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Starting in the late 1970s, the pioneering work of Patrick Couvreur gave birth to the first biodegradable nanoparticles composed of a biodegradable synthetic polymer. These nanoparticles, made of poly(alkylcyanoacrylate) (PACA), were the first synthetic polymer based nanoparticulate drug carriers undergoing a phase III clinical trial so far. Analyzing the journey from the birth of PACA nanoparticles to their clinical evaluation, the paper highlights their remarkable adaptability to bypass various drug delivery challenges found on the way. At present, PACA nanoparticles includes a wide range of nanoparticles that can associate drugs of different chemical nature and be administered in vivo by different routes. The most recent technologies giving the nanoparticles customized functions could also be implemented on this family of nanoparticles. Through different examples, the paper discusses the seminal role of the PACA nanoparticles' family in the development of nanomedicines.

Introduction

Today, nanomedicines encompass cutting edge applications of nanotechnologies in many areas [START_REF] Shi | Nanotechnology in drug delivery and tissue engineering: from discovery to applications[END_REF][START_REF] Pelaz | Diverse Applications of Nanomedicine[END_REF]. Drug development is one of the various fields in which applications of nanotechnologies in health care are holding promises. Short comings associated with molecules that face development challenges can be solved when they are associated with nanosized devices serving as delivery systems. Using this approach, poorly water-soluble molecules can become suitable candidate for development while initially considered as undevelopable. Active pharmaceutical ingredients (APIs) derived from biomolecules are also highly concerned by the technology having two unavoidable roles including a protection of the molecules against rapid degradation in biological media and a transport system to help the molecules to reach their intracellular target counterparts [START_REF] Juliano | The delivery of therapeutic oligonucleotides[END_REF], Park et al., 2016]. Nanotechnologies have also the potential to give a more desirable pharmacological property to an API (solubility, pharmacokinetics and biodistribution) without modifying its initial chemical structure. This remarkable property overcomes limitations found with conventional medicines. It is exploited in most works aiming to improve the specificity of the distribution of the API towards its target site and helping an API to bypass important physiological barriers found on the way to its target site [START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF][START_REF] Ross | Nano-Enabled Delivery of Diverse Payloads Across Complex Biological Barriers[END_REF][START_REF] Anchordoquy | Mechanisms and Barriers in Cancer Nanomedicine: Addressing Challenges, Looking for Solutions[END_REF]. Improvements of spatial and temporal precisions of drug delivery can benefit to new molecular entities and "old" APIs. In some examples, the engineered carrier enables greater accumulation of the API at the target site while the administered dose can be reduced [START_REF] Ventola | Progress in Nanomedicine: Approved and Investigational Nanodrugs[END_REF]. With other APIs, the main benefits come from an increase of their safety profile thanks to a modification of the pharmacokinetics and biodistribution compared to those obtained using conventional drug formulations [START_REF] Barrenholz | Doxil® -The First FDA-approved nano-drug: Lessons learned[END_REF]. The potential of nanomedicines in healthcare is much wider than considering them as simple delivery vehicles improving in vivo performances of APIs. The nanotechnology can be considered as the active species either because it displays an intrinsic activity or because the activity comes from the nanoconstruct [START_REF] Lherm | Unloaded polyisobutylcyanoacrylate nanoparticles: efficiency against bloodstream trypanosomes[END_REF][START_REF] Arias | Squalene based nanocomposites: a new platform for the design of multifunctional pharmaceutical theragnostics[END_REF], Duncan 12/11/201912:40 and Gaspar, 2011[START_REF] Von Maltzahn | Nanoparticles that communicate in vivo to amplify tumour targeting[END_REF][START_REF] Bui | Multifunctional squalene-based prodrug nanoparticles for targeted cancer therapy[END_REF], Pradine et al., 2015a[START_REF] Lacombe | Particle therapy and nanomedicine: state of art and research perspectives[END_REF]. Other opportunities come from the design of multifunctional nano-objects. For instance, in theranostic nanoparticles, a single nano-object combines a diagnostic and a therapeutic function that can provide with an in-situ monitoring of the efficacy of the treatment [Lammer et al., 2010[START_REF] Reddy | Nanotechnology for therapy and imaging of liver diseases[END_REF][START_REF] Bui | Multifunctional squalene-based prodrug nanoparticles for targeted cancer therapy[END_REF][START_REF] Mura | Nanotheranostics for personalized medicine[END_REF], 2016a, Agrawal et al., 2013[START_REF] Kunjachan | Noninvasive Imaging of Nanomedicines and Nanotheranostics: Principles, Progress, and Prospects[END_REF][START_REF] Hassanzadeh | Linkers: The key elements for the creation of efficient nanotherapeutics[END_REF]. Today, nanomedicines have taken an important place in research to propose new treatments for patients. Very few compounds were approved so far to treat cancer and to fight against severe infections, but the number of projects translated in human clinics over the past few years has considerably grown [START_REF] Anselmo | Nanoparticles in the clinic[END_REF][START_REF] Bobo | Nanoparticle-Based Medicines: A Review of FDA-Approved Materials and Clinical Trials to Date[END_REF], Caster et al., 2016[START_REF] Bulbake | Liposomal Formulations in Clinical Use: An Updated Review[END_REF][START_REF] Ventola | Progress in nanomedicines; Approved and investigational nanodrugs[END_REF], Lee et al., 2017[START_REF] Li | Cancer drug delivery in the nano era: An overview and perspectives (Review)[END_REF][START_REF] Cicha | From design to the clinic: practical guidelines for translating cardiovascular nanomedicine[END_REF]. Most ongoing clinical trials concern treatments of various cancers caused by solid tumors. In general, nanomedicines are developed as drug delivery systems, but several projects concern nanomaterials to be used in cancer radiotherapy [START_REF] Hainfeld | Gold nanoparticle hyperthermia reduces radiotherapy dose[END_REF][START_REF] Mi | Application of nanotechnology to cancer radiotherapy[END_REF][START_REF] Lacombe | Particle therapy and nanomedicine: state of art and research perspectives[END_REF][START_REF] Lamch | Recent progress in the engineering of multifunctional colloidal nanoparticles for enhanced photodynamic therapy and bioimaging[END_REF]. Beside treating cancers and infections, nanomedicines hold promise to improve the life of patients suffering from brain diseases [START_REF] Andrieux | Nanomedicine as a promising approach for the treatment and diagnosis of brain diseases: The example of Alzheimer's disease[END_REF][START_REF] Kreuter | Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?[END_REF], Savaira et al., 2016[START_REF] Zhou | Crossing the blood-brain barrier with nanoparticles[END_REF], cardiovascular diseases [START_REF] Ferreira | Advanced Nanomedicines for the Treatment and Diagnosis of Myocardial Infarction and Heart Failure[END_REF][START_REF] Suarez | Micro-and nanoparticles for treating cardiovascular disease[END_REF][START_REF] Varna | Nanomedicine as a strategy to fight thrombotic diseases[END_REF][START_REF] Chan | Recent Advances in Managing Atherosclerosis via Nanomedicine[END_REF][START_REF] Cicha | From design to the clinic: practical guidelines for translating cardiovascular nanomedicine[END_REF][START_REF] Dormont | Nanoplumbers : biomaterials to fight cardiovascular diseases[END_REF] and metabolic diseases [START_REF] Pridgen | Polymeric Nanoparticle Drug Delivery Technologies for Oral Delivery Applications[END_REF][START_REF] Aguirre | Current status of selected oral peptide technologies in advanced preclinical development and in clinical trials[END_REF], Lakkireddy et al., 2016[START_REF] Wong | Potential of insulin nanoparticle formulations for oral delivery and diabetes treatment[END_REF]. Many challenges remain to further accelerate the translation of nanomedicines in clinics [START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF][START_REF] Dusinska | Towards an alternative testing strategy for nanomaterials used in nanomedicine: lessons from NanoTEST[END_REF], Satalkar et al., 2016a[START_REF] Cicha | From design to the clinic: practical guidelines for translating cardiovascular nanomedicine[END_REF], Lakkireddy and Bazile this volume, Su et al., 2018].

However, it can be pointed out that the rapid expansion of the field observed over the last 20 years took its roots from the visionary works of a few pioneers of the early 1970s' [See historical perspectives from [START_REF] Kreuter | Nanoparticles -a historical perspective[END_REF][START_REF] Alonso | Historical view of the design and development of nanocarriers overcoming biological barriers[END_REF][START_REF] Barrenholz | Doxil® -The First FDA-approved nano-drug: Lessons learned[END_REF]. The present paper is dedicated to one of these pioneers, Patrick Couvreur. It analyzes progresses made over time taking a journey across the developments of the first drug delivery vehicles based on biodegradable polymer nanoparticles. The first part entitled "birth of biodegradable polymer nanoparticles to serve as drug 12/11/2019 12:40 delivery system" takes its references from the scientific context in which Patrick Couvreur has found his way to polymer nanoparticles and to poly(alkylcyanoacrylate) (PACA) nanoparticles to propose the first biodegradable polymer nanoparticles. Then, the paper summarizes the journey of PACA nanoparticles from their birth to their clinical evaluation. It shows how PACA nanoparticles were adapted over time to answer the various drug delivery challenges and attempts to analyze how this family of nanoparticles in combination with other pioneer nanotechnologies have contributed to the current development of nanomedicines.

2 Birth of biodegradable polymer nanoparticles to serve as drug delivery vehicles

Looking back 45 years behind, the term "nanomedicine" did not exist [see [START_REF] Krukemeyer | History and possible uses of nanomedicine based on nanoparticles and nanotechnological progress[END_REF].

However, the general idea that the performance of a medicine could be improved if the molecule can reach and interact better with its target site was already established. This idea was introduced at the beginning of the 20th century by Paul Ehrlich, laureate of the Nobel Prize in Medicine and Physiology in 1908 through his concept of the "Magic bullet" [Ehrlich, 2008]. It was originally imagined as a mean to promote interactions of chemotherapeutic agents with corresponding specific receptors involved in the battles against diseases [START_REF] Bosch | The contributions of Paul Ehrlich to pharmacology: A tribute on the occasion of the centenary of his Nobel Prize[END_REF], Stretbhardt and Ullrich, 2008[START_REF] Valent | 1854-1915) and His Contributions to the Foundation and Birth of Translational Medicine[END_REF].

It gave birth to the concept of drug targeting and was associated later with various drug delivery methods including approaches using drug carriers [START_REF] Couvreur | Nanotechnology: Intelligent design to treat complex diseases[END_REF][START_REF] Hoffman | The origins and evolution of "controlled" drug delivery systems[END_REF][START_REF] Karra | The ligand nanoparticle conjugation approach for targeted cancer therapy[END_REF].

Over the years 1950-1960s' tremendous progresses were made in the comprehension of the cell structure and intracellular organization [De Duve, 1974]. Thanks to massive arrival of electron microscopes in laboratories it also became possible to observe structures at the nanometer scale [see for instance [START_REF] Taxi | Recherches en vue de l'identification au microscope électronique des cellules interstitielles de Cajal[END_REF][START_REF] Couplan | Electron microscopic observations on the structure of the rat adrenal medulla. I The ultrastructure and organization of chromaffin cells in the normal adrenal medulla[END_REF]. The Nobel Laureate in Medicine and Physiology 1974, Christian De Duve, was working on intracellular vesicles called lysosomes. In a paper entitled "Lysosomotropic 12/11/2019 12:40 agents" published in 1974, he underlined the role of the lysosomes in physio-pathology mechanisms behind major health threats including severe infections, leukemia and cancer: "Lysosomes are involved in many pathological situations, and our growing understanding of this role has brought to the light the need in therapeutics for lysosomotropic agents endowed with certain well-defined properties." [De Duve et al., 1974]. He has suggested that lysosomotropism can be "conferred artificially on almost any substances, by suitable coupling with an appropriate carrier." [De Duve et al., 1974]. The role and properties of the carrier was then explained in detail.

At this time, very few laboratories considered the use of drug carriers to improve in vivo performance of existing APIs thanks to a more adequate delivery profile. Few drugs were associated with proteins such as antibodies or with DNA serving as lysosomotropic carriers [see De [START_REF] Duve | Exploring Cells with a Centrifuge[END_REF] for references] or coupled with synthetic hydrosoluble polymers [see for references : Ringsdorf, 1975, Kopecek andKopeckova, 2010]. In general, the API was coupled to carrier through covalent linkage limiting the number of copies of API molecules that could be attached with the carrier. Another option consisted of the encapsulation/entrapment of APIs into tiny engineered vesicles or particles. By this approach, the chemical structure of the API was untouched, and many copies of the molecules could be transported by each particle. Tiny vesicles, called liposomes, were available in the early 1970s'.

They were isolated in the mid-1960s' by Alec Bangham who studied exchanges of ions and molecules across the lipid bilayer that formed a barrier between the inner core of those vesicles and the outside medium mimicking exchanges occurring across the membrane of the cells [START_REF] Bangham | Diffusion of univalent ions across the lamellae of swollen phospholipids[END_REF][START_REF] Gregoriadis | Liposomology: Delivering the message[END_REF]. In the early 1970s', Gregory Gregoriadis at the Clinical Research Center, Middlesex in the United Kindom has initiated a work exploring the potential of these lipid vesicles to serve as drug delivery systems [START_REF] Gregoriadis | Drug entrapment in liposomes[END_REF], 2018[START_REF] Perrie | Gregoriadis: Introducing liposomes to drug delivery[END_REF]. At the same period, at the Swiss Federal Institute of Technology [ETH] in Zurich, Switzerland, Peter Speiser and his group were working on the synthesis of non-liposomal colloidal size range polymer nanoparticles to serve as drug carriers and vaccine adjuvants [START_REF] Birrenbach | Polymerized micelles and their use as adjuvants in immunology[END_REF]Speiser, 1976, Kreuter 1974, see also [START_REF] Speiser | Non-liposomal nanocapsules, methodology and application[END_REF]Kreuter, 2007 for references]. In this emerging scientific context linked to pharmaceutical sciences, Patrick 12/11/2019 12:40 Couvreur, a young pharmacist, completed his doctoral thesis in Pharmacy at the University of Louvain-La-Neuve in Belgium on the disintegration mechanism of pharmaceutical tablets. This subject was in line with the current interest in pharmaceutical technologies which had just turned into a more scientific based discipline thanks to the contribution of Takeru Higushi "The Father of Physical Pharmacy" [Stella, 2001, Puisieux and[START_REF] Puisieux | the man and the scientist[END_REF]. Next to the pharmaceutical technology laboratory was the cell biology laboratory of Christian De Duve in which works on the functionality of lysosomes and on the understanding of their role in physio-pathological processes were pursued [De Duve et al., 1974]. Scientists from both labs and different disciplines including pharmacists, biologists and medical doctors used to meet at lunch time [See interview [START_REF] Stanwix | inspiring pharmaceutical innovation[END_REF]. Across informal discussions, the curiosity of Patrick Couvreur was awakened for what they altogether called "nanopills" imagined as possible vehicles to drag non-intracellularly diffusible drugs into the cell interior and more specifically into lysosomes. This idea became a source of inspiration for Patrick Couvreur who decided to initiate a breakthrough project in pharmaceutical technology which goal was to design lysosomotropic "nanopills" [See interview [START_REF] Stanwix | inspiring pharmaceutical innovation[END_REF]. This project became later the driving son of his career. Given the current development of nanomedicines, the challenge deserved his interest.

Patrick Couvreur was among the very first scientists who took this turn when he decided to join the group of Professor Peter Speiser at ETH in Zurich in the mid-1970s. This also marked the start of a crucial collaboration.

In his first work, Patrick Couvreur synthesized fluorescein loaded "nanocapsules" and demonstrated their potential to deliver the entrapped fluorescent molecules in lysosomes, the intracellular compartment where drugs were needed in cells according to the work of De [START_REF] Duve | Exploring Cells with a Centrifuge[END_REF][START_REF] Couvreur | Nanocapsules: a new type of lysosomotropic carrier[END_REF]. The results were promising but the non-biodegradability of the polymer composing the nanoparticles was an obstacle to pursue their development as injectable pharmaceutics for an application in human clinic. The next step was to obtain biodegradable nanoparticles. Discussing with surgeons at the University Catholique de Louvain where he returned after his Post-Doc, Patrick Couvreur's attention was retained by a surgical glue made of a monomer 12/11/2019 12:40 giving a biodegradable polymer upon polymerization. This information gleaned from new discussions with researchers of a different background from his own, gave him a solution to try to convert previously synthesized nanoparticles into a biodegradable species. From few drops of alkylcyanoacrylate, the monomer composing the surgical glue borrowed from surgeons of the institute, he synthesized the first biodegradable nanoparticles made of polymer and demonstrated that they were able to associate drugs [Couvreur et al., 1979]. This work marked a milestone. It immediately raised a growing interest to polymer nanoparticles as potential drug delivery system and, later, have paved the way for clinical trials [START_REF] Oppenheim | Solid colloidal drug delivery systems: Nanoparticles[END_REF][START_REF] Couvreur | Design of biodegradable polyalkylcyanoacrylate nanoparticles as a drug carrier[END_REF], 1988, Kreuter, 1983, 1988[START_REF] Douglas | Nanoparticles in drug delivery[END_REF][START_REF] Kattan | Phase I clinical trial and pharmacokinetic evaluation of doxorubicin carried by polyisohexylcyanoacrylate nanoparticles[END_REF][START_REF] Soma | A clinically relevant case study: the development of Livatag® for the treatment of advanced hepatocellular carcinoma[END_REF], Zhou et al., 2009, NCT01655693]. The context in which this initial work was completed was favourable for the development of polymer-based drug carriers. Difficulties were found with the early liposomes that were leaky and not enough stable in biological media [See [START_REF] Barrenholz | Doxil® -The First FDA-approved nano-drug: Lessons learned[END_REF]. Thus, polymer nanoparticles were considered as alternative solutions to those liposomes assuming that they could be more stable in biological media.Earlier developments The driving force behind Patrick Couvreur's project was to make a medicine available for patients.

Therefore, he developed a scientific strategy that was aimed to complete essential steps for the development of new drugs with very clear objectives. Urgent steps to complete were (1) to demonstrate that the newly developed PACA nanoparticles can associate chemotherapeutic agents and release these agents where needed, (2) to investigate their safety, (3) to show that the nanoparticles can be injected in vivo without causing dramatic problems, (4) to establish the pharmacokinetics and biodistribution profile of a drug associated with the nanoparticles postulating that it will differ significantly from that of the free drug improving its safety profile and pharmacological activity, [START_REF] Andrieux | Nanomedicine as a promising approach for the treatment and diagnosis of brain diseases: The example of Alzheimer's disease[END_REF] to show that they were degradable and can be eliminated from the body. It is noteworthy that working to address these aspects appears very obvious and basic with our current knowledge.

However, looking back, this was an ambitious project as nothing was known about the fate of manmade nanotechnologies in the human body. No method existed hence pioneers had tremendous work 12/11/2019 12:40 to imagine and set methodologies to progress in their work. Results from such preliminary series of work were eagerly awaited as they conditioned the continuation of the whole project towards clinical trials.

It can be noted that the work done to answer these early questions were completed in a relatively short period of time. Short after the first report describing the preparation, morphological and sorptive properties of the nanoparticles made from the polymerization of the surgical glue composed of alkylcyanoacrylate monomers [Couvreur et al., 1979a], a second paper has reported association of antineoplastic agents and their release in serum [Couvreur et al., 1979b]. In parallel to publishing the results in the scientific literature to make them available to the scientific community, patents were immediately filled in Belgium and Europe to protect the invention and were extended later in France and in the United states [Couvreur et al., 1979c[Couvreur et al., , 1979d[Couvreur et al., , 1981[Couvreur et al., , 1982a]]. Before, nanoparticles made of poly(lactic-co-glycolic acid), the second type of biodegradable nanoparticles made of a synthetic polymer, appeared on the scene [START_REF] Gurny | Development of biodegradable and injectable lattices for controlled release of potent drugs[END_REF], tissue distributions of drugs associated with various species of PACA nanoparticles were also reported [Couvreur et al., 1980a, Kante et al., 1980].

At this stage, a set of promising results were already obtained encouraging the continuation of the development of the PACA nanoparticles as potential drug carriers to be used in human healthcare.

More drugs including anticancer agents [vinblastine, actinomycin D, methotrexate and daunorubicin], an antibiotic, (penicillin V) and an antiparasitic agent [levamisole] were associated with the nanoparticles [START_REF] Couvreur | Les vecteurs lysosomotropes[END_REF]. Pharmacokinetics and biodistributions of actinomycin D and vinblastine reported after intravenous injection to rats in their nanoparticle formulation were frankly different from that of the free drugs [Couvreur et al., 1980a, Kante et al., 1980]. Consistently to what was generally observed with liposomes [START_REF] Gregoriadis | Drug entrapment in liposomes[END_REF][START_REF] Gregoriadis | Fate of a liposome-associated agent injected into normal and tumour-bearing rodents. Attempts to improve localization in tumour tissues[END_REF], a large percentage of the injected dose of the drug associated with the nanoparticle formulations accumulated in the liver and spleen that was explained later [Couvreur et al., 1980a, Kante et al., 1980]. Importantly, these results demonstrated that PACA nanoparticles could be injected to animals without producing deleterious effects that would have compromised further developments. In the last steps of the earlier age 12/11/2019 12:40 development, it was aimed to demonstrate that the nanoparticles were non-toxic on their own and could be degraded in vivo. Acute toxicity was investigated at the cellular and whole-body animal levels.

None of the results obtained so far compromised the use of PACA nanoparticles in the perspective of their application in human clinic [START_REF] Kante | Toxicity of polyalkylcyanoacrylate nanoaprticles I: free nanoparticles[END_REF]. Important results came out from a study reporting the in vivo fate of doxorubicin delivered by intravenously injected drug-loaded nanoparticles. The general toxicity of this drug, doxorubicin, was significantly reduced by fixing it to PACA nanoparticles as acknowledged by a reduction of the mortality as well as the weight loss of the mice. The cardiotoxicity of doxorubicin which is a tremendous limit treating patients [START_REF] Thorn | Doxorubicin pathways: pharmacodynamics and adverse effects[END_REF] was clearly diminished when this drug was administered to mice in the PACA nanoparticle formulation [Couvreur et al., 1982b]. This result marked a new milestone providing the proof of concept that drug molecules can be delivered with nanoparticles made of degradable polymers reducing their toxic effects. Degradation of the PACA nanoparticles was investigated considering different physicochemical environments [pH] and the action of esterase's extracted from microsomes. It was assumed that the main mechanisms of degradation occurring in vivo would consist in the cleavage of the ester bond of the alkylcyanoacrylate residue by esterases causing the dissolution of the nanoparticles in the late endosomes inside cells. Assumptions drawn on the mechanism of degradation of the PACA nanoparticles were verified [START_REF] Leyh | Etude du mécanisme de dégradation des nanoaprticules de polycyanoacrylate d'alkyle[END_REF], Lenaerts et al., 1984]. Interestingly, the release of a drug associated with the nanoparticles was concomitant to nanoparticle degradation [START_REF] Lenaerts | Degradation of poly (isobutyl cyanoacrylate) nanoparticles[END_REF].

The drug carrier being mainly degraded by esterase's showed ideal properties to release its cargo once it has reached the lysosomes, the targeted intracellular compartment through the overall drug delivery strategy followed during these early works.

The potential of PACA nanoparticles as suitable drug carriers for applications in human medicine was consolidated. The proof of concept was validated, and enough results were accumulated to move on to the next step. Meanwhile, the remarkable results published in the literature by Patrick Couvreur and his colleagues have convinced other scientists to start exploring the drug delivery potential of nanoparticles composed of PACA from 1983 onwards [Kreuter 1983a,b, Illum et al. 1983[START_REF] Couvreur | Design of biodegradable polyalkylcyanoacrylate nanoparticles as a drug carrier[END_REF][START_REF] Nicolas | Polymer nanoparticles for the delivery of anticancer drug[END_REF]12:40 Couvreur et al., 1983a, 1988[START_REF] Douglas | Biodistribution of poly(butyl-2-cyanoacrylate) nanoparticles in rabbits[END_REF][START_REF] El-Samaligy | Polyalkyl cyanoacrylate nanocapsules[END_REF][START_REF] Gasco | Nanoparticles from microemulsions[END_REF].

Since then, together with nanoparticles made of PLGA, the PACA-based nanoparticles were considered in a considerable number of works to resolve drug delivery challenges [START_REF] Couvreur | Design of biodegradable polyalkylcyanoacrylate nanoparticles as a drug carrier[END_REF], 1988, 1990,1991[START_REF] Kreuter | Possibilities of using nanoparticles as carriers for drugs and vaccines[END_REF], 1994[START_REF] Couvreur | Polyalkylcyanoacrylate nanoparticles as drug carriers : present state and perspectives[END_REF], 2006[START_REF] Fattal | Biodegradable polyalkylcyanoacrylate nanoparticles for the delivery of oligonucleotides[END_REF], Vauthier et al., 2003a,b, 2007, Murthy and Reddy, 2006[START_REF] Mundargi | Nano/micro technologies for delivering macromolecular therapeutics using poly(D,L-lactide-co-glycolide) and its derivatives[END_REF], Andrieux and Couvreur 2009b[START_REF] Graf | Poly(alkylcyanoacrylate) nanoparticles for enhanced delivery of therapeutics -is there real potential?[END_REF][START_REF] Nicolas | Synthesis of poly(alkyl cyanoacrylate)-based colloidal nanomedicines[END_REF][START_REF] Nicolas | Poly(alkylcyanoacrylate) nanosystems[END_REF][START_REF] Danhier | PLGA-based nanoparticles: An overview of biomedical applications[END_REF][START_REF] Yordanov | Poly(alkylcyanoacrylate) nanoparticles as drug carriers: 33 years later[END_REF], Lai et al., 2014[START_REF] Alonso | Historical view of the design and development of nanocarriers overcoming biological barriers[END_REF][START_REF] James | Poly(lactic acid) for delivery of bioactive macromolecules[END_REF], Lakkyreddy and Bazile, 2016[START_REF] Lee | PLA microand nano-particles[END_REF][START_REF] Tyler | Polylactic acid (PLA) controlled delivery carriers for biomedical applications[END_REF][START_REF] Bawa | Stimulus-Responsive Degradable Polylactide-Based Block Copolymer Nanoassemblies for Controlled/Enhanced Drug Delivery[END_REF].

3 Exploring drug delivery potential of PACA nanoparticles.

Results obtained from preliminary evaluations of PACA nanoparticles were promising to progress towards the development of nanoparticulate drug carriers using PACA and resolve challenges found in drug delivery. From this point, nanoparticles made of PACA were considered as potential drug carrier by researchers all around the world (Figure 1). Patrick Couvreur continued his researches on PACA nanoparticles at the Faculty of Pharmacy of the University of Paris-Sud. He was appointed as a full Professor and has joint the laboratory headed by Francis Puisieux where works on liposomes were ongoing (See Vauthier et al., 1999).

At the beginning, the general purpose for the use of a drug carrier was to provide known API, i.e. the "old" drugs, with a more appropriate pharmacokinetic and biodistribution profile leading a more efficient distribution at the target site promoting biological efficacy and reducing side effects. This is still the aim of many current works. Besides, new APIs appeared on the scene over the past 40 years.

Drug candidates that came out of discovery pipelines of the pharmaceutical industry in the 1990s' were molecules with a poor solubility profile that needed specific formulation efforts [Kaleku and Nekkanti, 2015, Zhang et al., 2018[START_REF] Van Hoogevest | Drug delivery strategies for poorly water-soluble drugs: the industrial perspective[END_REF][START_REF] Narvekar | Nanocarrier for poorly water-soluble anticancer drugs--barriers of translation and solutions[END_REF], Zhang et al. 2018].

12/11/2019 12:40 Their association with polymer nanoparticles was considered between different options to resolve problems linked to their low solubility in biological media causing a low biodisponibility or hindering their clinical development. Alongside this, novel strategies to design treatments for cancer, infections and neurodegenerative diseases that remained without satisfactory solutions for patients have emerged from molecular and cellular biology and immunology advances which provided with a better understanding of biological processes behind pathological disorders. New APIs were needed comprising biomolecules such as peptides or proteins, i.e. monoclonal antibodies and nucleic acids.

They are active at a low dose and their mode of action is highly specific. However, their in vivo delivery to obtain active treatments is challenging because of their low stability in biological media and poor 12/11/2019 12:40 diffusion across biological barriers, in particular the cell membrane which is an obstacle to reach the API target located in the cell cytoplasm or nucleus [START_REF] Couvreur | Nano-and microparticles for the delivery of polypeptides and proteins[END_REF], Couvreur et al., 1993[START_REF] Fattal | Biodegradable polyalkylcyanoacrylate nanoparticles for the delivery of oligonucleotides[END_REF][START_REF] Mahato | Challenges of turning nucleic acids into therapeutics[END_REF][START_REF] Chung | Strategies for non-invasive delivery of biologics[END_REF], Silva et al., 2015[START_REF] Juliano | The delivery of therapeutic oligonucleotides[END_REF], Lakkireddy et al., 2016[START_REF] Anselmo | Non-invasive delivery strategies for biologics[END_REF]. Over the years, Patrick Couvreur has explored the potential of the nascent nanotechnologies using PACA nanoparticles to resolve drug delivery hurdles facing known and new challenges [START_REF] Damgé | New approach for oral administration of insulin with polyalkylcyanoacrylate nanocapsules as drug carrier[END_REF][START_REF] Chavany | Polyalkylcyanoacrylate nanoparticles as polymeric carriers for antisense oligonucleotides[END_REF][START_REF] Couvreur | Nano-and microparticles for the delivery of polypeptides and proteins[END_REF][START_REF] Fattal | Biodegradable polyalkylcyanoacrylate nanoparticles for the delivery of oligonucleotides[END_REF][START_REF] Fattal | Polymeric nanoparticles and microparticles as carriers for antisense oligonucleotides[END_REF]. His contribution to the different challenges was summarized in the next few paragraphs. As new molecules appeared as potential drugs, one challenge was to have drug carriers that could suit to the different types of drugs. Approaches to design nanocarriers suitable for various drug molecules were exposed in the paragraph 4.1: Designing nanotechnologies suitable for drugs of different chemical nature. Approaches developed to control the in vivo fate of polymer were described in the paragraph 4.2.: Designing nanoparticles controlling their in vivo drug delivery performance. This paragraph explained progresses made towards the conception of targeted nanoparticles and gives a few examples of the use of nanoparticles to go across major physiological barriers that are hurdles to the efficacy of many treatments.

Designing suitable nanotechnologies for drugs of different chemical nature.

Successful association of drugs with a carrier made of polymer nanoparticles generally depends on both the nature of the polymer composing the carrier and the API physicochemical characteristics [START_REF] Charrueau | Associating Drugs with Polymer Nanoparticles: A Challenge[END_REF]. Over the years, projects exploring drug delivery potential of polymer nanoparticles were multiplied and diversified to answer various needs designing better treatments for patients. This has confronted technologies based on polymer nanoparticles to the challenge of associating a wide range of biologically active molecules. Results obtained from early evaluations of nanoparticles made of PACA have encouraged their selections as potential drug carrier candidate in many new projects. As these nanoaprticles were quite easy to produce, the technology was considered in many laboratories. Unexpectedly, these nanoparticles were suitable for wide range of drugs. Today, PACA-based nanoparticles comprise a large family having different features that allows association of 12/11/2019 12:40 "old" and new APIs occurring as small or large molecules being hydrosoluble, lipophilic or belonging to the poorly soluble species [START_REF] Nicolas | Drug-Initiated Synthesis of Polymer Prodrugs: Combining Simplicity and Efficacy in Drug Delivery[END_REF]Couvreur, 2009, Vauthier, 2016] (Table 1).

Type of nanoparticle

Method of synthesis Method of drug association

Type of drugs associated with nanoparticles Nanospheres Anionic/zwitterionic emulsion polymerization [Couvreur et al., 1979a] Association during polymerization To answer challenges of associating drugs of various natures with nanoparticles, the contribution of Patrick Couvreur was not limited to nanoparticles composed of PACA. For instance, he has introduced the first hydrogel-based nanoparticles that were made of alginate [START_REF] Rajaonarivony | Development of a new drug carrier made from alginate[END_REF]. These nanoparticles are still investigated by several groups as potential carriers for peptides and nucleic acids and have raised interests beyond pharmaceutical applications [START_REF] Sarmento | Characterization of insulin-loaded alginate nanoparticles produced by ionotropic pre-gelation through DSC and FTIR studies[END_REF][START_REF] Hamidi | Hydrogel nanoparticles in drug delivery[END_REF][START_REF] Ahmad | Inhalable alginate nanoparticles as antitubercular drug carriers against experimental tuberculosis[END_REF], Venkatesen et al., 2016[START_REF] Lopes | Preparation methods and applications behind alginate-based particles[END_REF][START_REF] He | Effects of Calcium Alginate Submicroparticles on Seed Germination and Seedling Growth of Wheat (Triticum aestivum L.)[END_REF], Mulhopadhyway et al., 2018]. The methodological approach developed to prepare these hydrogel-based nanoparticles inspired those used later to obtain chitosan-based nanoparticles [START_REF] Calvo | Novel hydrophilic chitosan-polyethylene oxide nanoparticles as protein carriers[END_REF][START_REF] Sarmento | Insulin-loaded nanoparticles are prepared by alginate ionotropic pre-gelation followed by chitosan polyelectrolyte complexation[END_REF][START_REF] Li | Chitosan-Alginate Nanoparticles as a Novel Drug Delivery System for Nifedipine[END_REF] another type of nanoparticles currently considered to achieve peptides and small fragments of nucleic acids delivery [miRNA, siRNA...] delivery [START_REF] Calvo | Novel hydrophilic chitosan-polyethylene oxide nanoparticles as protein carriers[END_REF][START_REF] Li | Chitosan-Alginate Nanoparticles as a Novel Drug Delivery System for Nifedipine[END_REF], Garcia-Fuente and Alonso, 2012[START_REF] Vauthier | Chitosan-based nanoparticles for in vivo delivery of interfering agents including siRNA[END_REF][START_REF] Islam | Recent advances in chitosan-based nanoparticulate pulmonary drug delivery[END_REF], Venkatesen et al., 2016[START_REF] Key | Multicomponent, Tumor-Homing Chitosan Nanoparticles for Cancer Imaging and Therapy[END_REF][START_REF] Mokhtarzadeh | Biodegradable nano-polymers as delivery vehicles for therapeutic small non-coding ribonucleic acids[END_REF], Wang et al., 2017]]. Then, Patrick Couvreur has contributed to the invention of a method of fabrication of hydrogel-based nanoparticles through the formation of a complex between two polymers by a key-lock like system. The lock was a poly(cyclodextrin) polymer in which the cyclodextrin residues were hosts for the keys composed by alkyl chains grafted on a polysaccharide [START_REF] Gref | New self-assembled nanogels based on host-guest interactions: characterization and drug loading[END_REF], Daoud-Mohammed et al. 2007[START_REF] Hoffman | The origins and evolution of "controlled" drug delivery systems[END_REF]. Highly hydrophobic drug molecules such as tamoxifen and benzophenone could be associated with these nanoparticles thanks to their inclusion in cyclodextrin residues not involved in the building of the nanoparticle structure [Daoud-Mohammed et al., 2009]. Interest for this technology is currently pursued inspiring the design of new nanomaterials for applications in drug delivery [START_REF] Mejia-Ariza | Cyclodextrin-based supramolecular nanoparticles for biomedical applications[END_REF][START_REF] Wankar | Efficient loading of ethionamide in cyclodextrin-based carriers offers enhanced solubility and inhibition of drug crystallization[END_REF][START_REF] Diaz-Salmeron | Hierarchical supramolecular platelets from hydrophobically-modified polysaccharides and α-cyclodextrin: Effect of hydrophobization and αcyclodextrin concentration on platelet formation[END_REF]. The next innovation was the design of methodologies producing multifunctional nanotechnologies leading the way to nanotheranostics, a new field combining diagnostic and therapeutic activities within a single nano-object and to the design of new drug delivery platforms with improved delivery performances. One of the proposed platforms was obtained from the self-assembly of squalene derivatives bearing different functionalities including a high payload of the API, a targeting tool and a diagnostic agent [Couvreur et al., 2006[START_REF] Reddy | A new nanomedicine of gemcitabine displays enhanced anticancer activity in sensitive and resistant leukemia types[END_REF], Arias et al., 12/11/201912:40 2011[START_REF] Reddy | Nanotechnology for therapy and imaging of liver diseases[END_REF][START_REF] Desmaële | Squalenoylation: a generic platform for nanoparticular drug delivery[END_REF], Feng et al., 2017, Mura et al., this volume]. This novel concept designing nanoparticles was also applied a few years later to conceive multifunctional PACA-based nanoparticles [START_REF] Nicolas | Synthesis of highly functionalized poly (alkyl cyanoacrylate) nanoparticles by means of click chemistry[END_REF], 2013, Le Droumadet et al., 2012].

Today, nanotechnologies based on self-assembly are the most advanced systems. Customized characteristics can be given to nanoparticles and a generally high loading capacity can be obtained with a wide range of APIs [START_REF] Desmaële | Squalenoylation: a generic platform for nanoparticular drug delivery[END_REF][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][START_REF] Feng | Design, Preparation and Characterization of Modular Squalenebased Nanosystems for Controlled Drug Release[END_REF][START_REF] Mohammadi | Biocompatible polymersomes-based cancer theranostics: Towards multifunctional nanomedicine[END_REF], Li et al., 2018[START_REF] Yang | Amphiphilic polysaccharides as building blocks for self-assembled nanosystems: molecular design and application in cancer and inflammatory diseases[END_REF]. These systems hold great promise to resolve several limitations found with simpler formulations of polymer-based nanocarriers which are a generally low payload and a poor control of the release of the cargo. The method of synthesis of the new generation of carriers based on self-assembly of molecules is robust and scalable. Different tools can be implemented to achieve a better control of the delivery of the drug in the target site. A system that triggers the release of the drug under well define circumstances generally found at the target site can be incorporated in the nanoparticles as well as targeting ligands to promote the recognition of the target cells. [START_REF] Desmaële | Squalenoylation: a generic platform for nanoparticular drug delivery[END_REF][START_REF] Nicolas | Synthesis of highly functionalized poly (alkyl cyanoacrylate) nanoparticles by means of click chemistry[END_REF][START_REF] Mura | Nanotheranostics for personalized medicine[END_REF], Mura et al., 2013[START_REF] Feng | Design, Preparation and Characterization of Modular Squalenebased Nanosystems for Controlled Drug Release[END_REF][START_REF] Mohammadi | Biocompatible polymersomes-based cancer theranostics: Towards multifunctional nanomedicine[END_REF], Hassansadeh et al., 2018[START_REF] Yang | Amphiphilic polysaccharides as building blocks for self-assembled nanosystems: molecular design and application in cancer and inflammatory diseases[END_REF].

Designing nanoparticles controlling their in vivo drug delivery performances

One of the aims of using drug carriers was to control better the biodistribution of APIs promoting their delivery at the target site. In early works, "old" anticancer and antimicrobial agents administered intravenously were obvious candidates for the application of the nascent drug delivery technologies which included liposomes and polymer nanoparticles [START_REF] Gregoriadis | Drug entrapment in liposomes[END_REF], Couvreur et al., 1980a].

Today, developments are pursued considering "old" drug molecules and all APIs from the new generation including poorly soluble molecules and various biomolecules, i.e., peptides, proteins, nucleic acids. Drug delivery performances of polymer nanoparticles have been explored using almost all routes of administration [START_REF] Cappel | Effect of nanoparticles on transdermal drug delivery[END_REF][START_REF] Couvreur | Polyalkylcyanoacrylate nanoparticles as drug carriers : present state and perspectives[END_REF], Vauthier et al., 2003a[START_REF] Mesiha | Oral and subcutaneous absorption of insulin poly(isobutylcyanoacrylate) nanoparticles[END_REF], Ludwig et al., 2006[START_REF] Alonso | Nanostructured biomaterials for overcoming barriers[END_REF][START_REF] Fonte | Polymer-based nanoparticles for oral insulin delivery: Revisited approaches[END_REF], Jonagam, 2017[START_REF] Batista | Recent insights in the use of nanocarriers for the oral delivery of bioactive proteins and peptides[END_REF][START_REF] Gedawy | Oral insulin delivery: existing barriers and current counterstrategies[END_REF]. Whatever the route of administration, the success of 12/11/2019 12:40 the delivery method greatly depends on the passage through different barriers separing the site of administration from the target site [START_REF] Alonso | Nanostructured biomaterials for overcoming barriers[END_REF][START_REF] Duncan | Endocytosis and intracellular trafficking as gateways for nanomedicine delivery: opportunities and challenges[END_REF][START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF][START_REF] Ross | Nano-Enabled Delivery of Diverse Payloads Across Complex Biological Barriers[END_REF], Lundquist and Arturson, 2016[START_REF] Anchordoquy | Mechanisms and Barriers in Cancer Nanomedicine: Addressing Challenges, Looking for Solutions[END_REF][START_REF] Dai | Quantifying the Ligand-Coated Nanoparticle Delivery to Cancer Cells in Solid Tumors[END_REF].

The design of efficient drug carriers on rational basis is pending to the understanding of parameters that control their progression through the different barriers found on the way to the target site and of the biological environment of the disease [START_REF] Schroeder | Treating metastatic cancer with nanotechnology[END_REF][START_REF] Duncan | Endocytosis and intracellular trafficking as gateways for nanomedicine delivery: opportunities and challenges[END_REF][START_REF] Lammers | Drug targeting to tumors: principles, pitfalls and (pre-) clinical progress[END_REF][START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF][START_REF] Hare | Challenges and strategies in anti-cancer nanomedicine development: An industry perspective[END_REF]. It currently remains a challenge to meet the full drug targeting promises expected from the use of nanotechnology-based drug carriers like polymer nanoparticles [START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF][START_REF] Anchordoquy | Mechanisms and Barriers in Cancer Nanomedicine: Addressing Challenges, Looking for Solutions[END_REF][START_REF] Dai | Quantifying the Ligand-Coated Nanoparticle Delivery to Cancer Cells in Solid Tumors[END_REF]. Nevertheless, since their initial development, a series of bottlenecks were unmasked and elucidated [START_REF] Lammers | Drug targeting to tumors: principles, pitfalls and (pre-) clinical progress[END_REF][START_REF] Blanco | Principles of nanoparticle design for overcoming biological barriers to drug delivery[END_REF][START_REF] Wicki | Nanomedicine in cancer therapy: challenges, opportunities, and clinical applications[END_REF], Ross et al., 2016). Thanks to their extreme adaptability, PACA nanoparticles were considered in many studies having explored hypotheses to achieve the goal of drug targeting. Their seminal role demonstrating proofs of concepts in drug targeting and to achieve drug delivery improvements can be pointed out. As summarized below, PACA nanoparticles were major players deciphering the design of targeted nanoparticles administered by intravenous injections (see section 4.2.1.). They were also major actors in works performed to lift drug delivery challenges through biological barriers opening the way to oral delivery of peptides (see section 4.2.2.1.), to deliver drugs in the brain barrier (see section 4.2.2.2.) and to the delivery of anticancer drugs in resistant cells (see section 4.2.2.3.). The strength of a large body of works done with PACA nanoparticles strands on studies based on clearly identified clinical perspectives having included in vivo evaluations on animal models of the corresponding diseases (see for instance [START_REF] Damgé | New approach for oral administration of insulin with polyalkylcyanoacrylate nanocapsules as drug carrier[END_REF][START_REF] Fattal | Treatment of experimental salmonellosis in mice with ampicillinbound nanoparticles[END_REF], Chiannikulchai et al., 1989[START_REF] Chavany | Polyalkylcyanoacrylate nanoparticles as polymeric carriers for antisense oligonucleotides[END_REF][START_REF] Schwab | An approach for new anticancer drugs: oncogene-targeted antisense DNA[END_REF][START_REF] Brigger | Negative preclinical results with stealth nanospheresencapsulated Doxorubicin in an orthotopic murine brain tumor model[END_REF], Calvo et al., 2001a, Ramon et al., 2013, Juenet et al., 2017[START_REF] Fusser | Cabazitaxel-loaded Poly(2-ethylbutyl cyanoacrylate) nanoparticles improve treatment efficacy in a patient derived breast cancer xenograft[END_REF]. Following such an approach has been reminded as an urgent necessity to make progress in clinical translation of nanomedicines in recent articles analysing the clinical output of the considerable amount of works done on nanomedicines [Park, 2013[START_REF] Venditto | Cancer nanomedicines: so many papers and so few drugs![END_REF][START_REF] Dai | Quantifying the Ligand-Coated Nanoparticle Delivery to Cancer Cells in Solid Tumors[END_REF]. Additional strength of works 12/11/2019 12:40 done on PACA nanoparticles comes from fundamental studies. Their mechanisms of action were deciphered in different situations (see for instance [START_REF] Balland | Intracellular distribution of ampicillin in murine macrophages infected with Salmonella typhimurium and treated with (3H)ampicillin-loaded nanoparticles[END_REF], Collin de Verdièrre et al., 1994, Kim et al., 2007[START_REF] Kreuter | Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?[END_REF] and efforts have been made to elucidate how they were interacted with various biological systems (See for instance Peracchia et al., 1999, Brambilla et al., 2012[START_REF] Coty | Tuning complement activation and pathway through controlled molecular architecture of dextran chains in nanoparticle corona[END_REF][START_REF] Sulheim | Cellular uptake and intracellular degradation of poly(alkyl cyanoacrylate) nanoparticles[END_REF], 2017). Results generated by such works are roots for the understanding of the in vivo efficacy and safety of nanomedicines. They provide numerous information for the development of the future generation of nanomedicines.

Manipulating the biodistribution of intravenously injected nanoparticles: the way to drug targeting.

Very first biodistribution studies of early liposomes and PACA nanoparticles have revealed that intravenously injected man-made nano-objects were sequestrated by the immune system of the host [START_REF] Gregoriadis | Fate of a liposome-associated agent injected into normal and tumour-bearing rodents. Attempts to improve localization in tumour tissues[END_REF], Couvreur et al., 1980a, Kante et al., 1980[START_REF] Oppenheim | Solid colloidal drug delivery systems: Nanoparticles[END_REF]. This found interest for targeting drugs to intracellularly infected macrophages [START_REF] Fattal | Treatment of experimental salmonellosis in mice with ampicillinbound nanoparticles[END_REF], Abed and Couvreur, 2014, Abeb et al., 2015[START_REF] Jiang | Nanodelivery strategies for the treatment of multidrug-resistant bacterial infections[END_REF] and to other liver disease such as liver cancer [START_REF] Chiannilkulchai | Doxorubicin-loaded nanoparticles: increased efficiency in murine hepatic metastases[END_REF][START_REF] Reddy | Nanotechnology for therapy and imaging of liver diseases[END_REF][START_REF] Soma | A clinically relevant case study: the development of Livatag® for the treatment of advanced hepatocellular carcinoma[END_REF][START_REF] Merle | A multicentre, randomised, open-label study comparing the efficacy and safety of two doses of Doxorubicin TransdrugTM to best standard of care in patients with advanced Hepatocellular Carcinoma (HCC) after sorafenib. The relive study. P1334[END_REF][START_REF] Lu | Surface Engineering of Nanoparticles for Targeted Delivery to Hepatocellular Carcinoma[END_REF]. However, sequestration of nanoparticles by the immune system is a considerable obstacle to achieve drug delivery to disease tissues localized in organs that are not the main seats of the immune system. The addition of poly(ethylene glycol) (PEG) on the surface of nanomedicines, called PEGylation, was a major advance towards the design of nanoparticles being able to escape sequestration by macrophages. It was assumed to reduce the opsonization of the particles, a process which involved the adsorption of serum protein on the surface of the nanoparticles preparing them for their recognition or not by macrophages of the immune system [START_REF] Jeon | Protein-surface interactions in the presence of polyethylene oxide I. Simplified theory[END_REF], Blume and Cveg, 1990[START_REF] Gref | Biodegradable long-circulating polymeric nanospheres[END_REF][START_REF] Bazile | PEG-PLA Nanoparticles Avoid Uptake by the Mononuclear Phagocytes System[END_REF]. PEGylated PACA nanoparticles were obtained by different ways. The early PEGylation 12/11/2019 12:40 method consisted on the adsorption of a PEG containing surfactant such as poloxamin and poloxamer on the surface of pre-synthesized nanoparticles [START_REF] Illum | Adsorption of monoclonal antibodies to polyhexylcyanoacrylate nanoparticles and subsequent immunospecific binding to tumour cells in vitro[END_REF][START_REF] Kreuter | Passage of peptides through the blood-brain barrier with colloidal polymer particles (nanoparticles)[END_REF]. Later, PEG was chemically grafted to PACA-based polymers to strengthen the stability of the PEG layer formed at the nanoparticle surface. The PEGylation was achieved initiating the polymerization of the alkylcyanoacrylate monomers on the chain-end of PEG adapting the historical emulsion polymerization method [START_REF] Lourenco | Steric stabilization of nanoparticles: size and surface properties[END_REF], Perrachia et al., 1997 a,b]. Other methods considered the synthesis of amphiphilic copolymers composed alkyl cyanoacrylate and PEG that were then converted into PEGcoated nanoparticles by nanoprecipitation [START_REF] Choi | Block copolymer nanoparticles of ethylene oxide and isobutyl cyanoacrylate[END_REF], Peracchia et al., 1997, 1999]. The method based on the synthesis of the poly(hexadecyl cyanoacrylate-co-methoxy PEG-hexadecyl cyanoacrylate [P[HDCA-co-MePEGCA) [Peracchia et al., 1997[Peracchia et al., , 1999] ] was favored in many subsequent works [START_REF] Stella | Design of folic acid-conjugated nanoparticles for drug targeting[END_REF][START_REF] Kreuter | Nanoparticles -a historical perspective[END_REF][START_REF] Nicolas | Synthesis of highly functionalized poly (alkyl cyanoacrylate) nanoparticles by means of click chemistry[END_REF][START_REF] Couvreur | Squalenoylation": a new approach to the design of anticancer and antiviral nanomedicines[END_REF], 2011, Le Droumadet et al., 2012]. Regardless of the approach, the PEGylation of the PACA-based nanoparticles had a significant incidence on the biodistribution [Perrachia et al., 1999[START_REF] Gulyaev | Significant transport of doxorubicin into the brain with polysorbate 80-coated nanoparticles[END_REF]. Consistently with general observations reported elsewhere (Blume and Cvec, 1990[START_REF] Gref | Biodegradable long-circulating polymeric nanospheres[END_REF][START_REF] Bazile | PEG-PLA Nanoparticles Avoid Uptake by the Mononuclear Phagocytes System[END_REF], this second generation of nanoparticles appeared "stealth" to the immune system. After intravenous administration, they remained for a long period of time in the blood circulation escaping rapid uptake by macrophages at the early time of the pharmacokinetics [Peracchia et al., 1999]. More importantly, the obtained "stealth" nanoparticles accumulated more in diseased tissues where they were able to deliver larger amounts of drugs compared with an administration of free drugs or of drugs associated with non-stealth nanoparticles (Brigger et al., 2002, 2004[START_REF] Calvo | Quantification and localization of PEGylated polycyanoacrylate nanoparticles in brain and spinal cord during experimental allergic encephalomyelitis in the rat[END_REF]. It was suggested that the mechanism used by "stealth" nanoparticles to target more drug molecules in diseased tissues was based on the enhanced permeability and retention (EPR) effect that was described in the mid-1980s for the delivery of macromolecular therapeutics to tumors [START_REF] Matsumura | A new concept for macromolecular therapeutics in cancer chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor agent smancs[END_REF]Maeda, 1986, Maeda, 2001]. Since then, this mode of drug targeting has been widely explored to improve drug delivery in solid tumors. The EPR effect is heterogenous between tumors and the success of drug targeting strategies based on the EPR effect greatly depends on the tumor physiopathology and patients 12/11/2019 12:40 [START_REF] Maeda | Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues related to its heterogeneity[END_REF]. Strategies are currently investigated to normalize the efficiency of EPR-mediated drug targeting using PACA-based nanotechnologies working together with the action of a physical stimuli including the activity of ultrasounds [START_REF] Theek | Sonoporation enhances liposome accumulation and penetration in tumors with low EPR[END_REF][START_REF] Ojha | Pharmacological and physical vessel modulation strategies to improve EPR-mediated drug targeting to tumors[END_REF], Snipstab et al., 2017]. Beside the important role of the EPR effect allowing nanomedicines to reach the diseased tissue, success of treatments is pending to the delivery of the antitumoral drugs to target cells [START_REF] Brigger | Negative preclinical results with stealth nanospheresencapsulated Doxorubicin in an orthotopic murine brain tumor model[END_REF], Fang et al., 2011[START_REF] Duncan | Endocytosis and intracellular trafficking as gateways for nanomedicine delivery: opportunities and challenges[END_REF], Schroeder et al., 2012, Lammer et al., 2012, Park, 2013[START_REF] Maeda | Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues related to its heterogeneity[END_REF][START_REF] Nakamura | Nanodrug Delivery: Is the Enhanced Permeability and Retention Effect Sufficient for Curing Cancer?[END_REF].

Biodistribution studies of PEGylated PACA nanoaprticles performed on healthy animals revealed an interesting retention of these nanoparticles in the brain that was not observed considering their non-PEGylated counterpart [START_REF] Gulyaev | Significant transport of doxorubicin into the brain with polysorbate 80-coated nanoparticles[END_REF], Calvo et al. 2001b[START_REF] Ambruosi | Body distribution of polysorbate-80 and doxorubicin-loaded [14C]poly(butyl cyanoacrylate) nanoparticles after i.v. administration in rats[END_REF][START_REF] Wohlfart | Transport of drugs across the blood-brain barrier by nanoparticles[END_REF]]. This result paved the way of a new area of research developing treatments of central nervous system disorders including neurodegenerative diseases assuming that PEGylated PACA nanoparticles can help drugs to go across the blood brain barrier (BBB) [Brigger et al., 2002, Calvo et al. 2001a,b, Kreuter et al., 2001]. Andrieux et al. 2009a[START_REF] Brambilla | Nanotechnologies for Alzheimer's disease: diagnosis, therapy, and safety issues[END_REF][START_REF] Wohlfart | Transport of drugs across the blood-brain barrier by nanoparticles[END_REF][START_REF] Alyautdin | Nanoscale drug delivery systems and the blood-brain barrier[END_REF][START_REF] Kreuter | Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?[END_REF], Gaudin et al. 2015, Saralva et al., 2016[START_REF] Zhou | Crossing the blood-brain barrier with nanoparticles[END_REF] (See section 4.2.2.2.).

PEG is by far the most widely used hydrophilic polymer to produce so called "stealth" drug carriers [Lakkyreddy and [START_REF] Lakkireddy | Building the design, translation and development principles of polymeric nanomedicines using the case of clinically advanced poly(lactide(glycolide))-poly(ethylene glycol) nanotechnology as a model: An industrial viewpoint[END_REF][START_REF] Suk | PEGylation as a strategy for improving nanoparticle-based drug and gene delivery[END_REF], Aslund et al., 2017]. Few other synthetic polymers have been suggested but their use remains marginal so far [START_REF] Amoozgar | Recent advances in stealth coating of nanoparticle drug delivery systems[END_REF]. In contrast, there is a growing interest using polysaccharides as an alternative to PEG [START_REF] Lemarchand | Polysaccharide-decorated nanoparticles[END_REF][START_REF] Jin | Chitosan-glutathione conjugate-coated poly(butyl cyanoacrylate) nanoparticles: Promising carriers for oral thymopentin delivery[END_REF][START_REF] Yu | Modulation of complement activation and amplification on nanoparticle surfaces by glycopolymer conformation and chemistry[END_REF][START_REF] Ibegbu | Nanoparticles of alkylglyceryl dextran and poly(ethyl cyanoacrylate) for applications in drug delivery: Preparation and characterization[END_REF][START_REF] Juenet | Thrombolytic therapy based on fucoidan-functionalized polymer nanoparticles targeting P-selectin[END_REF]. A method for the obtaining of stealth PACA nanoparticles using polysaccharides as coating materials was developed from a radical emulsion polymerization of alkylcyanoacrylate monomers [START_REF] Chauvierre | Novel polysaccharide-decorated poly(isobutyl cyanoacrylate) nanoparticles[END_REF][START_REF] Alhareth | Pharmacokinetics and tissue biodistribution in rats of doxorubicin loaded Poly(isobutylcyanoacrylate) nanoparticles prepared by redox radical emulsion polymerization[END_REF]. This was another method derived from the historical anionic emulsion polymerization method which provided with non-stealth polysaccharide-coated PACA nanoparticles.

12/11/2019 12:40 As discussed above, stealth nanoparticles can accumulate in pathological tissues were the permeability of blood vessels is increased [Lammer et al., 2012[START_REF] Maeda | Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues related to its heterogeneity[END_REF][START_REF] Ho | A Facile Method to Probe the Vascular Permeability of Nanoparticles in Nanomedicine Applications[END_REF]. This mode of drug targeting was named "passive" targeting because the nanoparticles have no specific mean to recognize their target site. They simply accumulate in diseased tissues thanks to favourable conditions given by the local physiopathology. To promote a targeting strategy based on specific interactions involving ligand-receptor like interactions between carriers and target cells, i.e. "active" targeting, targeting ligands were added on nanoparticle surfaces. Suitable ligands are generally chosen among molecules that interact specifically with overexpressed receptors found on target cell surface. Adding an active targeting functionality to the nanoparticles was assumed to enhance the efficacy of drug delivery to target cells compared with the delivery method based on passive targeting. The proof of concept has been established with PEGylated PACA nanoparticles decorated with folic acid taken as a specific ligand targeting cancer cells overexpressing the receptor of this small molecule [START_REF] Stella | Design of folic acid-conjugated nanoparticles for drug targeting[END_REF][START_REF] Stella | Biological characterization of folic acid-conjugated poly(H2NPEGCA-co-HDCA) nanoparticles in cellular models[END_REF].

Other drug targeting successes were then reported in vivo using monoclonal antibodies grafted on the surface of PACA nanoparticles but also on nanoparticles composed of other polymers [Aktas et al., 2005[START_REF] Karatas | A nanomedicine transports a peptide caspase-3 inhibitor across the blood-brain barrier and provides neuroprotection[END_REF], Ramon et al., 2013]. In general, the targeting strategy consists of enhancing drug delivery right to target cells. However, a ligand could also be used to promote interactions with endothelial cells of a specific tissue promoting the extravasation of the particles from the blood compartment to the target tissue. This was applied using an antibody against the transferrin receptor that is over expressed on the endothelium of the BBB [START_REF] Qian | Targeted drug delivery via the transferrin receptor-mediated endocytosis pathway[END_REF]. The approach was found relevant improving the delivery of drugs such as peptides in the brain [START_REF] Karatas | A nanomedicine transports a peptide caspase-3 inhibitor across the blood-brain barrier and provides neuroprotection[END_REF][START_REF] Paterson | Exploiting transferrin receptor for delivering drugs across the blood-brain barrier[END_REF]. It is noteworthy that early attempts to develop active targeted PACA nanoparticles have failed because of the combination of stability problems and inadequate pharmacokinetics [START_REF] Illum | Tissue distribution of Poly(hexyl 2-cyanoacrylate) nanoparticles coated with monoclonal antibodies in mice bearing human tumor xenografts[END_REF]. Both stealth carriers and strong anchorage of the targeting moiety are needed to improve the specificity of the drug delivery method towards target cells taking advantage of an active targeting method. For the success of the method, the carrier needs to reach the targeted cells after being distributed in the desired tissue [START_REF] Dai | Quantifying the Ligand-Coated Nanoparticle Delivery to Cancer Cells in Solid Tumors[END_REF].

12/11/2019 12:40 At present, the way to the success of the drug targeting concept with nanoparticles, and more generally with nanomedicines, is based on our know how to manipulate the biodistribution of nanoobjects. However, it is noteworthy that early studies having investigated pharmacokinetics and biodistributions of drugs delivered with PACA nanoparticles were carried out without having a deep knowledge on mechanisms that control the in vivo fate of intravenously injected nanoparticles. The results were very useful to draw strategies for the design of stealth nanoparticles preventing their immediate sequestration by the immune system after intravenous administration. They were also needed to implement the active targeting property to nanomedicines. Today, challenges remain to improve the performance of targeted nanomedicines taking advantages of the EPR effect and of a specific delivery to target cells [START_REF] Nakamura | Nanodrug Delivery: Is the Enhanced Permeability and Retention Effect Sufficient for Curing Cancer?[END_REF][START_REF] Dai | Quantifying the Ligand-Coated Nanoparticle Delivery to Cancer Cells in Solid Tumors[END_REF][START_REF] Rosenblum | Progress and challenges towards targeted delivery of cancer therapeutics[END_REF]. A better understanding of mechanisms that control the in vivo fate of nanomaterials, of the functioning of barriers between the site of administration and the site of activity and of the influence of the nanomaterial attributes on their drug delivery performances is now believed to benefit to the design of more efficient particles on a rationale basis [START_REF] Bertrand | The journey of a drug-carrier in the body: an anatomo-physiological perspective[END_REF][START_REF] Duncan | Endocytosis and intracellular trafficking as gateways for nanomedicine delivery: opportunities and challenges[END_REF], Schroeder et al., 2012[START_REF] Maeda | Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues related to its heterogeneity[END_REF], Anchordoquy et al., 2016[START_REF] Nakamura | Nanodrug Delivery: Is the Enhanced Permeability and Retention Effect Sufficient for Curing Cancer?[END_REF][START_REF] Hare | Challenges and strategies in anti-cancer nanomedicine development: An industry perspective[END_REF].

Enhancing drug delivery through physical biological barriers

Biological barriers are impassable barriers for numerous APIs. Drugs may not diffuse across or/and are degraded. Nanoparticles were then expected to improve drug delivery across biological barriers including the gut epithelium, endothelia such as the BBB and the cell membrane of multidrug resistant cancer cells. As discussed below, several of the works having considered PACA nanoparticles have paved the way for further works on the oral delivery of peptides, and the design of innovative treatments for brain diseases and resistant cancers.
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Oral delivery of peptides

Taking a pill instead of multiple daily injections is the holy grail of hundred million of diabetic patients needing a systemic insulin-based treatment. In addition to patient comfort, oral insulin would provide a therapeutic advantage as the hormone will be routed directly to the liver via the portal vein after intestinal absorption mimicking the physiological pathway of the insulin secreted by the pancreas [START_REF] Arbit | Oral Insulin Delivery in a Physiologic Context: Review[END_REF]Kidron, 2018, Gedawy et al., 2018]. Efforts on the design of oral treatments of diabetes with insulin can be recorded up to the discovery of the hormone by [START_REF] Banting | The internal secretion of the pancreas[END_REF][START_REF] Banting | The internal secretion of the pancreas[END_REF][START_REF] Fisher | The absorption of insulin from the intestine, vaginal and scrotal sac[END_REF][START_REF] Scott | The oral administration of insulin derivatives[END_REF]. However, the task is extremely difficult because large peptides are generally destroyed by physiological food digestion pathways occurring in the gastro intestinal tract [START_REF] Gedawy | Oral insulin delivery: existing barriers and current counterstrategies[END_REF]. When they appeared, colloidal particles were rapidly considered as potential vehicle candidates to achieve oral delivery of peptide drugs assuming that they will insure a protection against degradation and may promote absorption of the peptide through the gut mucosa when a systemic activity is required [START_REF] Vauthier | Contribution to the development of oral dosage form for insulin delivery[END_REF]. Early experiments with the first biodegradable nanoparticles made of PACA have then paved the way to the tremendous subsequent works having considered polymer nanoparticles to this aim [START_REF] Des Rieux | Nanoparticles as potential oral delivery systems of proteins and vaccines: a mechanistic approach[END_REF][START_REF] Damgé | Oral delivery of insulin associated to polymeric nanoparticles in diabetic rats[END_REF][START_REF] Fonte | Polymer-based nanoparticles for oral insulin delivery: Revisited approaches[END_REF], Lakkireddy et al., 2016[START_REF] Lundquist | Oral absorption of peptides and nanoparticles across the human intestine: Opportunities, limitations and studies in human tissues[END_REF][START_REF] Wong | Potential of insulin nanoparticle formulations for oral delivery and diabetes treatment[END_REF]]. Opening the way, Maincent et al. have demonstrated an improvement of the oral bioavailability of vincamine, a low Mw API when it was formulated in PACA nanoparticles [START_REF] Maincent | Preparation and in vivo studies of a new drug delivery system[END_REF][START_REF] Maincent | Disposition Kinetics and Oral Bioavailability of Vincamine-Loaded Polyalkyl Cyanoacrylate Nanoparticles[END_REF]. Then, the transmucosal passage of PACA nanoparticles through the small intestine mucosa after oral gavage to rats was proven using electron microscopy [Aprahamiam et al., 1987]. This result was consistent with the primary assumption. Then, it was demonstrated that orally administered insulin-loaded PACA nanocapsules reduced the glycemia of diabetic rats [START_REF] Damgé | New approach for oral administration of insulin with polyalkylcyanoacrylate nanocapsules as drug carrier[END_REF]. The results were promising, and numerous further works have later consolidated previously reported data [START_REF] Lowe | Calcitonin and insulin in isobutylcyanoacrylate nanocapules: protection against proteases and effect on intestinal absorption in rats[END_REF][START_REF] Damgé | Ileal uptake of polyalkylcyanoacrylate nanocapsules in the rat[END_REF], Pinto-Alphandary et al., 2000[START_REF] Watnasirichaikul | Preparation of biodegradable insulin nanocapsules from biocompatible microemulsions[END_REF][START_REF] Damgé | Ileal uptake of polyalkylcyanoacrylate nanocapsules in the rat[END_REF]]. Today, the challenge of the oral delivery of insulin remains a difficult subject. Many questions about the mechanism, the safety and effectiveness of delivery methods that uses nanotechnologies 12/11/2019 12:40 such as polymer nanoparticles are yet unanswered [START_REF] Card | A review of the efficacy and safety of nanoparticle-based oral insulin delivery systems[END_REF][START_REF] Fonte | Polymer-based nanoparticles for oral insulin delivery: Revisited approaches[END_REF][START_REF] Aguirre | Current status of selected oral peptide technologies in advanced preclinical development and in clinical trials[END_REF][START_REF] Griffin | Pharmacokinetic, pharmacodynamic and biodistribution following oral administration of nanocarriers containing peptide and protein drugs[END_REF], Lakkireddy et al., 2016[START_REF] Lundquist | Oral absorption of peptides and nanoparticles across the human intestine: Opportunities, limitations and studies in human tissues[END_REF], Moraz et al., 2016[START_REF] Gedawy | Oral insulin delivery: existing barriers and current counterstrategies[END_REF]. In the meanwhile, the approach initiated by Patrick Couvreur and coworkers in 1988 [START_REF] Damgé | New approach for oral administration of insulin with polyalkylcyanoacrylate nanocapsules as drug carrier[END_REF] on the oral delivery of insulin with PACA nanoparticles has also been extended to many other therapeutic peptides and the use of other types of polymer nanoparticles [START_REF] Couvreur | Nano-and microparticles for the delivery of polypeptides and proteins[END_REF][START_REF] Vranckx | A new nanocapsule formulation with hydrophilic core: Application to the oral administration of salmon calcitonin in rats[END_REF][START_REF] Damgé | Poly(alkyl cyanoacrylate) nanocapsules as a delivery system in the rat for octreotide, a long-acting somatostatin analogue[END_REF][START_REF] Couvreur | Nanotechnology: Intelligent design to treat complex diseases[END_REF][START_REF] Fonte | Polymer-based nanoparticles for oral insulin delivery: Revisited approaches[END_REF][START_REF] Batista | Recent insights in the use of nanocarriers for the oral delivery of bioactive proteins and peptides[END_REF][START_REF] Kafka | Release and bioactivity of PACA nanoparticles containing D-Lys6-GnRH for brushtail possum fertility control[END_REF]. The success of the approach raises debate. It seems utopian for some authors, but for others, the use of nanotechnologies to design active oral formulations of therapeutic peptides like insulin opens promising perspectives [START_REF] Damgé | Oral delivery of insulin associated to polymeric nanoparticles in diabetic rats[END_REF][START_REF] Des Rieux | Nanoparticles as potential oral delivery systems of proteins and vaccines: a mechanistic approach[END_REF][START_REF] Pridgen | Polymeric Nanoparticle Drug Delivery Technologies for Oral Delivery Applications[END_REF][START_REF] Aguirre | Current status of selected oral peptide technologies in advanced preclinical development and in clinical trials[END_REF], Lakkireddy et al., 2016[START_REF] Moroz | Oral delivery of macromolecular drugs: Where we are after almost 100years of attempts[END_REF][START_REF] Leroux | Editorial: Drug Delivery: Too Much Complexity, Not Enough Reproducibility?[END_REF][START_REF] Wong | Potential of insulin nanoparticle formulations for oral delivery and diabetes treatment[END_REF]. Within the last decade, works considering the development of oral formulations of peptides based on polymer nanoparticles were pursued including with PACA nanoparticles [START_REF] Kafka | Release and bioactivity of PACA nanoparticles containing D-Lys6-GnRH for brushtail possum fertility control[END_REF]. Works also continue to fill gaps improving the understanding of mechanisms behind oral delivery of such fragile molecules using nanotechnologies [START_REF] Beloqui | Mechanisms of transport of polymeric and lipidic nanoparticles across the intestinal barrier[END_REF][START_REF] Griffin | Pharmacokinetic, pharmacodynamic and biodistribution following oral administration of nanocarriers containing peptide and protein drugs[END_REF], Lundquist and Artursson, 2016, Lakkireddy and Bazile, this volume]. The bioavailability of oral insulin delivered by nanotechnologies is improved compared with free insulin but remains low [below 15-20%] and the obtained activity can fluctuate comparing different works and diabetic models [See for instance [START_REF] Czuba | Oral insulin delivery, the challenge to increase insulin bioavailability: Influence of surface charge in nanoparticle system[END_REF]. Needs of insulin in treatments of diabetes currently covered by parenteral injections still cannot be fully replaced by oral dosage. Holding promise, preclinical programs developing oral formulations of insulin-based nanotechnologies including polymer nanoparticles are currently underway in several companies [START_REF] Aguirre | Current status of selected oral peptide technologies in advanced preclinical development and in clinical trials[END_REF], Lakkireddy et al., 2016, Lakkireddy and Bazile this volume, Arbit and Kidron, 2017].

Delivery of drugs to the brain

The (BBB) is an unavoidable barrier to deliver drugs to treat brain diseases. It is a vital barrier that separates the brain tissue from the blood that circulates in the vascular compartment. Because of its highly selective permeability, the brain tissue is generally not accessible to drugs in normal conditions 12/11/2019 12:40 but even in pathologies in which the permeability of the BBB is increased such as Parkinson, Alzheimer diseases and stroke [START_REF] Saraiva | Nanoparticle-mediated brain drug delivery: Overcoming bloodbrain barrier to treat neurodegenerative diseases[END_REF]. Different tactics have been proposed to assist drug delivery across the BBB thanks to progresses on the understanding of the biological structure and functioning of the BBB [Garcia-Garcia et al., 2005a[START_REF] Paterson | Exploiting transferrin receptor for delivering drugs across the blood-brain barrier[END_REF][START_REF] Saraiva | Nanoparticle-mediated brain drug delivery: Overcoming bloodbrain barrier to treat neurodegenerative diseases[END_REF][START_REF] Zhou | Crossing the blood-brain barrier with nanoparticles[END_REF]. This allows optimistic perspectives for the development of efficient treatments against major threats of the central nervous system. The use of nanoparticles is emerging as an effective and relatively non-invasive method with the other advantage of being applicable to a wide panel of API including the most innovative molecules, i.e. peptides, proteins, various types of nucleic acids (siRNA, miRNA, .....) [Andrieux and Couvreur 2009a, 2013[START_REF] Kreuter | Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?[END_REF][START_REF] Saraiva | Nanoparticle-mediated brain drug delivery: Overcoming bloodbrain barrier to treat neurodegenerative diseases[END_REF][START_REF] Zhou | Crossing the blood-brain barrier with nanoparticles[END_REF].

Early works having considered the use of colloidal carriers have started in the 1990s with micelles and liposomes [Garcia-Garcia et al., 2005a]. The potential of PACA nanoparticles was investigated concomitantly with the development of their stealth species. Whatever was the approach used to decorate the surface of PACA nanoparticle with PEG [i.e. formulating nanoparticles by nanoprecipitation of P[HDCA-co-MePEGCA] copolymer [Perracchia et al., 1997a,c], or by adsorption of polysorbate 80 on the surface of pre-synthetized PACA nanoparticles [START_REF] Kreuter | Passage of peptides through the blood-brain barrier with colloidal polymer particles (nanoparticles)[END_REF]], the obtained nanoparticles accumulated better in the brain of healthy animals and animal models of central nervous system diseases compared with their un-PEGylated counterparts [Calvo et al. 2001a,b, Perracchia et al. 1999[START_REF] Kreuter | Passage of peptides through the blood-brain barrier with colloidal polymer particles (nanoparticles)[END_REF], Andrieux and Couvreur 2009a, 2013, Andrieux et al., 2009b[START_REF] Wohlfart | Transport of drugs across the blood-brain barrier by nanoparticles[END_REF][START_REF] Kreuter | Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?[END_REF]]. The mechanism behind the observed retention of the nanoparticles in the brain was deciphered thanks to efforts made on the development of an in vitro model of BBB in rats [Garcia-Garcia et al. 2005b] and of techniques allowing the analysis of proteins adsorbed on nanoparticles [Kim et al., 2007a]. The role of several apolipoproteins [Apo A-1, B and E] that adsorbed on the nanoparticle surface during opsonization by blood proteins appeared fundamental [START_REF] Kreuter | Apolipoprotein-mediated transport of nanoparticle-bound drugs across the blood-brain barrier[END_REF][START_REF] Michaelis | Covalent linkage of apolipoproteine to albumin nanoparticles strongly enhances drug transport into the brain[END_REF], Kim et al., 2007a[START_REF] Kreuter | Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?[END_REF]]. These adsorbed proteins were keys to initiate a receptor-mediated endocytosis of the nanoparticles with 12/11/2019 12:40 apolipoprotein receptors found on the BBB endothelium that then translocated the nanoparticles into the brain (Figure 2) [Kim et al., 2007b, Andrieux and[START_REF] Couvreur | Nanoparticles in drug delivery : past, present and future[END_REF]. These nanoparticles acquired their targeting property from their opsonization by blood proteins. The elucidation of the mechanism behind the accumulation of the nanoparticles in the brain have paved the way to further drug targeting developments to the brain based on the use of apolipoproteins [START_REF] Michaelis | Covalent linkage of apolipoproteine to albumin nanoparticles strongly enhances drug transport into the brain[END_REF].

12/11/2019 12:40 Another strategy explored by Patrick Couvreur and his coworkers was based on the targeting of drug loaded nanoparticles towards the receptor of the transferrin that is another receptor found in large amount on BBB capillaries which could trigger a receptor-mediated transcytosis pathway to the brain [START_REF] Paterson | Exploiting transferrin receptor for delivering drugs across the blood-brain barrier[END_REF]. This pathway was previously established with drugs coupled to a rat transferrin receptor monoclonal antibody, the OX26 monoclonal antibody [START_REF] Qian | Targeted drug delivery via the transferrin receptor-mediated endocytosis pathway[END_REF]. In general, one antibody could transport one API molecule. Using nanoparticles, it was assumed that more drug molecules could be transported at once [Aktas et al., 2005]. The proof of concept was provided by grafting the OX26 monoclonal antibody on PEGylated chitosan nanoparticles transporting a peptide inhibitor of the enzyme Caspase 3 involved in ischemia processes [START_REF] Karatas | A nanomedicine transports a peptide caspase-3 inhibitor across the blood-brain barrier and provides neuroprotection[END_REF]. The application of the drug delivery concept has demonstrated remarkable neuroprotective activity of the inhibitory peptide while delivered with the targeted nanoparticles from an intravenous injection on a model mice of brain ischemia [START_REF] Karatas | A nanomedicine transports a peptide caspase-3 inhibitor across the blood-brain barrier and provides neuroprotection[END_REF]. The targeted nanoparticles were able to reach the brain tissue thanks to their translocation from the blood via the transferrin receptor of the BBB [Aktas et al., 2005]. Initially, the caspase 3 inhibitory peptide was only active if delivered by intracerebroventricular administration that is difficult to implement. The work of Karatas et al. paved the way for the development of brain disease treatments with biologically active peptides delivered to the brain with nanoparticles injected intravenously [START_REF] Karatas | A nanomedicine transports a peptide caspase-3 inhibitor across the blood-brain barrier and provides neuroprotection[END_REF]. Today this has become very important. Intravenous injections are easily accessible and treatments of central nervous system disorders by this route is highly anticipated. New molecule candidates for treatments are identified from the better understanding of biological processes behind diseases. Many are peptides that needs to be delivered into the brain. The use of polymer nanoparticles that opens interesting prospect to achieve brain delivery from an intravenous injection is then frequently explored to develop treatments for various disorders of the central nervous system including neurodegenerative diseases, i.e.

Parkinson, Alzheimer, ischemia caused by strokes and brain cancers, i.e. glioblastoma... [Andrieux et al., 2009, Andrieux and Couvreur 2009, 2013, Brambilla et al., 2011[START_REF] Saraiva | Nanoparticle-mediated brain drug delivery: Overcoming bloodbrain barrier to treat neurodegenerative diseases[END_REF][START_REF] Alyautdin | Nanoscale drug delivery systems and the blood-brain barrier[END_REF].
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Bypassing the cell membrane of multidrug resistant cancer cells

Drug resistance is a major cause of failure of chemotherapies. By the end of the 1980s' early 1990s', assumptions on mechanisms behind tumor resistance to chemotherapies applied in cancer treatments were emerging. Biologists explained the loss of drug sensitivity of cells by an increase of the number of copies of efflux pumps occurring as transmembrane glycoproteins on the membrane of resistant cells [Gottesman and[START_REF] Germann | P-glycoproteins: mediators of multidrug resistance[END_REF]. This mechanism, called mdr-1 for multidrug resistance # 1, was deciphered later revealing that cells acquired the resistance phenotype by overexpressing the gene coding for a glycoprotein that was named Pgp. Now, it is known that this mechanism is part of a cell detoxification process, but the overexpression of the Pgp considerably reduces efficacy of chemotherapies hampering drugs to penetrate inside resistant cells [START_REF] Gottesman | Multidrug resistance in cancer: Role of ATP-dependent transporters[END_REF][START_REF] Gottesman | The Role of Multidrug Resistance Efflux Pumps in Cancer: Revisiting a JNCI Publication Exploring Expression of the MDR1 (P-glycoprotein) Gene[END_REF][START_REF] Housman | Drug resistance in cancer: an overview[END_REF]. As soon as resistance to chemotherapy was assumed to be associated with a delivery problem of the API inside cells, different strategies including the use of drug carriers were explored to enhance the penetration of the drug in the cells.

The already described doxorubicin-loaded PACA nanoparticles (Couvreur et al., 1982[START_REF] Chiannilkulchai | Doxorubicin-loaded nanoparticles: increased efficiency in murine hepatic metastases[END_REF] were on the first line of the polymer nanoparticles to be tested for their ability to deliver an anticancer drug to resistant cells. Works has started considering a mdr-1 cancer resistant murine cell line evaluating the cytotoxicity of various formulations of the doxorubicin-loaded PACA nanoparticles in cell cultures [START_REF] Treupel | Doxorubicin carried in nanospheres and the reversal of multidrug resistance in tumor cells[END_REF][START_REF] Cuvier | Doxorubicin-loaded nanospheres bypass tumor cell multidrug resistance[END_REF][START_REF] Bennis | Enhanced cytotoxicity of doxorubicin encapsulated in polyisohexylcyanoacrylate nanospheres against multidrug-resistant tumour cells in culture[END_REF], Nemati et al., 1994, 1996[START_REF] De Verdière | Reversion of multidrug resistance with polyalkylcyanoacrylate nanoparticles : towards a mechanism of action[END_REF]. Results were immediately impressive as sensitivity to doxorubicin of resistant cell lines treated with doxorubicin-loaded PACA nanoparticles could be raised to the same level than that of the corresponding sensitive cancer cell line. The observation was repeated considering different resistant cancer cell lines strengthening results obtained in the initial work. [START_REF] Treupel | Doxorubicin carried in nanospheres and the reversal of multidrug resistance in tumor cells[END_REF][START_REF] Cuvier | Doxorubicin-loaded nanospheres bypass tumor cell multidrug resistance[END_REF][START_REF] Bennis | Enhanced cytotoxicity of doxorubicin encapsulated in polyisohexylcyanoacrylate nanospheres against multidrug-resistant tumour cells in culture[END_REF], Nemati et al., 1994]. Intriguingly, the effect was only observed with PACA nanoparticles while other types of polymer nanoparticles including nanoparticles made of alginate and PLGA were ineffective to increase drug sensitivity of the 12/11/2019 12:40 resistant cells. This was explained later by the unique mechanism of drug delivery through the cell membrane given by the PACA nanoparticles [START_REF] Nemati | Reversion of multidrug resistance using nanoparticles in vitro : influence of the nature of the polymer[END_REF][START_REF] De Verdière | Reversion of multidrug resistance with polyalkylcyanoacrylate nanoparticles : towards a mechanism of action[END_REF] (Figure 3).

The very interesting efficiency shown by PACA nanoparticles to deliver anticancer drugs to resistant cancer murine cells was also observed considering resistant cancer human cells [START_REF] Barraud | Doxorubicin-loaded nanoparticles shows increased cytotoxicity efficacy against hepatocellular carcinoma cells in vitro and in vivo[END_REF][START_REF] Barraud | Increase of doxorubicine sensitivity by doxorubicin-loading into nanoparticles for hepatocellular carcinoma cells in vitro and in vivo[END_REF] paving the way to the development of a treatment of human hepatocellular carcinoma [HCC] [EU/3/04/229 EUDRACT 2006-004088-77, NCT01655693] (see section 5). Brigger et al., 2012] 3.3 Exploring potential of polymer nanoparticles to treat diseases: the way to the birth of nanomedicines Pharmaceutical formulations that incorporate nanocarriers were expected to produce a favorable clinical outcome of treatments offered to patients with an increase of their quality of life. Along the years, polymer nanoparticles were shown to be suitable carriers to manipulate the pharmacokinetic and biodistribution of drugs to improve chemotherapies treating severe infections and cancers [START_REF] Couvreur | Nanoparticles as microcarriers for anticancer drugs[END_REF], Pinto-Alphandary et al., 2000, Murthy and Reddy, 2006, Abed et al., 2015[START_REF] Friberg | NANOMEDICINE: will it offer possibilities to overcome multiple drug resistance in cancer?[END_REF][START_REF] Sobot | Haw can nanomedicines overcome cellular-based anticancer drug resistance[END_REF]. It has also been established that they can help medications pass through difficult biological barriers. This raises tremendous hopes for the development of treatments of diseases of the central nervous system that require delivery of APIs in the brain [START_REF] Andrieux | Nanomedicine as a promising approach for the treatment and diagnosis of brain diseases: The example of Alzheimer's disease[END_REF][START_REF] Kreuter | Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?[END_REF], Savaira et al., 2016[START_REF] Zhou | Crossing the blood-brain barrier with nanoparticles[END_REF]. Another area where polymer nanoparticles are presently believed to bring benefits for patients in the future include the design of treatments based on oral administration of therapeutic peptides. Currently, researches are very active on treatments of diabetes requiring insulin [START_REF] Pridgen | Polymeric Nanoparticle Drug Delivery Technologies for Oral Delivery Applications[END_REF][START_REF] Aguirre | Current status of selected oral peptide technologies in advanced preclinical development and in clinical trials[END_REF], Lakkireddy et al., 2016[START_REF] Moroz | Oral delivery of macromolecular drugs: Where we are after almost 100years of attempts[END_REF][START_REF] Wong | Potential of insulin nanoparticle formulations for oral delivery and diabetes treatment[END_REF] but other metabolic diseases are interested by the outcome of these works. Results from these works also interest treatments of many other diseases for which the number of peptides in the therapeutic arsenal is increasing 12/11/2019 12:40 [START_REF] Fosgerau | Peptide therapeutics: current status and future directions[END_REF]Hoffmann, 2015, Lau and[START_REF] Lau | Therapeutic peptides: Historical perspectives, current development trends, and future directions[END_REF]. We must admit that the number of approved formulations of medicines based on nanotechnologies remains low [Park, 2013[START_REF] Venditto | Cancer nanomedicines: so many papers and so few drugs![END_REF], Salkatar et al., 2016a, Lee Ventola, 2017, Lakkireddy and Bazile, This volume]. However, a significant way to clinical translation have been achieved since the initial works of the pioneers and considering that the task has been found extremely complex. Along the way, studies that have explored the potential of PACA nanoparticles to design treatments for patients were at the forefront of those dealing with biodegradable nanoparticles [START_REF] Couvreur | Design of biodegradable polyalkylcyanoacrylate nanoparticles as a drug carrier[END_REF][START_REF] Kreuter | Poly(alkyl acrylate) nanoparticles[END_REF][START_REF] Ludwig | The use of mucoadhesive polymers in ocular drug delivery[END_REF][START_REF] Couvreur | Polyalkylcyanoacrylates as colloidal drug carriers[END_REF][START_REF] Couvreur | Polyalkylcyanoacrylate nanoparticles as drug carriers : present state and perspectives[END_REF], Vauthier et al., 2003a,b, Murthy and Reddy, 2006[START_REF] Kreuter | Nanoparticles -a historical perspective[END_REF][START_REF] Vauthier | Design aspects of poly(alkylcyanoacrylate) nanoparticles for targeted drug delivery[END_REF][START_REF] Nicolas | Synthesis of poly(alkyl cyanoacrylate)-based colloidal nanomedicines[END_REF][START_REF] Nicolas | Poly(alkylcyanoacrylate) nanosystems[END_REF][START_REF] Yordanov | Poly(alkylcyanoacrylate) nanoparticles as drug carriers: 33 years later[END_REF][START_REF] Alonso | Historical view of the design and development of nanocarriers overcoming biological barriers[END_REF] even if their interest was questioned from time to time [START_REF] Graf | Poly(alkylcyanoacrylate) nanoparticles for enhanced delivery of therapeutics -is there real potential?[END_REF][START_REF] Merkle | Drug delivery's quest for polymers: Where are the frontiers?[END_REF]. They were used to demonstrate proofs of concept considering "old" APIs. Over the years, biological mechanisms behind pathologies have been deciphered leading to the introduction of new therapeutic strategies based on molecules which require targeted delivery methods to be active in vivo. This was the case of very innovative treatments against cancer based on the silencing of the expression of oncogenes using nucleic acid fragments as APIs [START_REF] Juliano | The delivery of therapeutic oligonucleotides[END_REF]. The approach emerged from the end of the 1970's after the discovery and understanding mechanisms of action of antisens oligodeoxynucleotides (AsODN) [START_REF] Stephenson | Inhibition of Rous sarcoma viral RNA translation by a specific oligodeoxyribonucleotide[END_REF], microRNA or microDNA, [START_REF] Lee | The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14[END_REF], Christopher et al., 2018] and small interfering RNA (siRNA) [START_REF] Fire | Potent and specific genetic interference by double-stranded RNA in Caenorhabditis elegans[END_REF]]. PACA nanoparticles were among the first drug carriers tested to explore proofs of concept of cancer treatments using these very new APIs. They were first explored in the case of the delivery of AsODN [START_REF] Chavany | Polyalkylcyanoacrylate nanoparticles as polymeric carriers for antisense oligonucleotides[END_REF][START_REF] Schwab | An approach for new anticancer drugs: oncogene-targeted antisense DNA[END_REF] and then considered as delivery system to administer siRNA demonstrating the feasibility of intravenous treatments [Toub et al., 2005[START_REF] De Martimprey | Polymer nanocarriers for the delivery of small fragments of nucleic acids: oligonucleotides and siRNA[END_REF], Ramon et al., 2013]. Beside exploring treatments based on the delivery of nucleic acids, the potential of PACA nanoparticles has been investigated for treatment based on oral administration of peptides to treat metabolic diseases with diabetes at the forefront (see section 4.2.2.1.) and of treatments based on the administration of poorly soluble anticancer and anti-infectious molecules [Monza da Silveira et al., 12/11/201912:40 1998[START_REF] Layre | Novel composite core-shell nanoparticles as busulfan carriers[END_REF] and of poorly diffusible compounds [START_REF] Fattal | Treatment of experimental salmonellosis in mice with ampicillinbound nanoparticles[END_REF], Hillaireau et al., 2006[START_REF] Kreuter | Nanoparticles -a historical perspective[END_REF]. Many of these works have given proofs of concepts of delivery methods based on the use of polymer nanoparticles. These works inspire current researches on treatments based on the use of nanotechnologies holding promise to treat resistant cancers [START_REF] Friberg | NANOMEDICINE: will it offer possibilities to overcome multiple drug resistance in cancer?[END_REF][START_REF] Li | Cancer drug delivery in the nano era: An overview and perspectives (Review)[END_REF][START_REF] Nicolas | Polymer nanoparticles for the delivery of anticancer drug[END_REF], Sobot et al., 2017], intracellular infections [Abed andCouveur, 2014, Jiang et al., 2018] metabolic diseases [Lakkireddy andBazile, 2016, Wong et al., 2017] and diseases of the central nervous system [START_REF] Andrieux | Nanomedicine as a promising approach for the treatment and diagnosis of brain diseases: The example of Alzheimer's disease[END_REF][START_REF] Kreuter | Drug delivery to the central nervous system by polymeric nanoparticles: what do we know?[END_REF], Savaira et al., 2016].

Considered as simple drug carrier in most works, nanoparticles are presently designed to achieve several functions [START_REF] Mura | Stimuli-responsive nanocarriers for drug delivery[END_REF], Mura and Couvreur 2016a[START_REF] Lamch | Recent progress in the engineering of multifunctional colloidal nanoparticles for enhanced photodynamic therapy and bioimaging[END_REF][START_REF] Hu | Advances in transformable drug delivery systems[END_REF].

Their potential to deliver drugs at a specific site in the body under a better control of the biodistribution was extended with a timely component to achieve spacio-temporal controlled delivery at the site of the activity [START_REF] Mura | Stimuli-responsive nanocarriers for drug delivery[END_REF][START_REF] Hassanzadeh | Linkers: The key elements for the creation of efficient nanotherapeutics[END_REF]. Thus, by adding a corresponding functionality, a precise control of the release of the drug can be triggered by the mean of a stimulus that can be a change in pH, of oxydo-reduction conditions, of temperature or by a specific enzymatic activity occurring at the site where the release of the drug is desired [START_REF] Mura | Stimuli-responsive nanocarriers for drug delivery[END_REF][START_REF] El-Sawy | Stimuli-Responsive Nano-Architecture Drug-Delivery Systems to Solid Tumor Micromilieu: Past, Present, and Future Perspectives[END_REF]. The release of the drug can also be triggered through the action of an external stimulus [START_REF] Theek | Sonoporation enhances liposome accumulation and penetration in tumors with low EPR[END_REF], Snipstap et al., 2017]. Additionally, to the initial drug delivery function, diagnostic functionalities were also added [START_REF] Reddy | Nanotechnology for therapy and imaging of liver diseases[END_REF][START_REF] Mura | Nanotheranostics for personalized medicine[END_REF], 2016a[START_REF] Hassanzadeh | Linkers: The key elements for the creation of efficient nanotherapeutics[END_REF]. When both drug delivery and diagnostic functionalities are implemented in a single nanoparticle, it then becomes a nanotheranostic particle being able to assist diagnostic and deliver treatment at the same time. The integration of several functionalities in a single nanoparticle can be achieved using methods of fabrication based on the self-assembly of polymers bearing the different functions. The method which tends to generalize was recently implemented on PACA-based nanoparticles developing a customizable multifunctional plateform [START_REF] Nicolas | Synthesis of highly functionalized poly (alkyl cyanoacrylate) nanoparticles by means of click chemistry[END_REF], 2013, Le Droumadet et al., 2012].

12/11/2019 12:40 From the very few nanotechnologies born in the 1970's early 1980s', the field has expanded tremendously and became a separate field of nanotechnologies dedicated to health care named nanomedicine in the 1990s' [see [START_REF] Krukemeyer | History and possible uses of nanomedicine based on nanoparticles and nanotechnological progress[END_REF]. From the simple idea of improving drug delivery to target sites has emerged an area in which the use of nanotechnology is being currently considered in a much wider range of applications, including the combination of treatment and diagnosis with high promise for the development of personalized medicine [START_REF] Mura | Nanotheranostics for personalized medicine[END_REF], 2016b[START_REF] Ryu | Theranostic nanoparticles for future personalized medicine[END_REF], Fornaguera and Garcia-Celma, 2017]. From his work, Patrick Couvreur has contributed to progress in the understanding of the design of nanoparticular drug carriers increasing precision of their function to suit exigencies of a treatment with a given API. An important part of his contribution has followed his historical work exploring the potential of PACA nanoparticles for the development of treatments hindered by drug delivery issues. It is impossible not to underline that the visionary work of Patrick Couvreur exploring new treatments developing nanocarriers as the "nanopills" have also considered nanoparticles composed of different polymers including poly(lactic acid) (PLA) [START_REF] Verrecchia | Adsorption/desorption of human serum albumin at the surface of poly(lactic acid) nanoparticles prepared by a solvent evaporation process[END_REF][START_REF] Desgouilles | The Design of Nanoparticles Obtained by Solvent Evaporation: A Comprehensive Study[END_REF] and poly(ε-caprolactone) (PCL) [START_REF] Lemarchand | Novel polyester-polysaccharide nanoparticles[END_REF], nanogels [START_REF] Rajaonarivony | Development of a new drug carrier made from alginate[END_REF][START_REF] Gref | New self-assembled nanogels based on host-guest interactions: characterization and drug loading[END_REF] and other types of nanotechnologies such as liposomes [START_REF] Weingarten | Protection of insulin from degradation by its association to liposomes[END_REF][START_REF] Laham | Intracarotidal administration of liposomally-entrapped ATP: improved efficiency against experimental brain ischemia[END_REF], Ropert et al., 1992, 1993a,b, Fattal et al., 2004], lipid based nanotechnologies (squalenoylated nanoparticles) [Couvreur et al., 2006[START_REF] Couvreur | Squalenoylation": a new approach to the design of anticancer and antiviral nanomedicines[END_REF][START_REF] Desmaële | Squalenoylation: a generic platform for nanoparticular drug delivery[END_REF][START_REF] Feng | Design, Preparation and Characterization of Modular Squalenebased Nanosystems for Controlled Drug Release[END_REF] and porous metal-organic framework nanomaterials [Horjacada et al., 2010, 2012[START_REF] Simon-Yarza | A Smart Metal-Organic Framework Nanomaterial for Lung Targeting[END_REF]. Thanks to the early pioneers who brought many other researchers in their wake and laid the foundations of the field, nanomedicines have now reached a sufficient maturity accelerating their entry into phases of clinical development. There are still challenges to lift but a new era has begun [see section 5].
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On the way to clinical translation

The number of projects including drug delivery systems based on nanotechnologies entering in clinical trials increases over the past decade indicating that clinical translation of nanomedicines is on the way [START_REF] Svenson | Preclinical to clinical development of nanomedicines[END_REF][START_REF] Wicki | Nanomedicine in cancer therapy: challenges, opportunities, and clinical applications[END_REF][START_REF] Anselmo | Nanoparticles in the clinic[END_REF], Bodo et al., 2016, Luque-Michel et al., 2016[START_REF] Bulbake | Liposomal Formulations in Clinical Use: An Updated Review[END_REF], Caster et al., 2016[START_REF] Ventola | Progress in nanomedicines; Approved and investigational nanodrugs[END_REF], Lee et al., 2017[START_REF] Li | Cancer drug delivery in the nano era: An overview and perspectives (Review)[END_REF][START_REF] Cicha | From design to the clinic: practical guidelines for translating cardiovascular nanomedicine[END_REF]. Time was needed to reach the required level of maturity. Efforts in many directions have been made to fill gaps from the early academic works and to translate the acquired knowledge into viable clinical projects [START_REF] Baldrick | Pharmaceutical excipient development: the need for preclinical guidance[END_REF][START_REF] Desai | Challenges in development of nanoparticle-based therapeutics[END_REF][START_REF] Duncan | Handbook of safety assessment: from toxicological testing to personalize medicine[END_REF][START_REF] Kamaly | Targeted polymeric therapeutic nanoparticles: design, development and clinical translation[END_REF][START_REF] Lammers | Drug targeting to tumors: principles, pitfalls and (pre-) clinical progress[END_REF], Venditto and Szoka, 2013, Lakkireddy and Bazile, This volume]. Everything was new, and even terminologies needed to be defined [START_REF] Duncan | Nanomedicine(s) under the microscope[END_REF][START_REF] Merkle | Drug delivery's quest for polymers: Where are the frontiers?[END_REF], Salkatar et al., 2016b]. Nanomedicines are very different from all previously developed medicines from chemical molecules from which regulatory authorities and big pharmas were familiar. They are complex systems which in vivo fate and activity can be manipulated from their given properties. Thus, time was needed to evaluate and establish specific guidelines for their clinical development. Time was required to identify key attributes and set corresponding methodologies to achieve safety and efficacy of this new types of medications. All aspects have not been cleared yet, but frameworks and guidelines were suggested facilitating current initiations of clinical projects. A number of remaining challenges were identified and discussed [START_REF] Lammers | Drug targeting to tumors: principles, pitfalls and (pre-) clinical progress[END_REF][START_REF] Clogston | Importance of physicochemical characterization prior to immunological studies[END_REF][START_REF] Couvreur | Nanoparticles in drug delivery : past, present and future[END_REF], Tinkle et al., 2013[START_REF] Dusinska | Towards an alternative testing strategy for nanomaterials used in nanomedicine: lessons from NanoTEST[END_REF], Gaudin et al., 2015[START_REF] Ilinskaya | Understanding the immunogenicity and antigenicity of nanomaterials: Past, present and future[END_REF], Dobrovolskaia et al., 2016, Satalkar et al., 2016a[START_REF] Hare | Challenges and strategies in anti-cancer nanomedicine development: An industry perspective[END_REF][START_REF] Cicha | From design to the clinic: practical guidelines for translating cardiovascular nanomedicine[END_REF][START_REF] Gao | Progress towards standardized and validated characterizations for measuring physicochemical properties of manufactured nanomaterials relevant to nano health and safety risks[END_REF], Lakkireddy and Bazile, This volume, Su et al., 2018]. Several pitfalls have been identified from projects that have failed in their clinical translation [START_REF] Lammers | Drug targeting to tumors: principles, pitfalls and (pre-) clinical progress[END_REF]. Other factors have delayed clinical developments. Funds were cruelly missing until governments and funding agencies have given priority for the development of nanomedicines at the beginning of the 2000s. Moreover, considered as "scientific curiosity" by big pharmas, clinical projects could only be supported by start-up companies 12/11/2019 12:40 based on venture capital. In this context, very few initiatives have been taken before 2000 [START_REF] Kreuter | Nanoparticles -a historical perspective[END_REF][START_REF] Barrenholz | Doxil® -The First FDA-approved nano-drug: Lessons learned[END_REF], Interview of P. Couvreur by Stanwix, 2014[START_REF] Merkle | Drug delivery's quest for polymers: Where are the frontiers?[END_REF]. So far, most of the clinical projects were conducted on liposomes [START_REF] Alonso | Historical view of the design and development of nanocarriers overcoming biological barriers[END_REF], Caster et al., 2016[START_REF] Bulbake | Liposomal Formulations in Clinical Use: An Updated Review[END_REF][START_REF] Ventola | Progress in nanomedicines; Approved and investigational nanodrugs[END_REF], Lee et al., 2017, Lakkireddy and Bazile, This volume]. In parallel of the early clinical translation of liposomes, Patrick Couvreur started a clinical trial sponsored by a Belgium pharmaceutical company, Sopar, evaluating clinical potential of intravenously injected doxorubicinloaded poly(iso hexyl-cyanoacrylate) (dox-PIHCA) nanoparticles [START_REF] Kattan | Phase I clinical trial and pharmacokinetic evaluation of doxorubicin carried by polyisohexylcyanoacrylate nanoparticles[END_REF]. This was a phase I clinical trial having involved 21 patients with various solid tumors. Several key results on the safety and pharmacokinetics of the drug associated with nanoparticles were provided for the first time in human. The treatment with nanoparticles administered intravenously was generally well tolerated by the patients. The unexpected reversible side effects observed in some patients were like those reported from clinical studies carried out with liposomes. Today, we know that these side effects were the consequence of a complement activation-related pseudoallergy [CARPA] reaction that may occur with some patients following injections of nanomedicines and were later understood from the work of Szebeni and his coworkers [START_REF] Szebeni | Hemodynamic changes induced by liposomes and liposomeencapsulated hemoglobin in pigs: a model for pseudoallergic cardiopulmonary reactions to liposomes. Role of complement and inhibition by soluble CR1 and anti-C5a antibody[END_REF], 2000[START_REF] Szebeni | Complement activation-related pseudoallergy: A stress reaction in blood triggered by nanomedicines and biologicals[END_REF]. The reaction can be managed but it was responsible for a few dramatic accidents in the course of several early clinical trials conducted on nanomedicines [START_REF] Szebeni | Hemodynamic changes induced by liposomes and liposomeencapsulated hemoglobin in pigs: a model for pseudoallergic cardiopulmonary reactions to liposomes. Role of complement and inhibition by soluble CR1 and anti-C5a antibody[END_REF], 2000[START_REF] Barrenholz | Doxil® -The First FDA-approved nano-drug: Lessons learned[END_REF][START_REF] Soma | A clinically relevant case study: the development of Livatag® for the treatment of advanced hepatocellular carcinoma[END_REF][START_REF] Szebeni | Complement activation-related pseudoallergy: A stress reaction in blood triggered by nanomedicines and biologicals[END_REF], Merle et al., 2017[START_REF] Moghimi | Nanomedicine safety in preclinical and clinical development: focus on idiosyncratic injection/infusion reactions[END_REF]. Regarding the pharmacological activity of the polymer nanoparticle formulation of doxorubicin, this clinical study has revealed a superior therapeutic index of doxorubicin administered with the nanoparticles compared to that of the free drug with no cardiotoxicity. Besides, one of the conclusions drawn from this work pointed out a potential activity of the doxorubicin-nanoparticles on multidrug resistant cancer. This was an important conclusion that served later for the design of a new clinical trial.

Despite promising results, the clinical evaluation of the dox-PIHCA nanoparticles was not continued due to major changes in the organization of the sponsors' company. Search for sponsors to support clinical translation of the first nanomedicines was tedious for pioneers [START_REF] Kreuter | Nanoparticles -a historical perspective[END_REF], Barrenholz, 12/11/2019 [START_REF] Keating | Sorafenib: a review of its use in advanced hepatocellular carcinoma[END_REF][START_REF] Giglia | Systemic therapy for advanced hepatocellular carcinoma: past, present, and future[END_REF][START_REF] Cucchetti | Efficacy and Safety of Systemic Therapies for Advanced Hepatocellular Carcinoma: A Network Meta-Analysis of Phase III Trials[END_REF][START_REF] Desai | Systemic therapy for advanced hepatocellular carcinoma: an update[END_REF][START_REF] Lu | Surface Engineering of Nanoparticles for Targeted Delivery to Hepatocellular Carcinoma[END_REF][START_REF] Raoul | Systemic therapy for intermediate and advanced hepatocellular carcinoma: Sorafenib and beyond[END_REF]. This choice was consistent with the established ability of dox-PIHCA nanoparticles to overcome multidrug resistance of cancers [START_REF] Kattan | Phase I clinical trial and pharmacokinetic evaluation of doxorubicin carried by polyisohexylcyanoacrylate nanoparticles[END_REF][START_REF] De Verdière | Reversion of multidrug resistance with polyalkylcyanoacrylate nanoparticles : towards a mechanism of action[END_REF]. This phase I trial involved 20 patients highlighting a significant survival benefit for several patients treated with doxorubicin Transdrug® even after a single administration [START_REF] Soma | A clinically relevant case study: the development of Livatag® for the treatment of advanced hepatocellular carcinoma[END_REF], Merle et al., 2017]. A phase II clinical trial was initiated in December 2006 right after the completion of the phase I clinical trial in July 2006 [Merle et al., 2017]. It was aimed to compare the efficacy of doxorubicin Transdrug® with the best standard of care of this moment which was a palliative treatment based on trans-arterial chemoembolization. The trial was terminated prematurely in July 2008 because 3 out of the 17 patients treated with doxorubicin Transdrug® experienced fatal acute respiratory distress associated with CARPA, the type of dramatic side effect also reported with some patients treated with other treatments based on nanotechnologies such as liposomes [START_REF] Szebeni | Hemodynamic changes induced by liposomes and liposomeencapsulated hemoglobin in pigs: a model for pseudoallergic cardiopulmonary reactions to liposomes. Role of complement and inhibition by soluble CR1 and anti-C5a antibody[END_REF][START_REF] Barrenholz | Doxil® -The First FDA-approved nano-drug: Lessons learned[END_REF]. To pursue clinical evaluation of the nanoparticles, modalities for their administration have been revised. While administered to patients through the hepatic intra-arterial route, it was decided to change for a slow infusion by the intravenous route consistently with results of a report suggesting that the incidence of the CARPA reaction could be attenuated using this mode of administration [START_REF] Szebeni | Liposome-induced pulmonary hypertension: properties and mechanism of a complement-mediated pseudoallergic reaction[END_REF] Kearting and Sanoro, 2009, Cuccetti et al., 2017[START_REF] Desai | Systemic therapy for advanced hepatocellular carcinoma: an update[END_REF][START_REF] Raoul | Systemic therapy for intermediate and advanced hepatocellular carcinoma: Sorafenib and beyond[END_REF]. This was a major change compared with previous clinical trials in which patients of the control arm received a palliative treatment as no active treatments on HCC was available at these times. Having been granted a fast tract from the FDA in May 2014 [Onxeo, 19 May 2014], we are now past the primary completion date of this clinical trial that was set in September 2017. So far, few results were presented in congresses [Merle et al., 2017b[START_REF] Merle | A multicentre, randomised, open-label study comparing the efficacy and safety of two doses of Doxorubicin TransdrugTM to best standard of care in patients with advanced Hepatocellular Carcinoma (HCC) after sorafenib. The relive study. P1334[END_REF] and primary conclusions were given by the sponsor [Onxeo, 11 and 17 Sept 2017]. In numbers, this randomized multicenter clinical trial has recruited a total of 398 patients from 11 countries, 264 patients were treated with Livatag® after having been treated with sorafenib [Merle et al., 2017b]. Regarding safety aspects of the treatment, no pulmonary toxicity was reported in patients treated with Livatag [START_REF] Merle | A multicentre, randomised, open-label study comparing the efficacy and safety of two doses of Doxorubicin TransdrugTM to best standard of care in patients with advanced Hepatocellular Carcinoma (HCC) after sorafenib. The relive study. P1334[END_REF], Onxeo 11 sept 2017]. The change of administration modality in favor of a slow infusion by the intravenous route was paid off for the safety.

It is also easier to implement in clinical practice compared to the difficult to perform intra-hepatic arterial route used in the previous phase I and II clinical trials [Soma et al., 2014Merle et al., 2017a].

The primary end point of the phase III trial was to obtain an improved survival in the groups of patients treated with Livatag® compared with patients of the control group. First conclusions based on the primary end point of this clinical trial were disappointed as the tested formulation did not add survival benefit for patients compared to best standard of care that have included for the first time an active treatment of HCC. Compared with another active treatments, the Dox-PIHCA nanoparticles composing Livatag® were as efficient as these treatments in terms of survival improvement. Without additional benefit for patients, Livatag® has probably no chance to get an approval as a treatment of HCC yet. Another clinical trial was achieved on PACA nanoparticles in China during the years 2000 [Sichua Food and Drug Administration 1999-266]. This was a phase II that have evaluated mitoxanthrone (dihydroxyanthracenedione)-loaded poly(isobutyl cyanoacrylate) (DHAD-PIBCA) nanoparticles in a treatment of HCC using an intravenous slow injection (at least 15 min) [START_REF] Zhou | A randomized multicenter phase II clinical trial of mitoxantrone-loaded nanoparticles in the treatment of 108 patients with unresected hepatocellular carcinoma[END_REF]. It has included 108 patients. This clinical study has also demonstrated the feasibility of an intravenous administration of PACA nanoparticles to human. A benefit for the patients in terms of survival was reported compared with the control arm including patients who received injections of the free drug.

Although promising for patients with unresected HCC, no record for further clinical trial or publication could be found in the recent literature suggesting that the work was not pursued.

It is unclear yet whether one nanoparticle composed of PACA will be approved in the near future for a therapeutic use in human clinic. Despite all efforts, a very long delay was needed to complete a clinical trial phase III that was the most advanced clinical phase completed evaluating nanoparticles made of a synthetic polymer so far. In the mean while competing treatments were approved to help patients diagnosed with HCC [START_REF] Desai | Systemic therapy for advanced hepatocellular carcinoma: an update[END_REF], Raul et al., 2018] that presently hamper subsequent development of PACA nanoparticles for this application. Nevertheless, these clinical developments were among the first carried out on such nanomedicines. They have demonstrated the feasibility of the administration in human by a systemic route and have highlighted issued linked with the clinical development of such pharmaceutics with contributions to find solutions to bypass bottlenecks found on the way. Experiences and knowledge acquired from these clinical trials will profit to further projects if new opportunities will arise in the future.

Overlook on current ongoing works on PACA nanoparticles

There is apparently no ongoing clinical trial considering PACA-based nanoparticles, but research remains active. Following the way opened by pioneer works, their development as drug carriers is pursued. For instance, PACA-based nanoparticles are currently considered as drug carriers in treatment of different cancers [START_REF] Cabeza | Enhanced antitumor activity of doxorubicin in breast cancer through the use of poly(butylcyanoacrylate) nanoparticles[END_REF], Snipstab et al., 2017, Fusser et al., 2018], cardiovascular diseases [START_REF] Zhao | Enhancement of oral bioavailability of puerarin by polybutylcyanoacrylate nanoparticles[END_REF], Juenet et al., 2017, Matuszac et al., 2016, 2018,] and brain diseases [START_REF] Hu | Cholesterol-PEG co-modified poly (N-butyl) cyanoacrylate nanoparticles for brain delivery: in vitro and in vivo evaluations[END_REF][START_REF] Carradori | Antibody-functionalized polymer nanoparticle leading to memory recovery in Alzheimer's disease-like transgenic mouse model[END_REF]. Their potential is explored to promote drug release in tumors thanks to the application of an ultrasound-mediated delivery approach [START_REF] Theek | Sonoporation enhances liposome accumulation and penetration in tumors with low EPR[END_REF][START_REF] Nicolas | Polymer nanoparticles for the delivery of anticancer drug[END_REF]12:40 Snipstab et al., 2017]. Few works considering their use in cancer therapies were related to preclinical and clinical developments [START_REF] Sulheim | Cytotoxicity of poly(alkyl cyanoacrylate) nanoparticles[END_REF][START_REF] Zandanel | Biodistribution of polycyanoacrylate nanoparticles encapsulating doxorubicin by Matrix-Assisted Laser Desorption Ionization (MALDI) Mass Spectrometry Imaging (MSI)[END_REF]. Taking advantage of the Intrinsic antiparasitic activity of PACA-based nanoparticles is evaluated in another project. The nanoparticles are incorporated in hydrogels to enhance the mucosal antiparasitic barrier efficacy of the formulation designed to prevent infections at the door of entry of parasites [Pradine et al., 2015a,b, Malli et al., 2018]. Besides, progresses have been made in the development of the multifunctional PACA-based drug delivery platform developed at the end of the 2000's. It can be customized to achieve various drug targeting challenges to treat cancer and neurodegenerative diseases [Le Droumadet et al., 2012[START_REF] Carradori | Antibody-functionalized polymer nanoparticle leading to memory recovery in Alzheimer's disease-like transgenic mouse model[END_REF]. It can incorporate quantum dots as fluorescent tags giving an optical imaging device that can be used to follow the nanoparticles in cells and in vivo [Nicolas et al., 2011]. A single nanoparticle can be labeled with two types of quantum dots giving a tool for multiplex detection. The obtained fluorescent nanoparticles can incorporate other functionalities opening the way to the synthesis of theranostic PACA-based nanoparticles [START_REF] Nicolas | Synthesis of highly functionalized poly (alkyl cyanoacrylate) nanoparticles by means of click chemistry[END_REF], Le Droumadet et al., 2012]. This plateform which is easily customizable is now ready for further developments.

From the tremendous amount of works done on PACA nanoparticles, nanoparticles with different properties that influence their in vivo fate were obtained. Thanks to the robustness of corresponding methods of preparation, collections of spherical nanoparticles with reproducible surface characteristics were prepared and used in different fundamental studies that aimed to elucidate the influence of nanoparticle attributes on their in vivo fate, their interactions with biological molecules and cells [See for instance [START_REF] Lira | Cytotoxicity and cellular uptake of newly synthesized fucoidan-coated nanoparticles[END_REF][START_REF] Alhareth | Pharmacokinetics and tissue biodistribution in rats of doxorubicin loaded Poly(isobutylcyanoacrylate) nanoparticles prepared by redox radical emulsion polymerization[END_REF][START_REF] Coty | Tuning complement activation and pathway through controlled molecular architecture of dextran chains in nanoparticle corona[END_REF][START_REF] Sulheim | Cellular uptake and intracellular degradation of poly(alkyl cyanoacrylate) nanoparticles[END_REF], 2017, Baghirov et al., 2017]. These collections of nanoparticles provide tools to evaluate the performance of new characterization methods to investigate nanomaterial surface characteristics [Coty et al., 2018 a, b]. Recently, the feasibility of the obtaining of non-spherical PACA-based nanoparticles was achieved [START_REF] Palazzo | Obtaining non-spherical poly(alkylcyanoacrylate) nanoparticles by the stretching method applied with a marketed water-soluble film[END_REF]. The shape is now another attribute of the nanoparticles that can be included in works that aim to understand better the relationship between nanoparticle attributes and biological responses hence the performance of nanomedicines according 12/11/2019 12:40 to their given attriutes. The need for such fundamental studies is clearly expressed in the literature to progress towards more clinical developments of nanomedicines [START_REF] Moghimi | Reshaping the future of nanopharmaceuticals: ad iudicium[END_REF][START_REF] Duncan | Endocytosis and intracellular trafficking as gateways for nanomedicine delivery: opportunities and challenges[END_REF], Dobrovolskaia et al., 2016[START_REF] Hare | Challenges and strategies in anti-cancer nanomedicine development: An industry perspective[END_REF], Shi et al., 2017]. The challenge is to enable the design of the next generation of nanomedicines that is expected to be done on a more rational basis eventually implementing multiple and customized functionalities. With the work that has began and the experience gained studying and developing PACA nanoparticles, it can be expected that these nanoparticles can further help in this challenge.

Conclusion

The first biodegradable polymer nanoparticles that were created four decades ago resulted from the polymerization of an alkylcyanoacrylate monomer contained in a surgical glue. Thanks to their remarkable adaptability in the sense that their properties could be tuned along needs, these polymer nanoparticles became keys to establish proofs of concepts deciphering a wide range of drug delivery challenges. With each new leap in pharmaceutical knowledge, a highly passionate and visionary leader has been able to give the necessary impetus to the work necessitated for their refinement, their adaptation to the targeted applications. This was Patrick Couvreur, the "Father" of the first PACA nanoparticles who, with few other pioneers, have paved the way to the birth of nanomedicines at the beginning of the journey when they decided to explore breakthrough technologies assumed to improve drug delivery methods. The development of original concepts in drug delivery, such as drug targeting, represented a huge gap compared to traditional drug delivery methods. It requires a multidisciplinary work involving many disciplines suh as polymer chemistry, physics, physicochemistry, biology, physiology, pharmacokinetics, and more generally pharmaceutical sciences and medicines.

Through his creativity and enthusiasm, Patrick Couvreur has explored many facets of hurdles hindering efficacy of treatments related to drug delivery problems thanks to the help of PACA based nanoparticles. Results he has obtained inspired many other researchers and his more recent contributions have paved the way to the next generations of nanomedicines which promise an 12/11/2019 12:40 improved design to achieve a better control of their functionalities. Revolution in drug delivery methods is awaited to design better treatments of severe diseases and to implement novel therapeutic strategies using new drugs, with the final aim of improving the quality of life of patients. Challenges remain to be overcome. At present, among different emerging solutions, nanomedicines continue to provide promising options for this revolution although the task is complex and requires the mobilization of further efforts in research oriented towards clinical perspectives.
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