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Introduction

Diabetes mellitus is a serious pathologic condition responsible for major health care problems around the world. The hallmark of diabetes mellitus is hyperglycemia. Acute hyperglycemia may cause life-threatening ketoacidosis. Diabetes also leads to severe complications. such as kidney disease, retinopathy, neuropathy, leg or foot amputation and heart disease. The hyperglycemia results from metabolic defect(s) causing a deficit in insulin secretion, insulin action or both. Therefore, the discovery of insulin by Banting and Best [l] in 1922 was to revolutionize the treatment of these patients [START_REF] Woodley | Enzymatic barriers for GI peptide and protein delivery[END_REF]. Nowadays, the treatment still requires subcutaneous insulin injections normally once or twice each day. For more intensive treatment and better metabolic control, diabetics may receive as many as four injections daily [START_REF] Schilling R | Intestinal mucosal transport of insulin[END_REF][START_REF] Kadiri | Comparison of NovoPen®3 and syringes/vials in the acceptance of insulin therapy in NIDDM patients with secondary failure to oral hypoglycemic agents[END_REF], Despite its success and important progress made to improve the device to render injection more comfortable, subcutaneous injection is not the ideal means for insulin delivery [START_REF] Kadiri | Comparison of NovoPen®3 and syringes/vials in the acceptance of insulin therapy in NIDDM patients with secondary failure to oral hypoglycemic agents[END_REF][START_REF]Le diabète : une famille de maladies[END_REF][START_REF] Saffran | A new approach to the oral administration of insulin and other peptide drugs[END_REF][START_REF] Trehan | Recent approaches in insulin delivery[END_REF]. The stress and discomfort of multiple daily injections of insulin contribute to discourage diabetics from accepting an intensive insulin treatment regimen, and some type II diabetics may refuse insulin treatment entirely [START_REF] Kadiri | Comparison of NovoPen®3 and syringes/vials in the acceptance of insulin therapy in NIDDM patients with secondary failure to oral hypoglycemic agents[END_REF]. This strongly justifies the continuing search for effective alternate routes of administration. The most acceptable method of chronic drug administration is by the oral route. The advantages of oral administration of insulin to millions of diabetics are so great that much effort was directed to the development of alternatives to injections [START_REF] Trehan | Recent approaches in insulin delivery[END_REF][START_REF] Saffran | Insulin and the gastrointestinal tract[END_REF][START_REF] Chetty | Novel methods of insulin delivery: an update[END_REF]. However, if the oral delivery of peptides is an attractive concept, the obstacles are two-fold: degradation by proteolytic enzymes in the gastrointestinal tract and lack of permeability across the intestinal mucosa [START_REF] Woodley | Enzymatic barriers for GI peptide and protein delivery[END_REF][START_REF] Zhou | Peptide and protein drugs. Il Non-parenteral route of delivery[END_REF]. For these reasons, it is considered one of the greatest challenges to pharmaceutical sciences and, over seventy-five years after Banting and Best' s first experiment, there is still no commercial form of oral insulin formulation in clinical use, meaning that this problem is still unresolved. Nevertheless, a review of the literature shows that research on oral delivery of insulin began immediately after the discovery of insulin and has continued ever since [START_REF] Saffran | A new approach to the oral administration of insulin and other peptide drugs[END_REF][START_REF] Chetty | Novel methods of insulin delivery: an update[END_REF][START_REF] Zhou | Peptide and protein drugs. Il Non-parenteral route of delivery[END_REF][START_REF] Scott | The oral administration of insulin derivatives[END_REF][START_REF] Puisieux | Therapeutic aspects of liposomes -in: "Phospholipids, Biochemical, Pharmaceutical and Analytical Considerations[END_REF][START_REF] Puisieux | Polymeric micro-and nanoparticles as drug carriers. -In[END_REF][START_REF] Couvreur | Nano-and microparticles for the delivery of polypeptides and proteins[END_REF][START_REF] Pauletti | Improvement of oral peptides bioavailability: peptidomimetics and prodrug strategies[END_REF][START_REF] Rubinstein | The rational for peptide drug delivery to the colon and the potential of polymeric carriers as effective tools[END_REF][START_REF]The use of inhibitory agents to overcome the enzymatic barrier to perorally administered therapeutic peptides and proteins[END_REF][18]. Overcoming the different barriers met with the peroral route of administration can theoretically be achieved by a suitable carrier. For example, attempts to reduce the degradation caused by proteases included chemical modification of insulin to render the hormone more resistant to proteolysis [START_REF] Scott | The oral administration of insulin derivatives[END_REF][START_REF] Pauletti | Improvement of oral peptides bioavailability: peptidomimetics and prodrug strategies[END_REF], the design of delivery systems targeting the colon where the proteolytic activity is relatively low [START_REF] Saffran | A new approach to the oral administration of insulin and other peptide drugs[END_REF][START_REF] Saffran | Insulin and the gastrointestinal tract[END_REF][START_REF] Rubinstein | The rational for peptide drug delivery to the colon and the potential of polymeric carriers as effective tools[END_REF]19] and the use of inhibitory agents of the enzymatic barrier [START_REF]The use of inhibitory agents to overcome the enzymatic barrier to perorally administered therapeutic peptides and proteins[END_REF]. Protection against degradation by proteases can also be achieved by entrapping insulin within drug carriers such as liposomes, nanoparticles, microparticles and multiple emulsions that shield the therapeutic peptide from luminal enzymatic attack [12-14, 16, 20]. Although liposomes were first proposed by Bangham in 1965 as simple cell membrane phospholipid bilayer models for the study of ion permeability, the concept of using liposomes as a drug carrier was suggested by Gregoriadis in 1973 [START_REF] Gregoriadis | Drug entrapment in liposomes[END_REF][START_REF] Papahadjopoulos | 30-Years progress for liposomes: from serendipity to molecular design[END_REF]. The encapsulation of insulin within liposomes was studied for the first time a few years after [START_REF] Dapergolas | Hypoglycemic effect of liposome-entrapped insulin administered intragastrically into rats[END_REF][START_REF] Dapergolas | Penetration of target areas in the rat by liposome-associated bleomycin, glucose oxydase and insulin[END_REF]. Within several years, liposomes have received much attention for the oral administration of insulin [START_REF] Das | Oral application of oral insulin encapsulated liposomes[END_REF][START_REF] Kimura | Transmucosal passage of liposomal drugs[END_REF].

In this context, as Professor in pharmaceutical technology in the new Faculty of Pharmacy at the University of Paris-Sud, Francis Puisieux was much attracted to developing his own research activity toward the design of new drug delivery systems. Thus, he started working in this field on liposomes for the oral delivery of insulin with a small group of PhD students [START_REF] Puisieux | Les liposomes : véhicules possibles de principes actifs[END_REF][START_REF] Puisieux | Les liposomes : classification et obtention[END_REF][START_REF] Moufti | Hypoglycemia after liposomized Insulin in rats[END_REF]. At that time, two other groups were already engaged in this very challenging field of investigation [START_REF] Dapergolas | Hypoglycemic effect of liposome-entrapped insulin administered intragastrically into rats[END_REF][START_REF] Dapergolas | Penetration of target areas in the rat by liposome-associated bleomycin, glucose oxydase and insulin[END_REF][START_REF] Patel | Oral administration of insulin by encapsulation within liposomes[END_REF]. Throughout the next twenty years, Francis Puisieux developed in France a pioneer activity in the field of new drug delivery systems based on the concept of the pluridisciplinarity of the group he was going to build. At the same time, on his advice, close collaborators continued to explore the potential of the newly developed systems in his own laboratory for the oral administration of insulin. The present paper will give a review of his contribution to the development of an oral dosage form for the administration of insulin.

LIPOSOMES

As mentioned above. liposomes were the first to be proposed as drug carrier [START_REF] Gregoriadis | Drug entrapment in liposomes[END_REF]. They were almost immediately assayed for the oral administration of insulin [see 30 for references]. Although successful attempts were made by several authors [23. 29, 31], some conflicting results were reported soon after concerning the efficiency of the absorption of liposomal insulin from the gastro-intestinal tract. There were mainly contradictory results concerning the oral administration of liposomal entrapped insulin to normal rats [START_REF] Weingarten | Protection of insulin from enzymatic degradation by its association to liposomes[END_REF]. This conflicting situation could result from the various experimental conditions used by the different authors, including different lipid compositions of the liposomes, different administered doses, and the physiological stage (normal or diabetic) of the animals used for the in. vivo evaluation. In this context, the rationale of Francis Puisieux w:as to develop a systematic approach to investigate the fundamental aspects responsible for the variability and the contradictory results published in the literature. His group first showed that the same preparation could give significant hypoglycemic effect after intrabuccal administration, whereas it ineffective after intragastric administration to normal rats (figure 1). In addition, it showed that the intrabuccal instillation of a simple mixture containing empty liposomes with free insulin prepared just before administration also led to a hypoglycemic effect (figures I and 2). This preparation also appeared ineffective after intragastric administration [33]. A systematic study was carried out to investigate the protective action of the liposomes against proteolytic degradation of insulin and to clarify the role of each enzyme responsible for the hormone degradation [START_REF] Weingarten | Protection of insulin from enzymatic degradation by its association to liposomes[END_REF]. The results of this study showed that insulin was protected from gastric enzymes, either encapsulated within the liposomes or simply added to empty liposomes. It led the group to suggest for the first time that the failure of the intragastric administration was probably due to the degradation of the liposomal membrane by bile salts in the intestinal lumen rather than by the destruction of the hormone by gastric enzymes [START_REF] Weingarten | Protection of insulin from enzymatic degradation by its association to liposomes[END_REF].

At the end of the 1980s, more disappointing results continued to be reported in the literature. Scientists working in the area agreed with the hypothesis that liposomes may be destabilized by components encountered in the gut [START_REF] Kimura | Transmucosal passage of liposomal drugs[END_REF][START_REF] Werner | Gastrointestinal uptake of liposomes[END_REF]. To clarify this hypothesis, further studies were performed in the laboratory. The first one suggested that insulin could be protected against enzymatic attack because of its mode of association with liposomes, Indeed, part of the insulin was found encapsulated within the aqueous compartment of liposomes, whereas the other part bound to phospholipid bilayers through hydrophobic and electrostatic interactions [START_REF] Weingarten | Interactions phospholipides-insuline. Etude en couches monomoléculaires par des mesures de potentiel de surface[END_REF][START_REF] Moufti | Liposomes d'insuline : Etude galénique, interactions physico-chimiques entre insuline et vésicules[END_REF]. The second work considered the effect of bile salt on the destabilization of liposomes. It led to the measurement of the kinetics of solubilization of phospholipid vesicles of different compositions by sodium taurocholate. The results showed that certain types of liposomes were undoubtedly destabilized by bile salts [38].

Although liposomes did not appear to be the ideal carrier for the oral administration of insulin at the end of the 1980s, recent progress in liposome technology as well as recent development of liposomes formulations for the oral administration of vaccines encouraged new groups to start novel work in the area of oral administration of insulin using more stable liposomes [START_REF] Muramatsu | Dipalmitoyl-phosphatidylcholine liposomes with soybean-derived sterols and cholesterol as a carrier for the oral administration of insulin in rats[END_REF][START_REF] Tabbakhian | Oral delivery of insulin in polymer-coated liposomes[END_REF][START_REF] Takeuchi | Enteral absorption of insulin in rats from mucoadhesive chitosan-coated liposomes[END_REF]. In this regard, the authors still referred to the work that was carried out by Francis Puisieux and his group several years earlier [START_REF] Trehan | Recent approaches in insulin delivery[END_REF][START_REF] Chetty | Novel methods of insulin delivery: an update[END_REF][START_REF] Muramatsu | Dipalmitoyl-phosphatidylcholine liposomes with soybean-derived sterols and cholesterol as a carrier for the oral administration of insulin in rats[END_REF][START_REF] Saudek | Future developments in insulin delivery systems[END_REF][START_REF] Rogers | The potential of liposomes in oral drug delivery[END_REF].

Figure I -Variation of glycemia after intrabuccal (closed symbols) and intragastric (open symbols)

administration of insulin-loaded liposomes (0.5 mL/100 g = 100 IU/kg) (circles) and of the administration of insulin associated with liposomes just before the administration (0.5 mL/100 g = 50 IU/kg) (squares) to normal rats (from [START_REF] Weingarten | Expérimentation d'une formulation d'insuline associée ä des liposomes : étude fondamentale et évaluation biologique[END_REF]). 

MULTIPLE EMULSIONS

Multiple emulsions have been considered as a vehicle for the oral administration of insulin since 1968 144]. The authors observed a significant reduction in blood glucose when multiple emulsions of insulin were administered to normal rats. However, they did not observe any effect with diabetic rats, Improving the formulation used by Engel et al. [START_REF] Engel R | Insulin: intestinal absorption as water-in-oil-in-water emulsions[END_REF], Shichiri et al. [START_REF] Shichiri | Enteral absorption of waterin oil-in-water insulin emulsions in rabbits[END_REF] showed that multiple emulsions achieved an effective protection of insulin against degradation by pepsin, alpha-chymotrypsin, and trypsin, but did not protect the hormone against the degradation caused by pancreatic lipase. These authors also reported a reduction in glycemia following oral administration of multiple emulsions, but the dose/effect relationship was not reproducible in all rats [START_REF] Shichiri | Short term treatment of alloxan-diabetic rats with intrajejunal administration of water-in-oil-in-water insulin emulsions[END_REF][START_REF] Shichiri | A model for the evaluation of the peroral insulin therapy: short term treatment of alloxan diabetic rats with oral water-in-oil-in-water Insulin emulsions[END_REF]. At that time, the formulation of multiple emulsions was limited and multiple emulsions suffered from poor stability. This work was forgotten for twenty years. Then, Matsuzawa et al. [START_REF] Matsuzawa | Absorption of insulin using water-in-oil-in-water emulsion from enteral loop in rats[END_REF] investigated the location of the best adsorption region for the hormone along the gastro-intestinal tract after it has been incorporated in a water-in-oil-in-water (w/ o/w) multiple emulsion. During the silent period. progress in the formulation of multiple emulsions was made due to the emergence of polymeric surfactants and of new rules aiding in formulation. A small group of scientists from the laboratory of Francis Puisieux focused its activity only on fundamental research on this subject. As a result of their work on the formulation of w/o/w multiple emulsions, they could finally propose very stable formulae of multiple emulsions to be used for drug delivery [START_REF] De | Classification et obtention des émulsions multiples. Connaissances actuelles[END_REF][START_REF] Cunha | Multiple emulsions: Pharmaceutical potentiality[END_REF][START_REF] Seller | Obtaining multiple Emulsions[END_REF]. For example, they developed new systems composed of triglycerides that are easily metabolized by the organism (soybean oil or medium-chain triglycerides) and stabilized with a silicone-based copolymer as lipophilic emulsifier and a sorbitan ester as hydrophilic emulsifier. Insulin was incorporated into these emulsions at 16 °C and was very stable. The entrapment of insulin was over 95%. The insulin was fully protected against degradation by digestive enzymes including pepsin, trypsin and alpha-chymotrypsin [START_REF] Cunha | Insulin in w/o/w multiple emulsions: preparation, characterization, and determination of stability towards proteases in vitro[END_REF]. These multiple emulsions were administered in vivo by gavage into the stomachs of normal and diabetic rats. The results showed a reduction in glycemia after a single administration to diabetic rats (figure 3) [START_REF] Cunha | Multiple emulsions: Pharmaceutical potentiality[END_REF][START_REF] Cunha | Insulin in w/o/w multiple emulsions: biological activity after oral administration in normal and diabetic rats[END_REF]. The reduction in glycemia was 20%, but was still in the diabetic range. In contrast, no reduction in glycemia was observed with normal rats that could be explained by the autoregulation phenomenon [START_REF] Cunha | Insulin in w/o/w multiple emulsions: biological activity after oral administration in normal and diabetic rats[END_REF].

To further improve the efficiency of the multiple emulsion, w/o/w multiple emulsions of insulin containing the bovine pancreatic trypsin inhibitor (aprotinin) and an absorption enhancer (sodium taurocholate) were prepared and assayed for their biological activity. In this study, sodium insulin was used instead of zinc insulin. The aggregated state of sodium insulin leads to dimers, while zinc insulin usually tends to form hexamers. The reduction in glycemia induced by the multiple emulsions was higher with sodium insulin than with zinc insulin, suggesting that the aggregation state of insulin might be a major factor responsible for increasing the extent of intestinal insulin absorption. In contrast. sodium taurocholate and aprotinin did not add any benefit to the insulin bioavailability at the concentrations involved in this study (figure 4) [START_REF] Cunha | w/o/w multiple emulsions of insulin containing a protease inhibitor and an absorption enhancer: biological activity after oral administration in normal and diabetic rats[END_REF]. This very recent work opens a promising future for the development of an oral formulation for the administration of insulin. It is continuing in the laboratory. For example, formulations of multiple emulsions containing higher concentrations of aprotinin and sodium taurocholate are under investigation. Another current orientation is to test other adjuvants combined with the use of the monomeric insulin form to further improve intestinal absorption of insulin.

Figure 3 -Variation of glycemia induced by the oral administration of multiple emulsion containing zinc insulin to streptozotocin diabetic rats. The insulin dose for oral administration was 140 IU/kg. Means ± 15.0%, n = 3. Soybean oil multiple emulsion (closed triangles), medium-chain triglyceride oil multiple emulsion (closed squares): controls: insulin solution by the oral route (open crosses) and by subcutaneous injection (insulin dose: 2.7 IU/kg) (open circles) (from [50]). Figure 4 -Variation of glycemia induced by the oral administration of multiple emulsions containing sodium insulin to fasted diabetic rats: multiple emulsion containing sodium insulin (open circles), multiple emulsion containing sodium insulin and aprotinin (closed circles), multiple emulsion containing sodium insulin and sodium taurocholate (open squares), multiple emulsion containing sodium insulin aprotinin and sodium taurocholate (closed squares), multiple emulsion containing zinc insulin (open triangles), multiple emulsion

with no insulin (closed triangles), Mean ± SD, n = 8. insulin dose: 140 IU/kg, aprotinin dose: 5600 IU/kg (from [START_REF] Cunha | w/o/w multiple emulsions of insulin containing a protease inhibitor and an absorption enhancer: biological activity after oral administration in normal and diabetic rats[END_REF]).

NANOCAPSULES

In the mid-1980s, technologies for the preparation of colloidal drug carriers made of polymers were developed by Francis Puisieux and his coworkers [START_REF] Fessi | Procédés de préparation des systèmes colloïdaux dispersibles d'une substance sous forme de nanoparticules[END_REF][START_REF] Fessi | Procédés de préparation des systèmes colloïdaux dispersibles d'une substance sous forme de nanocapsules[END_REF]. For the first time, it was possible to prepare nanocapsules consisting of tiny spherical particles with an oily core surrounded by a polymer envelope. The size of these particles (250 to 300 nm) was of the same range as that of the liposomes. Their main advantage was their a priori higher stability as compared to liposomes. Following the development of these new drug delivery systems, their potent applications for the oral delivery of drugs were considered in an informal network entitled "Drug carriers for oral administration" which brought together scientists of different backgrounds. In this group, Francis Puisieux appeared as an active coordinator. Within a short time, the collaboration with C. Damgé from the Laboratory of Cell Biology and Digestive Physiopathology (INSERM U61, Strasbourg, France), led to very unexpected and promising results concerning the oral administration of insulin-loaded poly(alkylcyanoacrylate) nanocapsules to streptozotocin-induced diabetic rats [START_REF] Damgé | New approaches for oral administration of insulin with poly(alkylcyanoacrylate) nanocapsules as a drug carrier[END_REF][START_REF] Damgé | Nanocapsules as carriers for oral peptide delivery[END_REF]. Indeed, a single oral administration of the nanocapsules produced a reduction in glycemia after an unusually long lag time lasting for two days and a surprisingly prolonged effect (up to twenty days) (figure 5) [START_REF] Damgé | New approaches for oral administration of insulin with poly(alkylcyanoacrylate) nanocapsules as a drug carrier[END_REF]. A patent was finally applied by the laboratory in 1990 [START_REF] Michel | Compositions pharmaceutiques contenant de I'insuline pour l'utilisation dans le traitement du diabète et procédé de préparation de telles compositions pharmaceutiques[END_REF]. The results obtained with the insulin nanocapsules reproduced many times, even by other groups [START_REF] Lowe | Calcitonin and insulin in isobutylcyanoacrylate nanocapsules: Protection against proteases and effect on intestinal absorption in rats[END_REF]. Their activity was also demonstrated with alloxan induced diabetic dogs and similar responses compared to rats were obtained [START_REF] Damgé | Effect of orally administrated insulin nanocapsules in normal and diabetic dogs[END_REF]. The concept could be extended to other types of nanocapsules and using other proteins and peptides of therapeutic interest such as calcitonin and somatostatin analogs [START_REF] Lowe | Calcitonin and insulin in isobutylcyanoacrylate nanocapsules: Protection against proteases and effect on intestinal absorption in rats[END_REF][START_REF] Damgé | Poly(alkylcyanoacrylate) nanocapsules as a delivery system in the rat for octreotide, along-acting somatostatin analogue[END_REF][START_REF] Mathiowitz | Biologically erodible microspheres as potential oral drug delivery systems[END_REF][START_REF] Sakuma | Oral peptide delivery using nanoparticles composed of novel graft copolymers having hydrophobic backbone and hydrophilic branches[END_REF]. In all cases, the authors reported a true benefit of the use of the nonencapsulated peptide compared to the simple solution form after oral administration of the. peptide.

Much work has been carried out to verify the activity of insulin-loaded nanocapsules, although this delivery system is very promising, its mechanisms of delivers, is unknown. Therefore, a few years ago, Francis Puisieux initiated new project to explore the different hypotheses drawn to explain the unexpected biological results obtained after oral administration of insulin nanocapsules. This project is once again based on fundamental aspects and pluri-disciplinary research. It included the characterization of insulin nanocapsules, the comprehension of the insulin encapsulation mechanism, and the study of their in vivo behavior [START_REF] Aboubakar | Study of the mechanism of insulin encapsulation in poly(isobutylcyanoacrylate) nanocapsules obtained by interfacial polymerization[END_REF]. This project appears important for further development of the nanocapsules for clinical purposes and for enlarging the potential application to other peptides as expected by recent works [61, 63. 65]. 

Conclusion

Among the high quantity of research initiated by Francis Puisieux [START_REF] Puisieux | Therapeutic aspects of liposomes -in: "Phospholipids, Biochemical, Pharmaceutical and Analytical Considerations[END_REF][START_REF] Puisieux | Polymeric micro-and nanoparticles as drug carriers. -In[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 In[END_REF]. an exploration of the usefulness of new drug delivery systems for the oral administration of insulin was a constant preoccupation throughout his career. Progress followed the development of new tools and vehicles created to improve the efficacy of drugs in his laboratory. Convinced by the interest of fundamental and pluri-disciplinary research, he constantly encouraged basic research on systems showing good as well as bad therapeutic potentials. His rationale as undoubtedly useful for the progress of the research in the particularly challenging field that the oral administration of insulin represents. Most of his contributions led to pioneer work carried out by himself and his close coworkers, widely cited as references in the abundant literature that is still up to dale in this active area of research [7-9, 18, 51].
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 2 Figure 2 -Dose response showed by the intrabuccal administration of insulin associated with liposomes at acidic pH to normal rats. Insulin doses: 2.5 IU/kg (n = 7) (closed circles), 5 IU/kg (n -8) (closed diamonds), 24 IU/kg (n = 5, 3/5 rats died) (open circles). Dotted lines: reference samples liposomes (n = 7) (open triangles), intraperitoneal administration (closed triangles) (from[START_REF] Weingarten | Expérimentation d'une formulation d'insuline associée ä des liposomes : étude fondamentale et évaluation biologique[END_REF]).
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 5 Figure 5 -Effect of a single intragastric administration of insulin-loaded nanocapsules on glycemia of overnight fasted diabetic rats, Doses administered: 0 (open crosses), 6.9 IU/kg (closed squares), 13.7 IU/kg (closed circles], 27.4 IU/kg (closed triangles, (Mean SD, n = 7 or 8) (from [58]).