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Supramolecular organization of polymer prodrug nanoparticles revealed by coarse-grained simulations

Drug-polymer conjugates which can self-assemble into nanoparticles are promising drug delivery systems that improve the drug bioavailability and allow their controlled release. However, despite the possibility to reach high drug loadings, the efficiency of the drug release, mediated by cleavage of the drug-polymer linker, is a key parameter to obtain significant anticancer activity. To overcome the limitations of experimental characterizations and to gain a better understanding of such systems, we conducted a coarse-grained molecular dynamics simulation study on four representative drug-polymer conjugates obtained by the "drug-initiated" method and studied their supramolecular organization upon self-assembly. The prodrugs were composed of either a Gemcitabine or a Paclitaxel anticancer drug, either a propanoate or a diglycolate linker, and a polyisoprene chain. Our simulations gave crucial information concerning the spatial organization of the different components (e.g. drug, linker, polymer, 1 etc.) into the nanoparticles and revealed that the linkers are not fully accessible to the solvent. Notably, some cleavage sites were either poorly hydrated or partially solvated. These observations might account for the low efficiency of drug release from the nanoparticles, particularly when the linker is too short and/or not hydrophilic/solvated enough. We believe that our theoretical study could be adapted to other types of polymer prodrugs and could guide the design of new polymer prodrug nanoparticles with improved drug release efficiency.

Introduction

In oncology, the probability of success in clinical trials is extremely low (ca. 5%), 1 because many anticancer drugs have poor bioavailability, unfavourable pharmacokinetics, and/or do not hit their expected targets, 2 resulting in low efficacy and/or severe side effects. One way to overcome these limitations is to load anticancer drugs into nanocarriers, such as polymer nanoparticles. [START_REF] Brigger | Nanoparticles in cancer therapy and diagnosis[END_REF][START_REF] Farokhzad | Impact of Nanotechnology on Drug Delivery[END_REF][START_REF] Chan | Cancer Nanotechnology: Methods and Protocols[END_REF][START_REF] Nicolas | functionalization strategies and biomedical applications of targeted biodegradable/biocompatible polymer-based nanocarriers for drug delivery[END_REF][START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF] Despite clear benefits in terms of drug stability, pharmacokinetics, and mitigation of side effects, the clinical translation of such systems often fails because of a lack of therapeutic benefit. Beyond poor nanoparticle's accumulation at the tumour site, [START_REF] Wilhelm | Analysis of nanoparticle delivery to tumours[END_REF] this can be explained by important drawbacks attributed to the physical entrapment of drugs into nanocarriers, such as the uncontrolled "burst" release, some compatibility issues between the drug and the polymer matrix, or simply by the poor drug loadings.

One way to overcome those limitations relied on the covalent linkage between the drug and the polymer to yield a polymer prodrug. [START_REF] Delplace | Recent trends in the design of anticancer polymer prodrug nanocarriers[END_REF] In this case, the "burst" release is almost suppressed because the drug needs to be cleaved of the polymer before its release, the compatibility between the drug and the polymer is greatly enhanced, and the drug loading can be substantially increased. Interestingly, the linker between the drug and the polymer can also be designed to trigger the drug release under specific endogenous conditions of the diseased tissues (e.g. lower pH in tumours, increased concentration of cathepsins in malignant cells). [START_REF] Kratz | Prodrug Strategies in Anticancer Chemotherapy[END_REF][START_REF] Dheer | Cathepsin-sensitive nanoscale drug delivery systems for cancer therapy and other diseases[END_REF] Among the different synthetic strategies to prepare polymer prodrugs, coupling the drug to a preformed polymer (the so-called "grafting to" strategy) is the most used. [START_REF] Delplace | Recent trends in the design of anticancer polymer prodrug nanocarriers[END_REF] However, this approach has serious limitations, especially in terms of multistep synthesis and tedious purification. In contrast, the recently developed "grafting from" strategy (also called "druginitiated" method [START_REF] Nicolas | Drug-Initiated Synthesis of Polymer Prodrugs: Combining Simplicity and Efficacy in Drug Delivery[END_REF] ), which consists in growing polymers from drugs in a controlled fashion (Figure 1), enabled those limitations to be nearly suppressed. Indeed, only a few synthetic steps are required to achieve the desired structure, leading to high yields with facilitated work-up. Moreover, when applied to vinyl polymers, [START_REF] Delplace | Recent trends in the design of anticancer polymer prodrug nanocarriers[END_REF] this strategy also exhibits two additional key advantages: (i) its flexibility as it can be easily adapted to many different drugs, polymers and drug-polymer linkers, and (ii) the possibility to prepare either surfactant-free polymer prodrug nanoparticles (Figure 1) or water-soluble polymer prodrugs, depending on the solubility of the materials obtained.

Figure 1: Synthesis of polymer prodrugs by the "drug-initiated" method, followed by formulation into surfactant-free polymer prodrugs nanoparticles.

A representative polymer used in the context of the "drug-initiated" method is polyisoprene (PI), which was selected due to its structural analogy to natural terpenoids. For instance, well-defined Gemcitabine-polyisoprene (Gem-PI [START_REF] Harrisson | Nanoparticles with In Vivo Anticancer Activity from Polymer Prodrug Amphiphiles Prepared by Living Radical Polymerization[END_REF] ), Cladribine-polyisoprene (CdA-PI [START_REF] Bao | Simple Synthesis of Cladribine-Based Anticancer Polymer Prodrug Nanoparticles with Tunable Drug Delivery Properties[END_REF] ) and Paclitaxel-polyisoprene (Ptx-PI [START_REF] Bao | Structure-cytotoxicity relationship of drug-initiated polymer prodrug nanoparticles[END_REF][START_REF] Bao | Self-stabilized, hydrophobic or PEGylated paclitaxel polymer prodrug nanoparticles for cancer therapy[END_REF] ) were synthesized and formulated into high drug-loading and narrowly-dispersed nanoparticles, which exhibited great colloidal stability and significant cytotoxicity in vitro on various cancer cell lines but also anticancer efficacy in vivo on tumour bearing mice. These prodrugs can also be more sophisticated by func-combination therapy, fluorescent dyes for imaging, or biologically active ligands to specifically target cancer cells. [START_REF] Vinciguerra | A facile route to heterotelechelic polymer prodrug nanoparticles for imaging, drug delivery and combination therapy[END_REF][START_REF] Vinciguerra | Heterotelechelic polymer prodrug nanoparticles: Adaptability to different drug combinations and influence of the dual functionalization on the cytotoxicity[END_REF][START_REF] Cox | Protein-functionalized nanoparticles derived from end-functional polymers and polymer prodrugs for crossing the blood-brain barrier[END_REF] Beyond these promising results, some crucial physico-chemical and colloidal considerations remain unresolved. For example, the fact that these nanoparticles were obtained without any surfactant raised the question of their formation during the formulation step, their colloidal stabilization, and their supramolecular organization. Moreover, a deeper understanding of the supramolecular arrangement of the polymer prodrug chains within the nanoparticles may be of considerable interest as it may likely impact the drug release kinetics and therefore the therapeutic effect. This is of high interest as gaining access to such information could eventually help getting new insight on how to improve even further those drug delivery systems.

Even though structural properties of nanoparticles can be evaluated by using several characterization techniques, including dynamic light scattering (DLS), small angle X-ray scattering (SAXS), and transmission electron microscopy (TEM), none of them can really provide structural characteristics at the atomic scale. In this context, molecular dynamics (MD) simulations are particularly well suited for providing valuable information about the supramolecular organization of self-assembled polymers. [START_REF] Bochicchio | Into the Dynamics of a Supramolecular Polymer at Submolecular Resolution[END_REF][START_REF] Frederix | Molecular simulations of selfassembling bio-inspired supramolecular systems and their connection to experiments[END_REF][START_REF] Gartner | Modeling and Simulations of Polymers: A Roadmap[END_REF] However, all-atom simulations of polymers in explicit solvent are computationally expensive and too time consuming to exhaustively explore their conformational space. To capture the self-assembly process of polymer chains, it is more appropriate to use coarse-grained models which typically describe a polymer repeat unit by only a few interaction sites (or beads) instead of all its atoms, enabling simulations on time scales longer than all-atom counterparts by two or three orders of magnitude. [START_REF] Kmiecik | Coarse-Grained Protein Models and Their Applications[END_REF][START_REF] Pak | Advances in coarse-grained modeling of macromolecular complexes[END_REF][START_REF] Singh | Recent Advances in Coarse-Grained Models for Biomolecules and Their Applications[END_REF] Among the most popular coarse-grained models, the MARTINI force fields were parametrized to best reproduce the octanol-water partition free energy of biomolecule building blocks, so that the balance between polar and hydrophobic interactions is reliably taken into account. Since polymer self-assembly is mainly driven by hydrophobic and polar forces, the MARTINI force fields are particularly well suited to study these processes. [START_REF] Marrink | The MARTINI Force Field: Coarse Grained Model for Biomolecular Simulations[END_REF][START_REF] Monticelli | The MARTINI Coarse-Grained Force Field: Extension to Proteins[END_REF][START_REF] López | Coarse-Grained Force Field: Extension to Carbohydrates[END_REF][START_REF] Panizon | MARTINI Coarse-Grained Models of Polyethylene and Polypropylene[END_REF][START_REF] Uusitalo | Martini Coarse-Grained Force Field: Extension to RNA[END_REF] Herein, we report on the use of a MARTINI coarse-grained force field for molecular dynamics simulations of self-assembly of a small library of representative PI-based polymer prodrugs obtained by the "drug-initiated" method. To cover a broad range of physico-chemical properties, the prodrugs were made from: (i) two drugs of opposite solubility, either Gem or Ptx, and (ii) two different linkers, either short propanoate ester or amide (propa) or longer linkers comprising a diglycolate (digly) moiety. The polymer chain length and the number of simulated polymer chains were also varied. We examined the influence of these structural and physico-chemical parameters on the nanoparticle's supramolecular organization.

We investigated the spatial distribution of the different polymer prodrug components (drug, linker, etc.) in the nanoparticles, particularly the proximity of the linker's cleavable sites to the nanoparticle-water interface where the cleavage is supposedly accelerated. It has indeed been previously observed that changing the lability, steric hindrance, and/or hydrophilicity of the linker had a significant influence on the drug release and subsequently on the cytotoxicity, [START_REF] Bao | Simple Synthesis of Cladribine-Based Anticancer Polymer Prodrug Nanoparticles with Tunable Drug Delivery Properties[END_REF][START_REF] Bao | Structure-cytotoxicity relationship of drug-initiated polymer prodrug nanoparticles[END_REF][START_REF] Guégain | Degradable polymer prodrugs with adjustable activity from drug-initiated radical ring-opening copolymerization[END_REF] but without any rationalization with its positioning in the nanoparticles. This last point is of crucial importance for any type of polymer prodrug systems, as the traditional trial-and-error strategy of synthesizing new structures and then evaluating them in vitro/in vivo, which remains the main strategy of screening new polymer prodrug nanoparticles, is time-consuming, expensive, and unsustainable.

Methods

Building prodrug coarse-grained models

The chemical structures of the drug-linker -polyisoprene prodrugs studied in this work (Gempropa-PI, Gem-digly-PI, Ptx-propa-PI and Ptx-digly-PI) are displayed in Figure 2A. Note that synthesis of Gem-propa-PI and Ptx-digly-PI has already been reported in the liter-ature [START_REF] Harrisson | Nanoparticles with In Vivo Anticancer Activity from Polymer Prodrug Amphiphiles Prepared by Living Radical Polymerization[END_REF][START_REF] Bao | Self-stabilized, hydrophobic or PEGylated paclitaxel polymer prodrug nanoparticles for cancer therapy[END_REF] conversely to that of Gem-digly-PI and Ptx-propa-PI. The prodrugs were synthesized by nitroxide-mediated polymerization (NMP), and thus bear a N-tert-butyl-N -[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide moiety (SG1, the controlling agent) at their terminus. [START_REF] Nicolas | Drug-Initiated Synthesis of Polymer Prodrugs: Combining Simplicity and Efficacy in Drug Delivery[END_REF][START_REF] Harrisson | Nanoparticles with In Vivo Anticancer Activity from Polymer Prodrug Amphiphiles Prepared by Living Radical Polymerization[END_REF] The coarse-grained models of the different prodrugs were built by following the standard procedure for the parametrization of any coarse-grained molecule as described in tutorials available from the official MARTINI website (http://cgmartini.nl).

The procedure, which can be decomposed into four steps described below, were applied to Gem-propa-PI and Ptx-digly-PI prodrugs. But thanks to the transferable building block philosophy of MARTINI force fields, the parameters found for these two prodrugs can easily be passed to Gem-digly-PI and Ptx-propa-PI polymer prodrugs.

Generating atomistic reference data

An initial three-dimensional structure for Gem-propa-PI1 and Ptx-digly-PI1 prodrugs (where PI1 stands for 10 isoprene units) was first generated by using the 2D to 3D structure conversion program MarvinSketch 6.2.1 from ChemAxon. [START_REF]Software Solutions and Services for Chemistry & Biology[END_REF] Topologies and parameters for the Generalized AMBER Force Field (GAFF) [START_REF] Wang | Development and testing of a general amber force field[END_REF] were generated using the python-based tool ACPYPE. [START_REF] Sousa Da Silva | ACPYPE -AnteChamber PYthon Parser in-terfacE[END_REF] Each prodrug was placed in a simulation cubic box of size equal to the solute largest dimension plus twice 1.4 nm, and then filled with octanol molecules. This box size allows the solute to not interact with its virtual images created by the periodic boundary conditions used to simulate an infinitely duplicated mesh. After two 1 ns equilibration runs, each system was simulated during 500 ns in the isothermal-isobaric ensemble (or NPT ensemble) where the number of particles (N), pressure (P), and temperature (T) of the system are kept constant. In this work, prodrugs were simulated at T = 300 K and P = 1 bar, using the Nose-Hoover [START_REF] Nosé | A unified formulation of the constant temperature molecular dynamics methods[END_REF][START_REF] Hoover | Canonical dynamics: Equilibrium phase-space distributions[END_REF] and Parrinello-Rahman 37 coupling methods with the time constants τ T = 0.5 ps and τ P = 2.5 ps. MD simulations were carried out with GROMACS version 2019.1 38 by using the smooth PME method [START_REF] Essmann | A smooth particle mesh Ewald method[END_REF] for treating the electrostatic interactions and a cut-off distance of 1.2 nm for the Lennard-Jones potentials. The length of all covalent bonds involving hydrogens was kept constant using the LINCS procedure, [START_REF] Hess | LINCS: A Parallel Linear Constraint Solver for Molecular Simulation[END_REF] allowing a time step of 2 fs.

Choosing the atom-to-bead mapping and bead types

The prodrug atom-to-bead mapping was manually done by identifying chemical sub-structures that best match the building blocks of the MARTINI models for lipids, [START_REF] Marrink | The MARTINI Force Field: Coarse Grained Model for Biomolecular Simulations[END_REF] proteins, [START_REF] Monticelli | The MARTINI Coarse-Grained Force Field: Extension to Proteins[END_REF] and nucleic acids. [START_REF] Uusitalo | Martini Coarse-Grained Force Field: Extension to RNA[END_REF] Most of the beads encompass three or four heavy atoms, except those describing rings and the one used for each isoprene unit. All the chosen beads and their MARTINI type for the studied prodrugs are reported in Figure 2B. 

Optimizing the coarse-grained bonded parameters

From the prodrug all-atom trajectories and the bead definitions, we computed the distributions of the distances between the centers of mass of two "covalently" bound beads and of the angles between two consecutive "convalent" bonds, by using the GROMACS tools gmx distance, gmx angle, and gmx analyze. Such bond and angle distributions computed for Gem-propa-PI1 and Ptx-digly-PI1 prodrugs are shown in Figures S1-S4.

Next, coarse-grained models of Gem-propa-PI1 and Ptx-digly-PI1 were created with an initial set of presumed bonded parameters along with the martini v2.1-dna.itp and martini v2.0-solvents.itp files for the nonbonded interactions. The models were then submitted to coarse-grained simulations with the following protocol: the last snapshot of each prodrug all-atom trajectory was converted into an initial coarse-grained configuration (along with the octanol solvent). After a 1000 steps minimization and a 250 ps MD relaxation with a time step of 5 fs, each coarse-grained system was simulated during 500 ns with a time step of 20 fs, at T = 300 K and P = 1 bar, using the velocity rescale 41 and Parrinello-Rahman [START_REF] Parrinello | Polymorphic transitions in single crystals: A new molecular dynamics method[END_REF] coupling methods with the time constants τ T = 1.0 ps and τ P = 12.0 ps. The electrostatic interactions were treated by the reaction-field method [START_REF] Barker | Monte Carlo studies of the dielectric properties of water-like models[END_REF] with a relative dielectric constant equal to 15 or infinity below or beyond a cut-off radius of 1.1 nm, respectively. All the Lennard-Jones potentials were shifted to zero at the same cut-off distance.

From the coarse-grained MD trajectories, the coarse-grained bond length and valence angle distributions were extracted and compared to those computed from the all-atom simulations. Then the bonded parameters of the coarse-grained models were iteratively tuned to best match the all-atom bond length and valence angle distributions (Figures S1-S4). The obtained optimized bonded parameters are reported in Tables S1-S3 for Gem-propa-PI1 and in Tables S4-S6 for Ptx-digly-PI1. It should be noted that all dihedral angles of the prodrug models are free to rotate without any energy barrier.

Partition coefficient verification

The last step of the parametrization procedure of the prodrug coarse-grained models consists in verifying their octanol-water partition coefficient logP ow . However, no experimental value of this parameter was available in the literature for the whole prodrugs. Thus, we report here an examination of logP ow parameter for each of the prodrug components, i.e. is the drugs, the linkers, one isoprene unit, and the SG1 nitroxide. The logP ow value of a compound is related to the free energy of its transfer from octanol to water as: 2.303RT logP ow = ∆G ow = ∆G w -∆G o , where R and T are the gas constant and temperature, respectively, while ∆G w and ∆G o are the compound solvation free energy in water and octanol, respectively. ∆G ow can be computed by using the umbrella sampling technique which consists in running MD simulations of the compound in a water-octanol biphasic system at restrained positions along a reaction coordinate imposed by harmonic bias potentials. [START_REF] Kästner | Umbrella sampling[END_REF] In this work, the biphasic system is a 24×12×12 nm 3 rectangular box, half of which is filled with coarse-grained water and the other one with coarse-grained octanol (Figure S5).

For each prodrug component, a series of initial configurations was created by pulling the solute along a ξ axis from the center of the water phase (ξ = 0 nm) to the center of the octanol box (ξ = 12 nm) with a 0.2 nm spacing. For each solute position, which is restrained by a 1 000 kJ/mol/nm 2 harmonic force, the system was shortly equilibrated during 100 ps and then submitted to a 5 ns production run. The free energy profile of the solute along the ξ axis, also referred to as potential of mean force, is extracted from simulations by using the weighted histogram analysis method (WHAM) [START_REF] Kumar | The weighted histogram analysis method for free-energy calculations on biomolecules. I. The method[END_REF] implemented in the GROMACS utility gmx wham. The umbrella sampling of each prodrug component was repeated by pulling it back from octanol to water, and the average of the two free energy profiles was used to calculate the octanol-to-water transfer free energy:

∆G ow = ∆G w -∆G o = ∆G(ξ = 0) -∆G(ξ = 12).
The obtained octanol-water transfer free energy ∆G ow and partition coefficient logP ow are reported in Table 1. We can see that the logP ow values computed from the coarse-grained model of each prodrug component are in fair agreement with the available experimental data found in the PubChem database. [START_REF] Kim | PubChem in 2021: new data content and improved web interfaces[END_REF] For the diglycolate linker and the SG1 nitroxide moiety, our calculations could not be compared to experimental data but they were found in the same range as predictions provided by the XLOGP3 program. [START_REF] Cheng | Computation of Octanol-Water Partition Coefficients by Guiding an Additive Model with Knowledge[END_REF] The logP ow value calculated from the coarse-grained model of Ptx is slightly higher than the experimental measurement but remains in the same order of magnitude. This theoretical value was verified by calculating the solvation free energies of Ptx in water and octanol by using the thermodynamics integration approach (see details in Fig. S6). The obtained octanol-to-water transfer free energy is ∆G ow = 37.0 ± 1.1 kJ/mol, which corresponds to logP ow = 6.4 ± 0.2, confirming the value provided by umbrella sampling. Overall, the coarse-grained models of the prodrug components have satisfactory local bonded structures and hydrophobic/hydrophilic properties which allow to investigate the polymer prodrug self-assembly and the nanoparticle supramolecular organization with reasonable confidence. Coarse-grained simulations of polymer prodrug self-assembly

The different polymer prodrug systems simulated in this study are listed and described in After an energy minimization of 5 000 steps, each system was submitted to a short equilibration of 10 ns and a subsequent production run of 15 µs using the same conditions as for the coarse-grained simulations of single prodrugs (time step = 20 fs, T = 300 K, P = 1 bar, velocity rescale and Parrinello-Rahman coupling times τ T = 1.0 ps and τ P = 12.0 ps, relative dielectric constant r = 15, and non-bonded cut-off distance = 1.1 nm). All polymer prodrug systems were simulated twice, starting from two random initial velocity distributions.

The prodrug aggregation states were analyzed by using the GROMACS tool gmx clustsize which can compute the number of prodrug aggregates and their size as a function of time. In this work, the largest distance between polymer prodrugs considered in a same cluster is set to 0.5 nm. The GROMACS utility gmx rdf was employed to compute the radial distribution functions g(r) of each polymer prodrug component relative to the center of mass of the nanoparticle. The radial distribution functions between polymer prodrug components and water/ions were also analyzed to establish potential rationalization with experimental drug release ratios. The solvent-accessible surface area (SASA) of aggregated polymer prodrug components was computed using the tool gmx sasa with a solvent probe radius of 0.26 nm which is the Lennard-Jones radius of MARTINI water bead W. [START_REF] Periole | Structural Determinants of the Supramolecular Organization of G Protein-Coupled Receptors in Bilayers[END_REF] 

Results and Discussion

General characteristics of polymer prodrug nanoparticles

Starting from separated chains, the self-assembly simulation of each system was repeated twice using different initial velocities. All polymer prodrugs self-assembled into one single aggregate before 15 µs, except in one of the two simulations of 130 Ptx-digly-PI2 during which 21 over 130 chains did not assemble into the largest nanoparticle (Figure S7) but formed a secondary aggregate. All aggregation processes are associated with a monotonous decrease of the system free energy (Figure S8), indicating that the polymer prodrug self-assemblies are thermodynamically and kinetically favorable.

A visual inspection of the prodrug MD trajectories revealed that their aggregates had a spherical shape (Figure 3) which the average radii of gyration and volumes are reported in Table S7. As expected, the nanoparticle size increases with the length of PI chains and with the number of polymer prodrugs in the aggregates (Figure S9). For all nanoparticles, the radius of gyration is larger than the radius of gyration of an homogeneous sphere of same volume ( 3/5 Rv), indicating that the density of matter is lower at the nanoparticle core than at their periphery. This is consistent with the intuition and early assumptions [START_REF] Harrisson | Nanoparticles with In Vivo Anticancer Activity from Polymer Prodrug Amphiphiles Prepared by Living Radical Polymerization[END_REF] that the PI chains mainly compose the nanoparticle hydrophobic core, whereas the other prodrug components which contain heteroatoms are preferentially located at their surface. To deeper investigate their supramolecular organization, only the parts of the trajectories for which one large nanoparticle is observed were further analyzed.

Supramolecular organization of polymer prodrug nanoparticles

The nanoparticle supramolecular organization can be characterized in detail by the radial distribution function (RDF) of the different polymer prodrug components relative to the nanoparticle's center. Such RDFs are displayed in Figure S10 for nanoparticles made of 24 chains of Gem-propa-PI or Ptx-digly-PI prodrugs with different PI chain length (10, 20, or of the same polymer prodrugs. Overall, isopropene beads mainly occupy the hydrophobic core of all nanoparticles regardless the PI chain length or the number of chains. Conversely, the linker and Gem moieties are more located at the nanoparticle's periphery, likely because of their hydrophilicity. Comparatively, given its hydrophobicity, Ptx has an average location more buried in the nanoparticles. Lastly, given the partial water solubility (∼17 g/L) of the SG1 nitroxide, it is rather observed at the nanoparticle periphery in Gem-based prodrugs but more buried in Ptx-based counterparts. It could be noted that some RDFs may appear inconsistent with Figure 3 in which Ptx moiety is well visible at the nanoparticle surface.

However, it should be emphasized that beside the three aromatic cycles which confer its strong hydrophobic character, Ptx also has several hydroxyl, carbonyl, and ester groups which can favorably interact with water. Thus, the Ptx center of mass is more buried in the nanoparticles than Gem, but its polar groups remain visible at their surface.

A second observation that can be made from Figures S10 and S11 is that the supramolecular organization of prodrugs with short polyisoprene chains (10 repeat units) significantly differs from those with longer chains (20 or 30 repeat units). A similar observation can be made for the nanoparticles with only 24 chains when compared to those with 72 or 130 chains. This indicates that very small nanoparticles exhibit a non-general supramolecular organization, possibly due to weaker hydrophobic interactions between too short or too few PI chains. However, above a certain threshold, the supramolecular organization seems less dependent on the nanoparticle's size. In the rest of this study, we will focus our analyses on nanoparticles made of 72 polymer prodrugs with a PI chain length of 20 isoprene units to be closer to real experimental conditions.

The influence of the linker upon the nanoparticle's supramolecular organization is analyzed in Figure 4. Regarding Gem-based polymer prodrugs, the nature of the linker (propa or digly) has little impact on the radial distribution functions of the different polymer prodrug components, except on the density of isoprene which is significantly higher in the core of Gem-propa-PI2 nanoparticles than in Gem-digly-PI2 one. In compensation, the density of SG1 is decreased in the core and the one of the other components slightly increases at the periphery of Gem-propa-PI2 nanoparticles. In Ptx-based nanoparticles, the densities of isoprene are similar in both prodrug types (propa or digly), but the core density of the propa linker is about twice that of the digly one, indicating that the propa linkers are more buried in the nanoparticles than the digly counterparts, in accordance with their different hydrophilicity. In this case, the increase in the propa linker density is compensated by a decrease in the SG1 nitroxide density in the core of Ptx-propa-PI2 nanoparticles. Overall, nanoparticles of prodrugs with a propa linker are smaller than those with a digly linker (Table S7), leading to an increase in isoprene density in the core of Gem-based nanoparticles and in the propa linker density in the case of Ptx-based nanoparticles. This difference is probably due to the fact that the core of Ptx-based nanoparticles is densely occupied by both isoprene and Ptx in contrast to Gem-based nanoparticles for which Gem is located more at the periphery. The previous radial distribution analyses provided key information on the burying of the different polymer prodrug components in the nanoparticles. But as illustrated in Figures 3 and5, these components are not necessarily distributed homogeneously on the nanoparticle surface. Indeed, the pair correlation functions between drugs reach a maximum for a distance around the double of the drug radius of gyration (Figure 5), indicating that the drugs are in contact with each other. In comparison, the pair correlation functions between SG1 groups reach their maximum at a distance equal to three times their radius of gyration, indicating that they are separated from each other. In the case of Gem-based prodrugs, a second peak in the pair correlation functions indicates a tight packing of Gem moieties. Although MARTINI coarse-grained models cannot capture the physics behind the π-π stacking, the use of small or tiny size beads for aromatic cycles, such as benzene in Ptx or cytosine in Gem, allow aromatic rings to pack closely together, 26 alike base stacking in DNA. [START_REF] Uusitalo | Coarse-Grained Force Field: Extension to DNA[END_REF] These implicitly modeled π-π interactions probably favor the observed aggregation of drugs at the nanoparticle surface, as consistently emphasized in other studies of Ptx 49 or Gem 50 complexes. Altogether, the location and aggregation state of Gem or Ptx result in the fact that less than 30% of the drug surface area are accessible to the solvent in those polymer prodrug nanoparticles (Figure S12).

Solvation of polymer prodrug linkers in nanoparticles

Since the drug release from nanoparticles is triggered by cleavage of the drug-polymer linker, the latter should be accessible to specific enzymes and/or to water. As previously seen, the prodrug linkers are more or less located in the nanoparticle's core (Figure 4), but their solvent-accessible surface area (SASA) needs to be accurately quantified. As shown in Fig-

ure S12, the propa linkers in Gem-propa-PI2 and Ptx-propa-PI2 polymer prodrugs are poorly solvated since only 5-15% of their surface area is accessible to the solvent. In contrast, the digly linkers are more hydrated with about 30% of their surface area accessible to the solvent, which confirms previous hypotheses and experimental results. [START_REF] Bao | Simple Synthesis of Cladribine-Based Anticancer Polymer Prodrug Nanoparticles with Tunable Drug Delivery Properties[END_REF][START_REF] Bao | Structure-cytotoxicity relationship of drug-initiated polymer prodrug nanoparticles[END_REF][START_REF] Guégain | Degradable polymer prodrugs with adjustable activity from drug-initiated radical ring-opening copolymerization[END_REF] Nevertheless, the digly linkers and their three cleavage sites are not homogeneously solvated. Indeed, as shown in Figure 6, the first cleavage site of the digly linker (an amide group sensitive to cathepsin B 51 ) has similar SASA (less than 0.5 nm 2 ) as the cleavage site of the propa linker in Gem-propa-PI2 and Ptx-propa-PI2 polymer prodrugs. In contrast, the two other cleavage sites of the digly linker (including the very labile ester group from site 2) are more exposed to solvent with SASA up to 0.9 nm 2 . These observations are corroborated by the analysis of the radial distribution functions of water and ions around the different cleavage sites. Indeed, as displayed in Figure S13, the densities of water beads are lower around the propa site of Gem-propa-PI2 and Ptx-propa-PI2 polymer prodrugs than around the sites 2 and 3 of Gem-digly-PI2 and Ptx-digly-PI2 counterparts. Surprisingly, whereas the density of ions around Gem-digly-PI2 cleavage sites is similar to that of water, the density of ions, notably sodium, around Ptx-based polymer prodrug cleavage sites is significantly higher than that of water. This difference is not clearly understood, but it might have an effect on the hydrolytic cleavage of the linker. However, it should be reminded that MARTINI coarse- S1 andS4).

grained models of ions and electrostatic interactions are quite approximate. Therefore, this difference in ion density should be taken with caution.

Straightforward application to other polymer prodrug structures

Thanks to the building block philosophy of the MARTINI force fields, the coarse-grained models of the different polymer prodrug components (Gem, Ptx, propa, digly, PI) can be used without modification to study other polymer prodrug structures made of different combina-tions of these components. We took this opportunity to study the self-assembly of heterotelechelic polymer prodrugs, that are polymers displaying two different molecules of interest at both chain-ends and are of wide interest in the biomedical field. [START_REF] Vinciguerra | Telechelic polymers from reversible-deactivation radical polymerization for biomedical applications[END_REF] In particular, PI-based heterotelechelic polymer prodrugs comprising two different anticancer drugs have shown particular promise in combination chemotherapy. [START_REF] Vinciguerra | A facile route to heterotelechelic polymer prodrug nanoparticles for imaging, drug delivery and combination therapy[END_REF][START_REF] Vinciguerra | Heterotelechelic polymer prodrug nanoparticles: Adaptability to different drug combinations and influence of the dual functionalization on the cytotoxicity[END_REF] However, similarly to monofunctional polymer prodrug nanoparticles, their supramolecular organization has never been elucidated.

Therefore, following the same protocol as described above, we performed a coarse-grained molecular dynamics simulation study on PI prodrugs with Gem and Ptx positioned at both chain-ends, which is a combination of clinical relevance in breast [START_REF] Albain | Gemcitabine Plus Paclitaxel Versus Paclitaxel Monotherapy in Patients With Metastatic Breast Cancer and Prior Anthracycline Treatment[END_REF][START_REF] Aogi | The efficacy and safety of gemcitabine plus paclitaxel combination first-line therapy for Japanese patients with metastatic breast cancer including triple-negative phenotype[END_REF] and pancreatic 55 cancers. The new prodrug was made of a Gem, a propa linker, a PI2 chain, a new tempo-digly linker, and a Ptx (Figure 7). Note that tempo corresponds to the TEMPO nitroxide coming from the nitroxide exchange reaction used to synthesize heterotelechelic polymer prodrugs. [START_REF] Vinciguerra | A facile route to heterotelechelic polymer prodrug nanoparticles for imaging, drug delivery and combination therapy[END_REF] We then only parameterized the coarse-grained model of the tempo-digly linker (Table S8)

to target its all-atom bonded parameter distributions and octanol-water partition coefficient (Figure S14). The free energy of water-to-octanol transfer computed for the only tempo moiety is ∆G ow = 20.9 ± 0.6 kJ/mol, yielding a logP ow value equal to 3.6 ± 0.1, which is fairly consistent with the prediction (logP ow = 1.9) by XLOGP3. [START_REF] Cheng | Computation of Octanol-Water Partition Coefficients by Guiding an Additive Model with Knowledge[END_REF] Two independent coarse-grained simulations of the heterotelechelic polymer prodrug selfassembly were performed, starting from 72 separated chains randomly placed in a cubic box which size was fixed to have a solute concentration of 5 mM. As shown in Figure S15, the 72 polymer prodrugs spontaneously self-assembled into one single aggregate after 6 µs at the most. The supramolecular organization of these heterotelechelic polymer prodrug nanoparticles was characterized as that of their monofunctional counterparts (Figure 7). When compared with the supramolecular structure of monofunctional polymer prodrug nanoparticles (Figure 4), one can note that Gem and propa linker are located deeper inside heterotelechelic polymer prodrug nanoparticles than in Gem-propa-PI2 ones, this burying being compensated by a higher density of PI units towards the nanoparticle periphery. This result can be ex- plained by the nonbonded interactions between Gem and Ptx which hold Gem deeper inside the nanoparticles than in their Gem-based monofunctional counterparts, due to the natural tendency of Ptx to be buried in the nanoparticle because of its hydrophobicity. Indeed, the polymer prodrug nanoparticles relative to monofunctional Ptx-digly-PI2 counterparts (Figure 8). Unexpectedly, digly linkers appear less hydrated in heterotelechelic polymer prodrug nanoparticles than in Ptx-digly-PI2 ones. This could be due to the neighboring hydrophobic tempo moieties that move the digly linkers away from the hydrated surface towards the core of the nanoparticles. In the end, all cleavage sites of the Gem-propa-PI2-tempo-digly-Ptx polymer prodrug are slightly less accessible to solvent than those of Gem-propa-PI2 and Ptxdigly-PI2 prodrugs (Figure 8), as shown by: (i) the ratio between the SASA of the different components in the nanoparticles (SASA nano ) to the SASA of isolated components (SASA iso ); and (ii) the SASA of the two beads that compose the linker cleavage sites. It suggests that the drug release from heterotelechelic polymer prodrug nanoparticles would be less efficient than from single prodrug ones. Importantly, this hypothesis is fully supported by experimental data for similar heterotelechelic polymer prodrug nanoparticles, whose Gem release was significantly reduced compared to their monofunctional counterparts. [START_REF] Vinciguerra | Heterotelechelic polymer prodrug nanoparticles: Adaptability to different drug combinations and influence of the dual functionalization on the cytotoxicity[END_REF] Our simulations indicate that the nonbonded interactions between Gem and Ptx, as well as the introduction of an additional hydrophobic moiety in the prodrug structure, significantly modified the supramolecular organization of the resulting nanoparticles when compared to the monofunctional polymer prodrug counterparts, in particular the location and solvation of the drugs and linkers.

Conclusion

In this study, we investigated the supramolecular organization of polymer prodrug nanoparticles synthesized by the "drug-initiated" method by using coarse-grained molecular dynamics simulations. Based on the MARTINI 2 force field, the coarse-grained bonded and nonbonded parameters of the polymer prodrug models were validated against all-atom bonded geometries and octanol-water partition free energies of each component (drug, linker, iso-prene, nitroxide group). Starting from separated chains, 15 µs MD simulations allowed to form unbiased polymer prodrug nanoparticles with isoprene beads at their core and other prodrug components more or less located at their periphery. As expected, the hydrophobic Ptx is more buried (but not completely) in the nanoparticle core than the hydrophilic Gem. Importantly, the drug-polymer linkers are not fully accessible to solvent, probably due to drug aggregation and/or partial burying in the nanoparticle core. Among the three possible cleavage sites of the digly linker, the first one (close to the drug) is poorly solvated, similarly to the unique cleavage site of the propa linker. Its two other cleavage sites, that includes a labile ester group, are significantly more accessible to the solvent. Altogether, these results might account for the difference observed in drug release experiments between drug-propa-PI and drug-digly-PI nanoparticles. [START_REF] Bao | Simple Synthesis of Cladribine-Based Anticancer Polymer Prodrug Nanoparticles with Tunable Drug Delivery Properties[END_REF] To show the versatility of our simulations, it was also successfully applied to heterotelechelic polymer prodrug nanoparticles. Not only their supramolecular organization was readily elucidated, but it also allowed to go a step further in the understanding of this drug delivery system by supporting experimental data and giving key information for improving the drug release. Overall, this work will certainly help to improve and foster the design of new polymer prodrugs, as we can hypothesize that longer hydrophilic linkers with additional cleavage sites could induce a greater release of the drug from the nanoparticles and thus a greater therapeutic effect. Also, our coarse-grained modeling approach can be seen as a general and predictive tool for drug delivery applications.

It can indeed advantageously replace the traditional trial-and-error strategy often employed to design new drug delivery systems, as it can efficiently provide structural information on virtually any type of self-assembled polymer prodrug nanoparticles.
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Figure 2 :

 2 Figure 2: (A) Chemical structures of the four prodrugs studied in this work. (B) Mapping of the heavy atoms of each prodrug component (Ptx, Gem, SG1, PI, and the two linkers propa and digly) into MARTINI coarse-grains. The bead types are taken from MARTINI models of lipids, 26 proteins, 27 and nucleic acids.30

Figure 3 :

 3 Figure 3: Initially separated polymer prodrugs (left column) self-assemble into spherical aggregates (middle column). A zoom in on these nanoparticles reveals their supramolecular organization (right column).

Figure 4 :

 4 Figure 4: Radial distribution function of the Gem-based (top row) and Ptx-based (bottom row) prodrug components relative to the center of mass of nanoparticles made of 72 chains with 20 isoprene units. For clarity purposes, displayed g(r) functions for isoprene were scaled down and must be multiplied by the factor indicated in each graph to recover the real values.

Figure 5 :

 5 Figure 5: (A) Pair correlation function between drugs or between SG1 groups in Gempropa-PI2 and Gem-digly-PI2 (top row) or in Ptx-propa-PI2 and Ptx-digly-PI2 (bottom row) nanoparticles. R g * denotes the radius of gyration of Gem (R g * = 0.25 nm), Ptx (R g * = 0.49 nm), or SG1 group (R g * = 0.30 nm). (B) Illustration of the Gem or Ptx packing at the nanoparticle's periphery compared to the SG1 nitroxide groups.

Figure 6 :

 6 Figure 6: Solvent-accessible surface area of the two beads that compose the linker cleavage sites in drug-propa-PI2 (far left column) and drug-digly-PI2 (three right columns) polymer prodrugs in each Gem-based (top row) and Ptx-based (bottom row) nanoparticles. Sites 1, 2, and 3 are composed of beads 6-7, 8-9, and 9-10 in Gem-based prodrugs and of beads 8-22, 23-24, and 24-25 in Ptx-based ones (TablesS1 and S4).

Figure 7 :

 7 Figure 7: (A) Chemical structure of Gem-propa-PI2-tempo-digly-Ptx dual polymer prodrug. (B) Snapshot of a self-assembled nanoparticle made of 72 Gem-propa-PI2-tempo-digly-Ptx chains. Color code is: orange for Gem, purple for Ptx, green for propa or digly, blue for isoprene, and red for tempo. (C) Radial distribution function of Gem-propa-PI2-tempodigly-Ptx prodrug components relative to the center of mass of nanoparticles. (D) Pair correlation function between drugs or between tempo moieties in Gem-propa-PI2-tempodigly-Ptx nanoparticles. R g * denotes the radius of gyration of Gem (R g * = 0.25 nm), Ptx (R g * = 0.49 nm), or tempo moiety (R g * = 0.22 nm). For Gem-Ptx pair correlation function, R g * is the average of the radii of gyration of Gem and Ptx (R g * = 0.37 nm).

  

  

Table 1 :

 1 Octanol-water partition coefficient logP ow computed by umbrella sampling of coarsegrained models of the studied prodrug components. * ∆G ow and logP ow values for the beads representing the propanoate linker (type Na) and the isoprene repeat unit (type C3) were taken from Table3of. 26 † logP ow experimental values retrieved from the PubChem database.[START_REF] Kim | PubChem in 2021: new data content and improved web interfaces[END_REF] ‡ logP ow predicted values by XLOGP3.[START_REF] Cheng | Computation of Octanol-Water Partition Coefficients by Guiding an Additive Model with Knowledge[END_REF] 

	Polymer prodrug components	∆G ow (kJ/mol) (This work except *)	logP ow (This work except *)	logP ow (Experiments † )	logP ow (XLOGP3 ‡ )
	Gemcitabine (Gem)	-5.0 ± 0.3	-0.9 ± 0.1	-1.4	-1.5
	Paclitaxel (Ptx)	36.1 ± 2.3	6.3 ± 0.4	3.0	3.7
	Propanoate linker (propa)	3.0 *	0.5 *	0.6	0.6
	Diglycolate linker (digly)	-8.4 ± 0.3	-1.5 ± 0.1	-	-0.1
	Isoprene (I)	14.0 *	2.4 *	2.4	2.7
	Nitroxide (SG1)	20.5 ± 0.3	3.6 ± 0.1	-	2.6

Table 2 .

 2 The initial configuration of each of them was set up by randomly placing 24, 72, or 130 coarse-grained polymer prodrugs in a cubic box which size was fixed to have the desired solute concentration. The simulation boxes were subsequently filled with MARTINI nonpolarizable water beads W representing four water molecules, of which 10% were changed

into anti-freeze beads WF to prevent solvent freezing. Finally, the appropriate number of water beads were converted into coarse-grained sodium and chloride ions to reach the physiological ionic concentration of 150 mM.

Table 2 :

 2 List and description of the different polymer prodrug systems simulated in this work.

	System ID	Prodrug ID Drug Linker Nb of I repeat units Nb of chains Concentration
	24-Gem-propa-PI1 Gem-propa-PI1			10	24	1 mM
	24-Gem-propa-PI2 Gem-propa-PI2		propa	20	24	1 mM
	24-Gem-propa-PI3 Gem-propa-PI3			30	24	1 mM
	24-Gem-digly-PI2 72-Gem-digly-PI2	Gem-digly-PI2 Gem-digly-PI2	Gem	digly	20 20	24 72	1 mM 5 mM
	72-Gem-propa-PI2 Gem-propa-PI2 130-Gem-propa-PI2 Gem-propa-PI2		propa	20 20	72 130	5 mM 5 mM
	24-Ptx-digly-PI1	Ptx-digly-PI1			10	24	1 mM
	24-Ptx-digly-PI2	Ptx-digly-PI2		digly	20	24	1 mM
	24-Ptx-digly-PI3	Ptx-digly-PI3			30	24	1 mM
	24-Ptx-propa-PI2 72-Ptx-propa-PI2	Ptx-propa-PI2 Ptx-propa-PI2	Ptx	propa	20 20	24 72	1 mM 5 mM
	72-Ptx-digly-PI2 130-Ptx-digly-PI2	Ptx-digly-PI2 Ptx-digly-PI2		digly	20 20	72 130	5 mM 5 mM
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Gem and Ptx radii of gyration (Figure 7), indicating favorable contacts between the two drugs.

Figure 8: Comparison of solvent-accessible surface area (SASA) of Gem-propa-PI2 or Ptxdigly-PI2 versus Gem-propa-PI2-tempo-digly-Ptx polymer prodrug components averaged over the 72 self-assembled chains. (A) Ratio of Gem, Ptx, propa, and digly SASA in nanoparticles (SASA nano ) over in isolated states (SASA iso ). SASA of isolated Gem, Ptx, propa, and digly are 4.57, 10.26, 2.32, and 4.09 nm 2 , respectively. (B) SASA of the two beads that compose the linker cleavage sites in Gem-propa-PI2, Ptx-digly-PI2, or heterotelechelic polymer prodrug nanoparticles.

Consequently, the SASA of Gem and propa linker are both lower in heterotelechelic polymer prodrug nanoparticles (Figure S16) than in the monofunctional Gem-propa-PI2 coun-