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Development of nanoparticles made of polysaccharides as novel drug carrier systems

Introduction

Nanoparticles are submicronic structures (diameter below 111m) made with polymers. They are mainly developed as drug delivery systems as an alternative to liposome technology in order to overcome the problems related to the stability of these vesicles in biological fluids and during storage [l]. Nanoparticles were first designed using albumin [START_REF] Scheffel | Albumin microspheres for the study of the reticulo-endothelial system[END_REF] and non-biodegradable synthetic polymers such as poly(acrylamide) and poly(methylmethacrylate) [START_REF] Birrenbach | Polymerized micelles and their use as adjuvant in immunology[END_REF][START_REF] Kreuter | New adjuvants on a polymethylmethacrylate base[END_REF]. The risk of chronic toxicity due to the intracellular and/or tissue overloading of non-degradable polymers was soon considered as a major limitation for the systemic administration in man of poly(acrylamide) and poly(methylmethacrylate) nanoparticles. With the administration of protein-based material, the major concerned was the possible antigenic response. As a consequence, the type of nanoparticles that received much attention were designed with synthetic biodegradable polymers including poly(alkylcyanoacrylate), Poly(lactic-co-glycolic acid) and poly(anhydride) [START_REF] Couvreur | Polycyanoacrylate nanoparticles as potential lysosomotropic carriers: preparation, morphological and sorptive properties[END_REF][START_REF] Gurny | Development of biodegradable and injectable latices for controlled release of potent drugs[END_REF][START_REF] Keyser | Poly(diethyl methylidenemalonate) nanoparticles as potential drug carrier: preparation, distribution, and elimination after intravenous and peroral administration to mice[END_REF][START_REF] Vauthier-Holtzscherer | Methodology for the preparation of ultradispersed polymer systems[END_REF][START_REF] Allemann | In vitro extended-release properties of drug loaded poly(DL-lactic acid) nanoparticles produced by salting-out procedure[END_REF][START_REF] Brannon-Peppas | Recent advances on the use of biodegradable microparticles and nanoparticles in controlled drug delivery[END_REF][11]. The therapeutic potential of these biodegradable colloidal systems was investigated for various applications [START_REF] Brannon-Peppas | Recent advances on the use of biodegradable microparticles and nanoparticles in controlled drug delivery[END_REF][11][START_REF] Couvreur | Polyalkylcyanoacrylate nanoparticles as drug carrier: Present state and perspectives[END_REF][START_REF] Couvreur | Nanoparticles: Therapeutic applications and prospects[END_REF][START_REF] Couvreur | Nano-and microparticles for the delivery of polypeptides and proteins[END_REF][START_REF] Couvreur | Controlled drug delivery with nanoparticles: current possibilities and future trends[END_REF][START_REF] Fattal | Biodegradable polyalkylcyanoacrylate nanoparticles for the delivery of oligonucleotides[END_REF][START_REF] Brannon-Peppas | Polylactic and polyglycolic acids as drug delivery carriers[END_REF][START_REF] Labhasetwar | Nanoparticle drug delivery system for restenosis[END_REF][START_REF] Dubernet | Nanoparticulate controlled release systems for cancer therapy[END_REF]. Despite the very interesting results reported in the literature, these systems may also be concerned with toxicological problems [20,[START_REF] Fernandez-Urrusuno | Evaluation of liver toxicological effects induced by polyalkylcyanoacrylate nanoparticles[END_REF]. In addition, they often present limitations for the administration of hydrophilic molecules such as peptides, proteins and nucleic acids (oligonucleotides and genes) which are recognized to have great potential in therapeutic. These limitations are mainly because the polymers forming these nanoparticles are mostly hydrophobic while proteins, peptides and nucleic acids are of hydrophilic nature. This leads to difficulties for the drug to be efficiently encapsulated and protected against enzymatic degradation [START_REF] Fattal | Biodegradable polyalkylcyanoacrylate nanoparticles for the delivery of oligonucleotides[END_REF][START_REF] Felgner | Particulate systems and polymers for in vitro and in vivo delivery of polynucleotides[END_REF][START_REF] Chavany | Polyalkylcyanoacrylate nanoparticles as polymeric carriers for antisense oligonucleotides[END_REF][START_REF] Bazile | Encapsulation of oligonucleotides in stealth Me.PEG-PLA50 nanoparticles by complexation with structured oligopeptides[END_REF]. Therefore, the preparation of nanoparticles using more hydrophilic and naturally occurring materials has been explored [START_REF] Samain | Les biovecteurs supramoléculaires : une nouvelle famille de transporteurs biomimétiques de médicaments[END_REF][START_REF] Rajaonarivony | Development of a new drug carrier made from alginate[END_REF][START_REF] De | Synthesis and characterization of supramolecular biovector (SMBV) specifically designed for the entrapment of ionic molecules[END_REF][START_REF] Wang | Preparation and characterization of agarose hydrogel nanoparticles for protein and peptide drug delivery[END_REF][START_REF] Calvo | Novel hydrophilic chitosanpolyethylene oxide nanoparticles as protein carriers[END_REF].

As mentioned above, the first natural occurring material used for the preparation of nanoparticles consisted of two proteins, albumin and gelatin [START_REF] Scheffel | Albumin microspheres for the study of the reticulo-endothelial system[END_REF][START_REF] Vauthier-Holtzscherer | Methodology for the preparation of ultradispersed polymer systems[END_REF][START_REF] Marty | Nanoparticles -A new colloidal drug delivery system[END_REF][START_REF] Keuter | Nanoparticles and nanocapsules -New dosage forms in the nanometer range[END_REF]. A good and extensive review already exists on these systems [START_REF] Oppenheim | Nanoparticulate drug delivery systems based on gelatin and albumin[END_REF]. Since it appeared only a few papers were published on these nanoparticles [START_REF] Leo | General and cardiac toxicity of doxorubicin-loaded gelatin nanoparticles[END_REF][START_REF] Li | A novel biodegradable system based on gelatin nanoparticles and poly(lactic-co-glycolic acid) microspheres for protein and peptide drug delivery[END_REF][START_REF] Li | Gelatin nanoencapsulation of protein/peptide drugs using an emulsifier-free emulsion method[END_REF].

More recently, polysaccharides received much attention, and a few authors proposed the design of nanoparticles from naturally occurring polysaccharide for the administration of peptides, proteins and nucleic acids [START_REF] Rajaonarivony | Development of a new drug carrier made from alginate[END_REF][START_REF] Wang | Preparation and characterization of agarose hydrogel nanoparticles for protein and peptide drug delivery[END_REF][START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF]. Some authors even designed a family of biomimetic particles presenting a core shell type structure in which the core consisted of a chemically modified polysaccharide nanoparticle and the shell was formed by a lipid layer. These specific systems were named SupraMolecular BioVectors (SMBV) by their authors [START_REF] Samain | Les biovecteurs supramoléculaires : une nouvelle famille de transporteurs biomimétiques de médicaments[END_REF][START_REF] De | Synthesis and characterization of supramolecular biovector (SMBV) specifically designed for the entrapment of ionic molecules[END_REF][START_REF] Major | Characterization and phase behavior of phospholipid bilayers adsorbed on spherical polysaccharidic nanoparticles[END_REF]. The present review will focus on the different polysaccharide nanoparticles that have been proposed in the literature including SNdBV. Research in this area is very active and the knowledge on the biopharmaceutical potential of the different proposed systems is in constant progress. This review will present the way the different polysaccharide nanoparticles are produced and the state of the present knowledge regarding to their application as drug delivery systems. The different nanoparticles have been classified according to the polysaccharide used for their preparation.

Alginate nanoparticles

Alginate is a naturally occurring polysaccharide composed of two types of uronic acids (figure 1a). The monomeric units consisting of guluronic (G) and mannuronic acids (M) are arranged in three types of grouping: blocks of alternating mannuronic and guluronic residues (MGMGMGM...) and blocks of guluronic acids (GGGGGGG...) and of mannuronic acids (MMMMMM. ..) [START_REF] Gacesa | Alginates[END_REF][START_REF] Guiseley | Chemical and physical properties of algal polysaccharides used for cell immobilization[END_REF]. Carboxylic groups from the uronic acid confer negative charges to alginate. The solubility of alginate in water depends on the associated cations. Sodium alginate is soluble in water whereas calcium induces the formation of a gel. Alginate is widely used in the food industry as thickening and gelling additives. It was also extensively proposed for the encapsulation of living cells showing good compatibility with living materials [START_REF] Guiseley | Chemical and physical properties of algal polysaccharides used for cell immobilization[END_REF][START_REF] Sun | Microcapsules and Nanoparticles in medicine and Pharmacy[END_REF]. The structure of the gel formed with calcium has been extensively studied [START_REF] Gacesa | Alginates[END_REF][START_REF] Rees | Secondary and tertiary structure of polysaccharides in solutions and gels[END_REF]. Calcium interacts preferentially with homo(guluronic) sequences forming complexes that induce a parallel arrangement of the chains. This arrangement is caused by the entrapment of calcium within the interval created by guluronic residues of two distinct segments. The resulting structure was depicted as an "egg-box" model to remind the spatial molecular arrangement arising from the interaction of calcium with alginate (figure 2a) [START_REF] Rees | Secondary and tertiary structure of polysaccharides in solutions and gels[END_REF]. Gel forms even at low alginate concentrations (below 1%). Apart from the interaction with calcium, alginate may also form complexes with polycations such as poly(ethylenimine) (PEI), chitosan or basic peptides like polylysine and polyarginine [START_REF] Takahashi | Characteristics of polyion complexes of chitosan with sodium alginate and sodium polyacrylate[END_REF][START_REF] Bystricky | Interaction of acidic polysaccharides with polylysine enantiomers. Conformation probe in solution[END_REF]. For example, complexes with polylysine occurred preferentially with the alternate guluronic-mannuronic acid sequences [START_REF] Bystricky | Interaction of acidic polysaccharides with polylysine enantiomers. Conformation probe in solution[END_REF]. Alginate particles are usually produced by dropping sodium alginate solution within a calcium chloride solution [START_REF] Wong | The encapsulation of cells within alginate poly-Llysine microcapsules prepared with the standard step drop technique: histological identified membrane imperfections and the associated graft rejection[END_REF][START_REF] Arshady | Microcapsules for food[END_REF]. The instantaneous gelation of alginate caused by the calcium ions forms nice beads of alginate gel with a diameter depending on the size of the drop that felt within the calcium solution. The smallest particles produced according to such a process had a minimum size of 1 to 5 µm. These particles were obtained using a sophisticated device allowing the atomization of the sodium alginate within the calcium chloride solution [START_REF] Kwok | Production of 5-15 µm diameter alginate-polylysine microcapsules by an air-atomization technique[END_REF]. The major difficulty in further reducing the particle size by such methods is the fact that the particles always resulted from the gelation of sodium alginate drops poured into a calcium chloride solution.

The preparation of alginate particles of smaller size (diameter ± 300nm) was directly achieved from a diluted aqueous sodium alginate solution in which gelation was induced by the addition of a low concentration of calcium. This led to the formation of invisible clusters of calcium alginate gels which can be monitored by measuring the viscosity of the system [START_REF] Mutin | Etude de la gélification physique du poly(chlorure de vinyle)[END_REF][START_REF] Vauthier | Characterization of alginate pregel by rheological investigation[END_REF]. The clusters formed may also be observed by transmission electron microscopy after negative staining (figure 3). These clusters of small size are also named pregels and can be stabilized by polylysine to give the alginate nanoparticles (Figure 3) [START_REF] Rajaonarivony | Development of a new drug carrier made from alginate[END_REF]. The preparation of alginate nanoparticles does not require any special equipment and can be performed at room temperature. The main difficulty of the method is to identify the proper gelation conditions which will give the nanoparticles. The alginate concentration in the final nanoparticle suspension is usually very low (0.5mg/ml). The cytotoxicity of the nanoparticles was found much lower than the cytotoxicity induced by other nanoparticulate systems such as poly(ethyl-2butylcyanoacrylate) nanoparticles [START_REF] Nemati | Reversion of multidrug resistance using nanoparticles in vitro: influence of the nature of the polymer[END_REF]. The association of several hydrophilic drugs such as doxorubicin, a fibroblast growth factor and oligonucleotides with alginate nanoparticles has been investigated. In the case of doxorubicin, the loading capacity can reach up to 59 mg doxorubicin for 100 mg of alginate [START_REF] Rajaonarivony | Development of a new drug carrier made from alginate[END_REF]. However, the size of the particles increased with the amount of doxorubicin bond and aggregation was observed for higher drug loading. The release of doxorubicin from the nanoparticles occurred immediately after incubation into cell culture medium. According to the chemical structure of doxorubicin, it is believed that its association with alginate occurred through ionic interactions. This could explain the high loading capacity measured and the release of this molecule in the cell culture medium.

A peptidic factor (fibroblast growth factor) failed to be efficiently associated with alginate nanoparticles. This may be explained because the peptide used did not include many basic amino acids within its composition. However, just like in the case of polylysine, a basic peptide entering into the composition of the alginate nanoparticles, it can be expected that therapeutical peptides with a more basic structure could represent better candidates for an association with the alginate nanoparticles.

The association of antisense oligonucleotides has also been considered very recently [START_REF] Vauthier | Pharmacokinetic and tissue disposition of oligonucleotides associated with alginate nanoparticles[END_REF][START_REF] Vauthier | Alginate nanoparticles as a novel carrier for antisens oligonucleotides[END_REF][START_REF] Aynié | Role of a small polylysine in a hydrogel nanoparticulate system for the antisense oligonucleotide strategy[END_REF] These molecules are polyanions and were used as complex with polylysine in various experiments of cell transformation [START_REF] Rojanasakul | Antisens oligonucleotide therapeutics: drug delivery and targeting[END_REF]. Indeed, polylysine-oligonucleotide complexes are known to improve cell penetration of nucleic acid material. Oligonucleotides were found to associate with alginate nanoparticles by different ways. They can be added as a polylysine-oligonucleotide complex to the pregel or as a simple oligonucleotide solution either to the pregel or to the already formed nanoparticles. In all cases, efficient association requires a delay of a few days [START_REF] Vauthier | Alginate nanoparticles as a novel carrier for antisens oligonucleotides[END_REF][START_REF] Aynié | Role of a small polylysine in a hydrogel nanoparticulate system for the antisense oligonucleotide strategy[END_REF]. The association of oligonucleotides with the alginate nanoparticles is believed to result from crossed interactions between the oligonucleotides and the polylysine on one side and between the polylysine and the alginate on the other side (figure 4). Other interactions between the oligonucleotide and the alginate that could be mediated by calcium ions may also be involved since the association occurred even in the absence of polylysine (figure 4). The size as well as the negative zeta potential of the nanoparticles were not affected by the oligonucleotide loading rate. Alginate nanoparticles were found to provide an effective protection of oligonucleotides from degradation in serum. After intravenous administration, they were observed to allow the targeting of oligonucleotides towards the lungs, the liver, and the spleen [START_REF] Vauthier | Pharmacokinetic and tissue disposition of oligonucleotides associated with alginate nanoparticles[END_REF][START_REF] Vauthier | Alginate nanoparticles as a novel carrier for antisens oligonucleotides[END_REF][START_REF] Aynié | Role of a small polylysine in a hydrogel nanoparticulate system for the antisense oligonucleotide strategy[END_REF].

Figure 4. Hypothesis about the interactions responsible for the association of oligonucleotides with the alginate nanoparticles

Chitosan nanoparticles

Chitosan is a naturally occurring biopolymer made up of ß (1,4)-linked glucosamine units (figure 1b). It is produced by deacetylation of chitin extracted from shells of crabs, shrimps and krills [START_REF] Kas | Chitosan: properties, preparations and application to microparticulate systems[END_REF]. The amino groups confer to the molecule a high charge density and are readily available for chemical reactions and salt formation with acids. Chitosan is soluble in various acids; it can also interact with polyanions to form complexes and gels [START_REF] Takahashi | Characteristics of polyion complexes of chitosan with sodium alginate and sodium polyacrylate[END_REF][START_REF] Bystricky | Interaction of acidic polysaccharides with polylysine enantiomers. Conformation probe in solution[END_REF][START_REF] Wong | The encapsulation of cells within alginate poly-Llysine microcapsules prepared with the standard step drop technique: histological identified membrane imperfections and the associated graft rejection[END_REF][START_REF] Arshady | Microcapsules for food[END_REF][START_REF] Kwok | Production of 5-15 µm diameter alginate-polylysine microcapsules by an air-atomization technique[END_REF][START_REF] Mutin | Etude de la gélification physique du poly(chlorure de vinyle)[END_REF][START_REF] Vauthier | Characterization of alginate pregel by rheological investigation[END_REF][START_REF] Nemati | Reversion of multidrug resistance using nanoparticles in vitro: influence of the nature of the polymer[END_REF][START_REF] Vauthier | Pharmacokinetic and tissue disposition of oligonucleotides associated with alginate nanoparticles[END_REF][START_REF] Vauthier | Alginate nanoparticles as a novel carrier for antisens oligonucleotides[END_REF][START_REF] Aynié | Role of a small polylysine in a hydrogel nanoparticulate system for the antisense oligonucleotide strategy[END_REF][START_REF] Rojanasakul | Antisens oligonucleotide therapeutics: drug delivery and targeting[END_REF][START_REF] Kas | Chitosan: properties, preparations and application to microparticulate systems[END_REF]. It has high biocompatibility and biodegradability. In vivo, it is degraded by lyzozyme [START_REF] Nordtveit | Degradation of partially Nacetylated chitosans with hen egg white and human lyzozyme[END_REF]. The development of pharmaceutical preparations with chitosan has been examined for different purposes [START_REF] Kas | Chitosan: properties, preparations and application to microparticulate systems[END_REF]. For example, it has been demonstrated to enhance the penetration of therapeutic peptides and proteins across intestinal and nasal mucosa [START_REF] Illum | Chitosan as a novel nasal delivery system for peptide drugs[END_REF] and to have potential as a carrier for receptor-mediated endocytosis [START_REF] Olsen | Biomedical applications of chitin and its derrivatives[END_REF]. Also, chitosan nanoparticles have been recently developed for peptides, proteins and nucleic acids delivery. The methods proposed to prepare chitosan nanoparticles are based either on the spontaneous formation of complexes between chitosan and polyanions including DNA [START_REF] Calvo | Novel hydrophilic chitosanpolyethylene oxide nanoparticles as protein carriers[END_REF][START_REF] Calvo | Oligonucleotide-chitosan nanoparticles as new gene tharapy vector[END_REF][START_REF] Roy | Oral immunization with DNA-chitosan nanospheres[END_REF][START_REF] Köping-Höggård | Chitosan-DNA polyplex: a new efficient, biodegradable gene delivery system[END_REF] or on the gelation of a chitosan solution dispersed in a water-in-oil emulsion [START_REF] Tokumitsu | Preparation of gadopentetate-loaded chitosan nanoparticle for gadolinium neutron capture therapy of cancer using a novel emulsion droplet coalescence technique[END_REF].

Chitosan nanoparticles obtained by the formation of a spontaneous complex between chitosan and polyanions.

Calvo et al. [START_REF] Calvo | Novel hydrophilic chitosanpolyethylene oxide nanoparticles as protein carriers[END_REF][START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF][START_REF] Calvo | Oligonucleotide-chitosan nanoparticles as new gene tharapy vector[END_REF] have produced chitosan nanoparticles by the formation of a polyelectrolyte complex between chitosan and tripolyphosphate (TP P). The complex appears spontaneously at a low concentration of chitosan (0.175%) and of TPP (0.1%). The pH of the chitosan solution should be comprised between 3 to 5. The nanoparticles formed have a diameter of a few hundred nanometers and showed a quasi-spherical shape by transmission electron microscopy after negative staining [START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF]. Zeta potential of such nanoparticles is positive [START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF][START_REF] Fernandez-Urrusuno | Chitosan nanoparticles as carriers for mucosal administration of peptides[END_REF]. The addition of poly(ethylene oxide) (PEO) or of a block copolymer of poly(ethylene oxide) and poly(propylene oxide) (PEO-PPO) to the chitosan solution led to chitosan nanoparticles coated with PEO [START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF][START_REF] Calvo | Oligonucleotide-chitosan nanoparticles as new gene tharapy vector[END_REF]. Varying the chitosan/ PEO-PPO ratio, the zeta potential and the particles size can be conveniently modulated from + 20 mV up to + 60 mV and from 200nm up to 1,000nm respectively . Surface modification of the nanoparticles can also be achieved by the chemical coupling of methoxyPEO (Me-PEO) using a carbodiimide [START_REF] Calvo | Oligonucleotide-chitosan nanoparticles as new gene tharapy vector[END_REF]. In this case, the zeta potential value of the particles dropped to a fixed value of + 23 mV for Me-PEO concentrations higher than 1 mg/mL. The PEOcoated chitosan nanoparticles were less cytotoxic than the uncoated nanoparticles indicating that PEO improved noticeably the biocompatibility of the particles. This formulation was evaluated as a carrier for therapeutic peptides such as insulin [START_REF] Fernandez-Urrusuno | Chitosan nanoparticles as carriers for mucosal administration of peptides[END_REF], for vaccines and proteins [START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF] and as a delivery system for antisense oligonucleotides [START_REF] Calvo | Oligonucleotide-chitosan nanoparticles as new gene tharapy vector[END_REF].

The encapsulation efficiency can reach 100% for the proteins and peptides which have a low pl such as BSA (pI 4.5-4.8) [START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF] and insulin (pI 5.5) [START_REF] Fernandez-Urrusuno | Chitosan nanoparticles as carriers for mucosal administration of peptides[END_REF]. The highest entrapment efficiency was described when the chitosan solution had a pH of 5 and when the protein was dissolved in the TPP solution at pH 8 before its addition to the chitosan solution. In these conditions, the protein was negatively charged and its interactions with the amino groups of chitosan was favored. Almost no association of the protein with the chitosan nanoparticles occurred when the protein was added to the completed nanoparticles. Proteins which have slightly higher pl can also be associated with chitosan nanoparticles, but their entrapment efficiency was lower [START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF]. The entrapment efficiency is also lowered with PEO-PPO/chitosan nanoparticles. In this case, it is believed that PEO chains onto the nanoparticle surface are causing steric hindrance reducing protein-chitosan interactions. From data reported with insulin, it appears that both the size and the zeta potential of the chitosan nanoparticles were not dramatically influenced by the peptidic content of the nanoparticles [START_REF] Fernandez-Urrusuno | Chitosan nanoparticles as carriers for mucosal administration of peptides[END_REF].

The release kinetic profile of proteins from the chitosan nanoparticles showed no burst effect when studies were performed in trehalose solution at a concentration of 5%. In this medium, the release occurred slowly over several days. Tetanus toxoid was released under its active form for 18 days [START_REF] Calvo | Chitosan and chitosan-ethylene oxide-propylene oxide block copolymer nanoparticles as novel carriers for proteins and vaccines[END_REF]. In contrast, the release of insulin occurred rapidly as soon as the nanoparticles were transferred within a phosphate buffer at pH 7.4. The release was total indicating that the interactions which occurred between insulin and chitosan nanoparticles were reversible [START_REF] Fernandez-Urrusuno | Chitosan nanoparticles as carriers for mucosal administration of peptides[END_REF].

Oligonucleotides were also associated with chitosan nanoparticles formed with TPP. The entrapment efficiencies were quite high (over 95%) [START_REF] Calvo | Oligonucleotide-chitosan nanoparticles as new gene tharapy vector[END_REF]. The association was achieved by the addition of the oligonucleotide dissolved in the TPP solution. The particle size of the oligonucleotide-loaded chitosan nanoparticles was ranging from 150 to 200 nm while the positive zeta potential could be modulated as a function of TPP/ON ratio. In vivo applications are under investigations.

Chitosan-DNA nanoparticles were developed on the model of PEI-DNA complex [START_REF] Boussif | A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo: polyethylenimine[END_REF] to propose a novel non-viral gene delivery system made up with a biodegradable polymer to replace the non-biodegradable PEI [START_REF] Roy | Oral immunization with DNA-chitosan nanospheres[END_REF][START_REF] Köping-Höggård | Chitosan-DNA polyplex: a new efficient, biodegradable gene delivery system[END_REF].

Chitosan-DNA nanoparticles were obtained by preparing complexes of chitosan with plasmid-DNA. The size of the particles formed was influenced by the positive to negative charge ratio (table 1). The zeta potential of the particles appeared positive for positive to negative charge ratios higher than 1. In vitro assays of cell transformation performed with DNA-chitosan nanospheres appeared almost as efficient as those carried out with PEI-DNA complexes used as a reference [START_REF] Köping-Höggård | Chitosan-DNA polyplex: a new efficient, biodegradable gene delivery system[END_REF]. Other authors tested DNA-chitosan nanoparticles for their oral immunization potential using two different plasmids encoding for luciferase, used as a model antigen and for a peanut allergen [START_REF] Roy | Oral immunization with DNA-chitosan nanospheres[END_REF]. A low immune response against the encoding antigens was reported after the oral administration of the DNA delivered with the aid of the chitosan nanoparticles. According to the authors, DNA administered under this formulation was protected against degradation and may be effective to generate an immune response against the encoding antigens administered [START_REF] Roy | Oral immunization with DNA-chitosan nanospheres[END_REF].

Table l: Chitosan-DNA nanoparticle size as given by different positive to negative charge ratio [data from 60].

+/-charge ratio

Particle diameter (nm)

1.5/1 110 2.4/1 120 9.6/1 400

Chitosan nanoparticles produced by an emulsification-based method.

Another mean to produce chitosan nanoparticles consists in inducing the gelation of a chitosan solution dispersed within a water-in-oil emulsion. To achieve this preparation, two water-in-oil emulsions containing a quite high concentration of a non-ionic surfactant (5%) are prepared [START_REF] Tokumitsu | Preparation of gadopentetate-loaded chitosan nanoparticle for gadolinium neutron capture therapy of cancer using a novel emulsion droplet coalescence technique[END_REF] (figure 5).

Figure 5. Preparation of chitosan nanoparticles by inducing the gelation of a chitosan solution dispersed in a water-in-oil emulsion. [adapted from 60].

One emulsion contains a chitosan solution (concentration 2.5%) together with the molecule to be encapsulated, the second emulsion contains a concentrated solution of sodium hydroxide (3M). The continuous phase of both emulsions is composed of paraffin oil in which the surfactant is dissolved. To induce the gelation of chitosan, the two emulsions are mixed. A high-speed homogenizer is used to enhance the formation of very small aqueous globules and to promote collision between chitosan and sodium hydroxide containing globules responsible for their solidification. The particles formed can be isolated in water after successive washing steps with toluene and ethanol (figure 5). Chitosan nanoparticles with a diameter of 400nm can be produced by this method. Compared to the previously described method, this technique presents the major disadvantage to involve organic solvents during the isolation of the particles that are always difficult to remove from the particles and which may cause possible toxic problems.

Such particles were developed for gadolinium-neutron capture therapy, a cancer therapy which utilizes the nuclear neutron capture reaction of gadolinium by thermal neutron irradiation [START_REF] Tokumitsu | Preparation of gadopentetate-loaded chitosan nanoparticle for gadolinium neutron capture therapy of cancer using a novel emulsion droplet coalescence technique[END_REF]. A key success factor for this kind of therapy is to achieve the efficient delivery of gadolinium into the tumor tissue to be irradiated and to retain it within the tissue. Chitosan nanoparticles containing up to 13% gadolinium could be prepared by dissolving gadopentetate into the chitosan solution used for the preparation of the nanoparticles. Results from in vivo experiments carried out on a solid tumor model bearing mice demonstrated that the gadolinium-loaded chitosan nanoparticles represented a very useful device for the intra-tumoral administration and the retention of gadolinium into solid tumors. Therefore, these nanoparticles can be used to improve gadolinium-neutron capture therapy [START_REF] Tokumitsu | Preparation of gadopentetate-loaded chitosan nanoparticle for gadolinium neutron capture therapy of cancer using a novel emulsion droplet coalescence technique[END_REF].

Agarose nanoparticles

Agarose nanoparticles were developed for the administration of therapeutic proteins and peptides [START_REF] Wang | Preparation and characterization of agarose hydrogel nanoparticles for protein and peptide drug delivery[END_REF][START_REF] Wang | A new method for the preparation of proteinloaded agarose nanoparticles[END_REF][START_REF] Wang | Agarose nanospheres for protein drug delivery[END_REF]. The purpose of the work was to design hydrogel nanoparticles which may be administered by different parenteral routes: subcutaneous, intramuscular, or intravenous injection. Agarose (figure lc) aqueous solutions forms thermally reversible hydrogels while being cooled down below the gelling temperature (31-36 °C). Thermic gelation results from the formation of helicoidal structures responsible for the appearance of a three-dimensional network in which large amount of water can be entrapped (figure 2b). The hydrogel being hydrophilic, inert and biocompatible forms a suitable matrix for proteins and peptides which can be easily embedded within the gel during its formation.

Agarose nanoparticles were produced using a technology named "emulsion-converted-to-suspension in situ method" and adapted from a method originally designed to make microparticles [START_REF] Burgess | Microsphere technology and application[END_REF]. This methodology requires the preparation of a water-in-oil emulsion in which agarose solution is dispersed in corn oil at 40 °C [START_REF] Wang | Preparation and characterization of agarose hydrogel nanoparticles for protein and peptide drug delivery[END_REF]. Peptides and proteins to be encapsulated within the particles are added to the agarose solution. The small size of the dispersed aqueous globules is achieved using an homogenizer at high speed (7,000 rpm). Gelation of agarose is then induced by diluting the emulsion with cold corn oil (12 °C) under agitation (7,000 rpm) and the emulsion is placed at 5 °C. The liquid globules of protein containing agarose solution are then converted to protein-containing agarose hydrogel particles. To isolate the nanoparticles from the corn oil, the suspension is diluted with hexane prior to its filtration over a nylon membrane with such a porosity (0.1 µm) that it retains the nanoparticles. The nanoparticles are extensively washed with heptane to remove the oil before drying under vacuum in a desiccator. An example of the complete procedure for the preparation of such nanoparticles is given in figure 6. Some critical points should be carefully considered for the successful preparation of agarose nanoparticles. First, the emulsion must be prepared over the agarose gelling temperature and the size of the dispersed globules must be very small otherwise microparticles will be formed. Emulsion globules of agarose solution with a diameter of 1,000 nm to 2,000 nm led to hydrogel nanoparticles with a mean diameter of 500 nm, more than 80% of the particles show a diameter below 1,000 nm. To reach such a size for the nanoparticles, only methods of agitation providing enough energy and producing high homogenization are suitable. Second, the gelation of agarose must occur rapidly. Therefore, the cooling procedure should provide fast drop of the temperature of the agarose solution globules. This is generally achieved by dilution of the emulsion with cold continuous phase. Indeed, the temperature of the emulsion will suddenly drop below the gelling point of agarose after the cold continuous phase will be added.

Consequently, this induces quasi-instantaneous solidification of the globules. Hydrogel nanoparticles produced according to this way do not tend to aggregate because there is no time for the globules to stay into the intermediate stage between solution and hydrogel in which particles are generally sticky. Finally, the isolation of dry nanoparticles requires the careful and progressive elimination of the oil to avoid aggregation phenomena.

Figure 6. Preparation of agarose nanoparticles by the emulsion -converted to suspension in-situ method. [adapted from 28]

The size of the nanoparticles formed is function of the homogenization conditions and of the agarose concentration solution. In principle, the higher the homogenization speed and/or the longer the homogenization duration, the smaller the droplet size will be in the emulsion and consequently the smaller the agarose hydrogel particles should be. However, the authors mentioned that desirable size of the droplets should be obtained within the first 30 sec of homogenization because further homogenization increases the risk of aggregation and fusion of the droplets [START_REF] Wang | Preparation and characterization of agarose hydrogel nanoparticles for protein and peptide drug delivery[END_REF]. To make nanoparticles, the viscosity of the solution should be low corresponding to low concentrations in agarose (1 to 3%). High ratio between organic phase and aqueous phase should be used to reduce the possibility of aggregation of the agarose solution droplets and then fusion to larger size.

Electron microscopy examination of agarose hydrogel nanoparticles show single and almost spherical items [START_REF] Wang | Preparation and characterization of agarose hydrogel nanoparticles for protein and peptide drug delivery[END_REF]. The dried agarose nanoparticles obtained at the end of the preparation can be rehydrated in water. The amount of water taken up by the particles depends on the temperature. For example, the nanoparticles resulting from the preparation given in figure 6 were taking up to 76% of water at 25 °C after 20 hours soaking within distilled water. At 42 °C, the amount of water in the nanoparticles increased to 84%. This is an important parameter to consider since the water content of a hydrogel greatly influences the diffusional migration process of the entrapped drug molecules and even facilitates the diffusion of the drug out of the hydrogel matrix [START_REF] Peppas | Hydrogels in Medicine and Pharmacy: Volume I Fundamental[END_REF]. The release of a model protein, ovalbumin, entrapped in the agarose hydrogel nanoparticles has been measured from dried particles soaked in PBS buffer [START_REF] Wang | Preparation and characterization of agarose hydrogel nanoparticles for protein and peptide drug delivery[END_REF]. In these conditions, the release of the entrapped protein was controlled by a diffusion mechanism following the Fick's law diffusion within the range of 0 to 90 % of protein released at 370C. The swelling of the nanoparticles did not control the release of the protein [START_REF] Wang | Preparation and characterization of agarose hydrogel nanoparticles for protein and peptide drug delivery[END_REF] SupraMolecular Bio Vectors SupraMolecular BioVectors (SMBV) consist of a family of biomimetic drug carrier systems made up as complex sort of polysaccharide nanoparticles [START_REF] Samain | Les biovecteurs supramoléculaires : une nouvelle famille de transporteurs biomimétiques de médicaments[END_REF][START_REF] Major | Characterization and phase behavior of phospholipid bilayers adsorbed on spherical polysaccharidic nanoparticles[END_REF][START_REF] Berton | Application des biovecteurs supramoléculaires (BVSM) à la stratégie antisens: Incorporation et protection d'oligonucléotides, étude de leur devenir cellulaire et effet antisens[END_REF]. They were imagined by analogy with Light Density Lipoprotein (LDL) which are natural supramolecular structures carrying lipids within the blood stream [START_REF] Samain | Les biovecteurs supramoléculaires : une nouvelle famille de transporteurs biomimétiques de médicaments[END_REF][START_REF] Berton | Application des biovecteurs supramoléculaires (BVSM) à la stratégie antisens: Incorporation et protection d'oligonucléotides, étude de leur devenir cellulaire et effet antisens[END_REF]. LDL are particles presenting a lipid core containing cholesterol esters and surrounded by a layer of fatty acid plus an outer layer of lipids (figure 7a) [START_REF] Kostner | Chemical and physical properties of lipoproteins[END_REF]. To create SMVB on the LDL model, the lipid core of LDL was replaced by a polysaccharide nanoparticle conferring to the SMBV particles a hydrophilic core (figure 7b). Different SMBV can be prepared varying the nature of the polysaccharide forming the particle core and the nature of the lipids forming the outer membrane [START_REF] Major | Characterization and phase behavior of phospholipid bilayers adsorbed on spherical polysaccharidic nanoparticles[END_REF]. These systems have been patented [START_REF] Samain | Les biovecteurs supramoléculaires : une nouvelle famille de transporteurs biomimétiques de médicaments[END_REF]. Light Biovectors, a subclass of SMBV, are composed of neutral, anionic or cationic polysaccharidic core nanoparticles surrounded by phospholipids which organize in bilayers [START_REF] Major | Characterization and phase behavior of phospholipid bilayers adsorbed on spherical polysaccharidic nanoparticles[END_REF].

All SMBV are prepared according to a general procedure in two steps as illustrated in figure 8.

Metabolizable polysaccharides such as dextran and starch (figure Id and e), were used to make the SMBV core consisting of a polysaccharide nanoparticle. To achieve this goal, polysaccharides are crosslinked with bifunctional reagents to produce a gel. The gel is then functionalized with ligands conferring either negative or positive charges as the manner of an ion exchange resin. The drug loading of the polysaccharide particles may be achieved by the means of electrostatic interactions. The functionalized gel is divided into very small fragments under high pressure. By this way, particles as small as 30nm in diameter can be produced The particles are then dried under mild conditions and dispersed in an organic solvent to achieve the attachment of fatty acid onto their surface. The acylation reaction is limited to the particle surface when the organic solvent does not swell or penetrate the polysaccharide particles. For very small particles, it can be necessary to repeat the acylation several times before the entire particle surface will be covered by fatty acids, Finally, lipids are deposited onto the surface of the polysaccharide nanoparticles coated with covalently attached fatty acids. This is achieved using techniques developed for liposomes preparation. Sterilization of SMBV could be performed by sterile filtration [START_REF] De | Synthesis and characterization of supramolecular biovector (SMBV) specifically designed for the entrapment of ionic molecules[END_REF].

The drug loading of SMBV may be achieved according to the ionic charge of the polysaccharidic core of the particles. SMBV with an anionic core were designed for cationic drugs whereas a cationic core was more adapted to anionic molecules.

The incorporation of cationic drugs in SMBV has been considered by De Miguel et al. [START_REF] De | Synthesis and characterization of supramolecular biovector (SMBV) specifically designed for the entrapment of ionic molecules[END_REF]. Gentamycin, a polycation, doxorubicin, a monovalent cation, and interleukin-2 (IL-2), a hydrophobic and basic protein, were associated successfully with the anionic SMBV. The acylated polysaccharide nanoparticles were loaded with the drug before the addition of the surrounded lipid layer that completed the formation of the SMBV. The highest encapsulation efficiency was reported with the polycationic molecules. By the same way, the interaction stability of the polycationic molecule in biological media was improved and the release within the intracellular medium was better controlled compared to the monovalent cation. The association of IL-2 to the anionic SMBV led to an improvement of its biological activity as measured on cell cultures in vitro.

SN'IBV with a cationic core were specifically designed for the incorporation of nucleic acid materials [START_REF] Berton | Improved oligonucleotide uptake and stability by a new drug carrier, the SupraMolecular Bio Vector (SMVB)[END_REF].

Oligonucleotides were incorporated into the acylated cationic polysaccharide core of the SMBV prior to the formation of the outer lipid layer. Oligonucleotide loading capacity could reach 2.2% w/w with a loading efficiency of 90%. A minimal leakage of the total incorporated oligonucleotide was measured after a period of two months. SMBV were found to confer a better protection against nuclease degradation attack than the single acylated cationic polysaccharide core. In vitro, SMBV also improved the cellular uptake of the oligonucleotide. The internalization into cells was characterized according to an endosomal pathway. The amount of the oligonucleotide fraction that could be found within the cell cytoplasm could be up to 10 times higher than if the oligonucleotide was given in its free form [START_REF] Berton | Improved oligonucleotide uptake and stability by a new drug carrier, the SupraMolecular Bio Vector (SMVB)[END_REF]. Finally, the specific and non-toxic action of an antisense oligonucleotide delivered to cells using a SMBV have been proven in vitro [START_REF] Allal | SupraMolecular BioVectors (SN'BV) improve antisens inhibition of erbB-2 expession[END_REF]. This underlines the potential of SMBV as a carrier of oligonucleotide for in vivo applications.

The pharmacokinetic of SMBV has been investigated as well. After intravenous administration, these drug carriers showed a half lifetime within the blood of 8 hours. After 24 hours, they showed the same distribution pattern than liposomes. This indicated that the SMBV were able to escape the immediate capture by the macrophages of the Mononuclear Phagocytes System (MPS) which is currently observed with many other drug carrier particulate systems [START_REF] Berton | Application des biovecteurs supramoléculaires (BVSM) à la stratégie antisens: Incorporation et protection d'oligonucléotides, étude de leur devenir cellulaire et effet antisens[END_REF]. Specific cellular recognition of SMBV was demonstrated in vitro with two models: SMBV in which the apolipoprotein B was incorporated within the lipid outer membrane were internalized by fibroblasts [START_REF] Samain | Particulate vectors having selective tropism: method of preparation and pharmaceutical composition[END_REF] and SMBV with chemically grafted monoclonal antibody directed against T lymphocytes were specifically targeted against the cells showing the corresponding surface antigen [START_REF] Courbon | Targeting of cells with biovector drug delivery carriers by a monoclonal antibody[END_REF].

Conclusion

Nanoparticles made up of polysaccharides are certainly promising carriers for the delivery of hydrophilic drugs. Such particles can be obtained in mild conditions according to various processes, some of them being very easy do not require any special equipment. In addition, the use of organic solvent or chemical crosslinking agents that may induce toxicological problems are generally not needed. The polysaccharide nanoparticles also present interesting features concerning the drug loading capacity and the drug releasing properties. After the association with these nanoparticles, the biological activity measured for certain drugs was improved. Up to now, little is known about the in vivo behavior of polysaccharide nanoparticles as drug delivery systems. As suggested by the number of very recent papers published on this subject, polysaccharide nanoparticles may be considered as a very active field of investigation for the development of new delivery systems specifically designed for the administration of peptides, proteins, antisense oligonucleotides and even genes. Lots of work is, however, still required to evaluate their real in vivo potential.
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 l Figure l. General structure of polysaccharides encountered in nanoparticle technology. (a) poly(mannuronic) and poly(guluronic) sequences of alginate, (b) chitosan, (c) agarose, (d) starch and (e) dextran.
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 2 Figure 2. Structures of the gels obtained by ionic gelation of alginate induced by calcium (a) and thermal gelation of agarose (b).
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 3 Figure 3. Scheme illustrating the formation of alginate nanoparticles. The transmission electron micrographs were performed by H. Alphandary (UMR 86 12, Université de Paris XI) after negative staining with phosphotungstic acid.
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 7 Figure 7. Schematic structure of a Low-Density Lipoprotein and of the Supramolecular BioVector. [adapted from 68, 69].
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 8 Figure 8. Principle of the preparation of a SupraMolecular BioVector (SMBV).