Formation and Delivery of Polymeric Capsules into Mammalian Cells[END_REF][START_REF] Musumeci | Effects of external phase on Dcycloserine loaded W/O nanocapsules prepared by the interfacial polymerization method[END_REF][START_REF] Zhang | Preparation, characterization and biocompatibility of poly(ethylene glycol)-poly(n-butyl cyanoacrylate) nanocapsules with oil core via miniemulsion polymerization[END_REF] The ACA monomer is added to the preformed miniemulsion and spontaneous anionic polymerization occurred at the droplet interface, leading to the formation of a polymer shell.

Subsequent transfer of the NCs into water as the dispersed medium was performed by centrifugation. For instance, successful encapsulation of four proteins of different sizes into PBCA AC-NCs was reported: insulin, ovalbumin, BSA and urease, with molecular weight (MW) of 5.8, 45, 65 and 483 kDa, respectively (Fig. 32). [START_REF] Li | In vitro release of protein from poly(butylcyanoacrylate) nanocapsules with an aqueous core[END_REF] The influence of the MW on the release profile was investigated and showed that the higher the MW of the active ingredient, the more sustained the release and the slower the initial burst release. Indeed, small proteins may diffuse through the forming polymer shell during the reaction, eventually being localized near or on the surface of the NCs. The degradation rate of the polymer shell and the loaded protein also impact the release kinetics. For gene delivery application, amplification of singlemolecule deoxyribonucleic acid (DNA) via polymerase chain reaction inside miniemulsion droplets, used as "nanoreactor", was performed. [START_REF] Baier | DNA Amplification via Polymerase Chain Reaction Inside Miniemulsion Droplets with Subsequent Poly(nbutylcyanoacrylate) Shell Formation and Delivery of Polymeric Capsules into Mammalian Cells[END_REF] Subsequently, anionic interfacial polymerization of BCA was carried out. After redispersion, AC-NCs exhibited an average diameter of 250 nm with a shell thickness of 5-15 nm. In this context, cyanine-labeled oligonucleotide-loaded PBCA NCs successfully demonstrated cellular uptake into HeLa cells without any toxic effects, representing promising results for gene delivery.

Conclusion and Outlook

In this review, chemical and physical encapsulation of various biologically active ingredients by in situ polymerization in dispersed media have been covered and discussed. The choice of the polymerization process usually relies on the preferential solubility of the active agent and the type of monomer used. Depending on the considered system and process, various parameters can be adjusted to enhance the drug loading and encapsulation efficiency. For instance, the drug concentration and its addition time, the nature and composition of polymer matrix, or the use of hydrophobic agent can be adjusted to vary the drug content in the resulting nanoparticles. However, the main limiting factor, which is common to all dispersed media techniques, remains the solubility of the active ingredient in reaction medium and its affinity with the polymer matrix (or the nanocarrier in general), unless a covalent linkage is established. Furthermore, it has been shown that the stability of the active ingredient under the reaction conditions to generate the nanocarriers must also been taking in consideration.

To prevent potential degradation of fragile compounds like proteins or enzymes, mild polymerization conditions have been considered such as a low reaction temperature or the use of pure aqueous media. The ability to tune the drug release profile was also demonstrated by using a stimuli-responsive scaffold, for instance by modifying the NP coating (surfactant), or the density and thickness of the NC shell.

Among the different polymerization processes, miniemulsion polymerization appears as one the most studied and convenient ones for the in situ encapsulation of active ingredients owing to its robustness and versatility. Nonetheless, encapsulation through the PISA process benefits from a growing interest as it gives the possibility to tune the nanoparticle morphology and reach high solids content, without requiring the use of an additional surfactant. In situ encapsulation during polymerization thus represents a very appealing approach that holds great promise for the loading of various biologically active ingredients into a wide range of polymer (nano)particles.