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Significance and applications of nanoparticles in siRNA delivery for cancer therapy

RNAi is a powerful gene silencing process that holds great promise in cancer therapy by the use of siRNA. The aim of this review is to give an outline on different approaches to deliver siRNA and to describe the advantages and demerits of these systems. The prospects for siRNA are to be substantially better than other therapies, as they are easily applicable to any therapeutic target. They also promise potent gene inhibition with exquisite selectivity down to the level of single nucleotide polymorphism, and can easily identify offending proteins or variants by screening across gene sequence. The main obstacle of using RNAi technology in cancer treatment is to protect such a fragile and quickly metabolized biological molecule and to efficiently deliver it in vivo, to the target cells. Therefore, there is a need of new systems, as nanoparticles for siRNA delivery, to reach and improve their biodistribution in target tissue.
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Deregulation of gene expression is a common feature in cancer. The possibility to inhibit the expression of an oncogene at the rnRNA level, instead of blocking the funcrion of the gene product, has elicited a great interest for a long time as potential therapeutic application. Therefore, RNAi offers promising new oppor� tunities co very specifically target the genes deregulated in various pathologies including cancer. This strategy has been proposed as a royal road to block EWS-Flil gene expression in Ewing sarcoma [l.2], RET/PTC in papillary thyroid carcinoma [3), HER2 in nasopharyngeal tumor (4], VEGFin tumor angiogenesis [5,6], PD Li in ov arian cancers [7] and /-½Kin pancreatic adenocarcinoma [8]. However, in vivo delivery of siRNA is a key challenge because the biological efficacy of the siRNAs is hampered by rheir shon plasmaric half-life due to poor srabi!ity in bio !ogicnl fluids and low inrracel!ular penetration due to their highly hydrophilic character /9]. So far, a wide variety of approaches including viral vecror-bascd and non viral delivery systems such as liposomes, nanoparticles (NPs), !ipophilic conjugates, polymers and cell-penetrating pep tides [START_REF] Aigner | Cellular delivery i11 vivo o( siRNA-bascd thcrnpeutics[END_REF]11] have been investigated to enhance tar get cells' uptake and silencing potency in vivo. l•-Iowever, the safety of viral vectors is ques tionable due rn immunogenicity and possible recombination with oncogenes. Most of the nonviral vectors arc designed using polycations, either polymers or lipids whom (cyto) toxicity is now well documented [12]. Therefore, it is an urgent need to introduce new concepts able to impact on the way of siRNA delivery based on rhc use of more efficient and safe (bio) materi als for drug delivery purpose such as sgualenc, a cholesterol precursor. In this review, the authors describe the major rypcs ofNPs rhat arc used to vectorize siRNA, and also their advantages and disadvantages.

Benefits & drawbacks of RNAi in cancer treatment

Antisensc oligonuclcotides (AS-ONs) and RNAi arc the major approaches for therapeutic inhibition of gene expression. Although the acrivity of both types of molecules is due to their base pairing capacity with complementary cellular nucleic acids, the method by which they inhibit gene expression i s differem. AS-ONs arc single-stranded DNA or RNA sequences of 13--•25 bases rhar can highly selectively inhibit the expression of target genes by hybridizing wirh their specific 'sense' sequences in mRNA or DNA molecules [U\. RNase H-mediared degradation of complementary mRNA is the major mode of action of AS-ONs. This enzyme specifically deaves the RNA strand of RNA-DNA hcreroduplexes, leading to the release of the AS-ON that can further bind to a new mRNA strand; the mechanism is therefore catalytic [START_REF] Wa Lder | Role of RNase Hi n hybrid-arrested translation by antisense oligonucleotides[END_REF]. Whereas, siRNAs arc RNA duplexes of 21-23 nucleotides with a pp roximately 2 nucleotides 3 overhan g s. One of rhe siRNA stra nds, named the guide strand, is recognized by the RNA induced silencing complex RISC in which the main actor is Ago2 protein (hAG02 in human) . The guide strand serves as a template for the recogn ition of homolo gous mRNA, which upon binding to RNA-induced silencing complex, is cleaved by the catalytic activity of Ago2. The other siRNA strand, the passenger strand, is de g raded.

It is well known that siRNA and AS-ON can inhibit their spe cific targets genes, and therefore used for the treatment of many diseases including cancer (15]. Their high specificity, covering a wide range of biomedical applications, allows the inhibition of target proteins that are not easily accessed and mo dulated by con ventional small molecular weight or protein drugs [START_REF] De Pougero!les | Interfering with disease: a progress report on siRNA-bascd therapeutics[END_REF]. However, a p plication of gene silencing via ONs faces obstacles in gene transfecdon and tissue tar g eting [START_REF] Fuchs | The application of siRNA technology to cancer biology discovery[END_REF] because of their poor in vivo stability and their inability to transverse intact cell membranes to any significant degree due to their highly hydrophilic and ani onic character [START_REF] De Paula | Hydrophobizacion and bioconjugation for en hanced siRNA delivery and cargecing[END_REF]. Thus, the development of an cfficiem delivery system is one of the most challenging hurdles to turn ONs into clinically acceptable therapeutic drugs.

The p rimary obstacle for translating RNAi technology from an effective research tool into a feasible thera p eutic strategy is the efficient delivery of these molecules to the target cells in vivo.

There is no natural mechanism for the highly hydrophilic poly anionic macromolecules to traverse the cellular membrane due to the reason that the bioavai!ability of these agents in the intra cellular compartment is minuscule. The efficacy of siRNA into cells is offended by the major biological barriers, along with their transiem gene silencing effects due to their short-lived nature, and conditioned by the growth potential of dividing cells (between 36 and 48 h for rapidly diving cells and around several weeks for slowly dividin g cells) [19I.

Another key barrier for the arrival of ONs to the target area in the body is the phagocytes of the re ticuloendothelial system. These cells monitor the blood, remove forei g n materials such as bacteria and viruses and tend to treat administered macromol ecules such as ONs as foreign materials, thus accumulating these mate rials in hepatic Kupffcr cells, splcnic macrophages and Nher phagocyte-rich sites [START_REF] Underhill | Phagocytosis of microbes: comp!exiry in accion. A1111u. Rn[END_REF]. In addition, naked AS-ONs and si RNAs arc rel atively unstable in the blood in their native fo rms, as the y are de g raded by nucleases due to short half life offew minutes, and arc rapidly cleared fro m the body by renal excretion or may also a gg re g ate with serum proteins )21). ln parallel, the systemic expo sure of si RNA can also induce some nonspecific n: sponscs rhat are caused by CpC DNA o!igonucleoridcs [22] . Passing throu g h the vasculatu re, ONs must dissem inate throu g h rhc ex tracel lular matrix ECM, which is a dense network of polysaccharides and ll brous proteins that also hinder ON.s' diffu sion towards the ta r g et cells [2.'i]. Thus, the revolutionary p mcncy and selectivity of �iRNA can enable improved rnr g eu.:d cance r thcrapemics; bur 2 the appropriate means of system ic administration and targeted distribution to disseminated metastatic lesions is needed [6] .

Strategies to transport gene silencers

A wide variety of ap p roaches including viral and nonviral deliv ery systems have been investigated to enhance the target cell siRNA-uptakc and silencing potency in vivo.

Viral vectors

Viral vectors are the most powerful tool for gene rransfccrion. The use of viral vectors is known to be the best way to del iver ON within the cells. Recently, they have been used to deliver siRNA for silencing the hemagg!utinating virus of Japan (a lso called Sendai virus) [START_REF] Dai | Hernagglutinacing virus of Japan envelope (HVJ-E) can enhance the immune responses of swine immunized wi th killed PR.RSV vaccine[END_REF] , However, the safety of viral vectors is questionable due to immunogenicity and possible recombination with onco g enes [START_REF] Lv | TO xici cy of cationic lipids and cationic polymers in gene delivery[END_REF], a general lack of s p ecificity and gene delivery to the target cells of interest, potential toxicity of the viral vec tors themselves {26] and even some of them are also able to infect nondividing cel ls [START_REF] Wang | The next step in gene delivery: molecular engineering of adcno-associated virus serotypes[END_REF].

Nonviral vectors

Nonviral vectors arc alternative to viral vectors. Many nonvi ral vectors have been designed and have become a powerful and popular research tool to elucidate gene structure, regulation and fu nction. Althou g h less efficienr rhan viruses for gene delivery, they offer several advantages: particularly, simple to use, offer trouble-free qualit y control, biocompatibility and generate little or no specific immune response [START_REF] Zaldumbide | How not to be seen: immune-evasion strategics in gene therapy[END_REF] .

Tw o major nonvira! ap p roaches, based on either chemical modification or nanoformularion, were adopted to overcome the above-mentioned limitations concerning ONs' administration. The chemical approach consists of either synthesizing nucleic acids with variations in their natural structure (in order to improve resist ance towards degradation) (llj and/or attaching a li p idic, peptidic or polymer moiety associated or nonassociated with a cell-targeting ligand. Attachmenr of specific tar g eting ligands can induce bindin g ro protein carriers or u p take by the desired population of cells to be treated. siRNAs can be: coupled with fuso g cnic pe p tides, linked rn anti bodies a g ainst cell surface receptor li g ands for cell-specific delivery, encapsula ted in li p id complexes or cationic !iposomes or incor p orated in polymers that can be chemically different and able to form NPs [START_REF] Chou | Strategics for the intracellular del ivery of nanoparticles[END_REF]. Certain am ine-conraining cationic polymers such as polyethyleneimine (PEI) can be attached as ligands to th� surface or NPs th rough standard conjugation chem istry. These ca tionic polymers arc ca p able of induci n g membrane p ermeability, facilitating the entr y of NPs into the cells. In particular, PEI has been widely investi g ated for g ene deliver y because of it's ability to co mplex with and condenses DNA and transfcct a broad range of cell lines with hi g h efflcienc y [2:1;.

A po lymer combi ning PEI with the biocom p atible p olymer p olyethylene gly col (PEG; adaman tine-PEG) and the polysaccharidc chitosan were attached to the surface of iron oxide NPs for h1 vivo gene delivery [. >o). The p roton spon g e effe ct was used to del iver siRNA-wrapped q uanlurn dots into MDAMB-23 1 breasr cancer cells. By coating quanrnm dots with a balanced cornposirion of tertiary amine and carboxylic acid groups, NPs with their siRNA cargo were capable to penetrate cell membrane, released from cndosome, carrier unpacking and intracellular transport of cargo [ 31 ] . NPs functionalized with a tumor-homing peptide and siRNA cargo have been shown ro internali1,e the cell by ligand-mediated internalization and knockdown ofEGFP signal in EGFP-transfccted HeLa cells [START_REF] Derfus | l;nge ced quantum dot conj ugates for siRNA delivery[END_REF], Aptamers can also be coated onto the surface ofNPs for in vivo and in vitro targeting. Aptamers are short single-stranded DNA or RNA oligonudeotides selected in vitro to specific cellular targets with high selectivity and sensitivity [START_REF] Stohenburg | SELEX-a ®cvo! mionary method co generate high-affinity nucleic acid ligands[END_REF].

Coupling dual antibodies ( the murine 83-14 MAb to the human insulin receptor and the rat 8D3 MAb to the mouse transferrin receptor) to siRNA EG fR at the distal end of PEG on a steri cally stabilized liposome by a complex procedure reduced tumor expression of immunoreactive EGFR. Moreover, an increase in survival time of mice with advanced intracranial brain cancer was observed [34] . Several efforts were carried out to evaluate cationic lipids and polymers activities, originally developed from plasmids internalized by nonspecific electrostatic interactions (35) . These plasmids had a good cytoplasmic delivery, but their functional activities remained lim ited due to the poor entry into the nucleus.

Conjugation of nucleic acids with neutral lipids provides greater metabolic stability and improved bioavailability and offers an interesting alternative [3] . It has been reported that this approach could significantly enhance cellular uptake of AS-ONs and siRNAs, prolong the half-life of these molecules in plasma and increase the efficiency of siRNA-induced gene silencing in vivo.

Thus, the potential advantages of the chem ical strategies are as follows: ON preferential rargering rowards specific tissues and cells, expressing specific receptors delivery of ON co appropriate intracellular compartments (i.e., cytoplasm or nucleus) , better ON way out from the blood and widespread distribution in tissues due to the small size of the chemical conjugates [36) .

A wide variety of nanocarriers, such as liposomes [START_REF] Aigner | Cellular delivery i11 vivo o( siRNA-bascd thcrnpeutics[END_REF], NPs [START_REF] De Wo Lf | Effect of cationic carriers on the pharmacokinctics and tumor localization of nucleic acids after irnravcnous administration[END_REF]. micelles [SJ and polyplexes [START_REF] Verb | Storm G. Stcric stabilization of poly(2-(dimcthylamino) ethyl mcthacry!arc)-based po!yplexcs mediates prolonged circulation and tumor mgeti ng in mice[END_REF], have been investigated so far to enhance target cells' siRNA uptake and silencing potency in vivo.

Chitosan, a positively charged polysaccharide containing nona cctylated P -linked n-glucosamine residues, has been intensively investigated as a nucleic acid delivery system and has been suc cessfully utilized for in vi110 delivery of siRNA as chicosan-based [START_REF] Maksimcnko | In vivo potentialities of EWS-Fli-1 targeted antiscnse oligonudeotides-nanospheres complexes[END_REF] or core-shell type ( core of poly(isobutylcyanoacrylate ) polymer and shell of chitosan ] {39] NP, To enhance the circu lation half-life, these colloidal systems have been decorated with PEG chains. Moreover, to im prove target cell specificity, Dubey et al. decided to graft L-arginy!-glycyl-L-aspanic pept ide to bind to the integrins on the tumor neovascu!arure [40). For example, the intravenous in j ection of these NPs containing siRNA direCled against VEG F reccpwr-2 led to the select ive uptake into subcutaneous tumor xcnogra fts and reduced bmh ru mor growth and angiogenesis /5] .

Re q uirements of nanofo rmulations ONs must pass th rough rhe righr vascu lar rndorhelial j unctions to leave d1e blood circulation, bur the molecu les larger rhan 5 nm in diarrn. •rcr ca n not readily cross rhe capi llary endothel iu m. In contrast to rhc normal endothelium, the ru mor vascubru rcs are leakier and characterized by discontinuous structures where pore size varies from 100 to 780 nm, and has a poor lymphatic drainage compared with the pore size of less than 2 nm in normal vascu lar endothelium in most tissues and postcapillary veins ( 6 nm ) ( 41 ] .

T he tumor endothelium may allow the penetration of high molecular mass macromolecules ( >40 kDa ) and NPs up to approx imately 200 nm in diameter by the translocation process known as the 'en hanced permeation and retention' ( EPR) effect [START_REF] Greish | En hanced permeability and reremion of macromolecular drugs in solid rnmors: a royal gate for ta rgeted anticancer nanomedicincs[END_REF] .

Moreover, on cellular internalization, the ONs must be released from the endosomes ( e.g., siRNA loaded on to dicer/Ago-2) to reach the intracellular relevant targets ( 43] . As the co ndition in the endosomes/lyosomes is mildly acidic, the acid responsive delivery carriers cause facilitated cyrosolic release of ONs, and thus has been a popular strategy to overcome this intracellular hurdle [ 44 ] .

Several studies showed that naked siRNA are inefficient because of their fast metabolism ; therefore, there is a need to protect them against degradation ( for review [ 45 ]) . In a nutshell, an effective delivery strategy must take into account the need to protect the ONs from the enzymatic digestion, improve the pharmacokinetics by avoiding excretion via the rericuloendorhelial system and rapid renal filtration, allow a better translocation through the endothe lium, faci l itate the diffusion through the extracellular matrix, enhance cellular uptake and allow endolysosomal escape [START_REF] Chou | Strategics for the intracellular del ivery of nanoparticles[END_REF] ,

Choice of nanodelivery system The interaction of NPs with cellular structures is affected by multiple factors including the intrinsic properties of NPs, tar get cell type and its physiological state, cellular uptake, toxicity and intracellular localization. During particle-cell interaction, lipid domains, enzymes, carbohydrates and protein receptors of plasma membrane interact differently with the different types of NPs coming in contact with the plasma membrane to ultimately determine the cellular response towards the materiaL Particle size, morphology and position on the membrane surface decide the various forces of in teractions, lead to divergent cellular responses and th us differem routes of uptake. For in vivo applications, the engineered NPs need to overcome additional biological barriers before being taken up by the targeted cells such as evading unde sired immune responses, maimaining colloidal stability in blood circulation, extravasation into the targeted organs and achieving effective tissue penetration [ 46 ] . Keeping in view the complexity of NPs' cell imeraction and the diverse and sequential presentation of biological barriers on the cellular and the tissue level, NPs need to be designed with dynamically triggered or activated fu nclions or pro perties [START_REF] Chou | Strategics for the intracellular del ivery of nanoparticles[END_REF] . Physicochemical properties of the engineered NPs should be considered while designing a nanomedicine for optimal intracellular uptake and targeting with an aim of being capable ro reach irs biologi cal target with high efficiency and specihcity.

Types & form s of NPs

The nanode!ivcry system generally uses cationic lipids or polymers that interact with ONs th rough electros tatic int<'racrions, kading to nanoplcxes with size between ten and few hundred nanometers. The expected advamages of the nanoformularion approach are a betrcr stability in biological Ou ids and an improved cel l pem'trarion and tissue biodistribution. This strategy has already achieved significant success in both cellular and animal studies [47]. However, the toxicity of cationic transfcctants either lipidic or polymeric may raise major issues for clinical utilization [START_REF] Lv | TO xici cy of cationic lipids and cationic polymers in gene delivery[END_REF]. In th is context, the use of nonionic lipids for ONs' delivery represents an attractive methodology as many lipids are safe, nontoxic and biocompatible, additionally some of chem being of natural origin [START_REF] Raouane | Lipid conjugated o!igonudcotides: a useful mategy for delivery[END_REF].

Four maj or types of NPs are known to del iver the oligonuclco� tides: nanoplcxcs, polyplcxes, lipoplexes and micelles (FtC\JRE J). The following paragraphs will describe briefly the characteristics of each type. Few examples are summarised in TABLE I.

Nanoplexes: either nanosphere, where nucleic acid is associated with the nanoparticle, or nanocapsule, where nucleic acid is encapulated into the nanoparricle; Polyplexes: core-shell type nanoparticles; Lipoplexes: liposome stru ctures characterized by a bilayer lipid membrane and Micelles: the results of electrostatic interaction between nucleic acids and copolymers.

Nanoplexes

Two types of nanoplexes can be described: nanospheres where the nucleic acid is dispersed throughout the particle or adsorbed on the surface and nanocapsules where the nucleic acid is encapsulated inside the particle. The authors' laboratory developed two types of nanospheres: type I (I 39 ± 47 nm size and 1.6 m V � potenrial) and type 2 ( 65 ± 17 nm size and 21 m V ½ potential) were prepared by com bining po!ya!kyl cyanoacrylate (as biodegradable polymer matrix) and chitosan (as a cation), The nanospheres were loaded with oligonudeotides to target EWS-Fli-1 junction oncogene in Ew ing sarcoma [START_REF] Maksimcnko | In vivo potentialities of EWS-Fli-1 targeted antiscnse oligonudeotides-nanospheres complexes[END_REF]. In type 1 nanospheres, ch itosan was just ovcrco ated; whereas in type 2, it was covalently bound to PACA .

4

Nanosphere Nanocapsule

Pofyplex Upoplex Micelle

Figure1. Four major types of nanopartides that are used to deliver oligonudeotides.

Chitosan has been chosen as it has the advantage over cetyltrimeth ylammonium bromide of being less toxic and allowing higher ON loading. When these NPs were intratumorally injected, the authors observed that both types of nanospheres significantly reduce tumor growth and partial!y decrease the mRNA expression [START_REF] Maksimcnko | In vivo potentialities of EWS-Fli-1 targeted antiscnse oligonudeotides-nanospheres complexes[END_REF].

Polyp /exes (co re -shell type NPs)

In the core-shell type of NPs, the core consisted of the biode gradable poly isoburylcyanoacrylare polymer and rhe shell of chi tosan (linear po!ysaccharide composed of randomly distributed P-(l-4) -linked D-g!ucosamine and N-acetyl-o-glucosamine) for the treatment of papillary thyroid carcinoma. The tumor growth was almost stopped after intravenous injection of the antisense siRNA-loaded NPs in contrast to all control experiments where IO-times increase in tumor si:t ,e was observed [START_REF] De Martimprey | New core-shell nanopanicules for the intravenous delivery of siRNA to experimental thyroid papillary carcinoma[END_REF] .

Lipoplexes

Liposome' s structure is characterized by a bilayer lipid membrane mostly composed of phospholipids that can be neutral , positively or negatively charged . Liposomes arc being clinically used for chemotherapy and other delivery systems, and are forms of NPs that function as carriers and act as a slow release depot for the drug in the diseased tissue. Usually, a low amount of cationic lipids is added to the formulation to increase charge interactions between the ON and the vehicle rendering the nanoformulation more sta ble. Moreover, cationic lipids should improve cellular uptake, For example, Sorensen et al. 

Micelles

Mice!le-forming copolymers such as PEG-polycation di-block polymers i,. vith diamine side chains were used as cndosornc escaping carriers for siRNA [START_REF] Karaoka | Smarr polymeric micelles as nanocarriers for o!igonudeotides and siRNA del ivery[END_REF]. Other types of polymeric micelles designed for nucleic acid delivery include PEG-poly aspanic acid copolymers !5.�) (cxcn a 'proton sponge' effect in endosomcs) , laCLosylatcd PEG (form complexes with poly lysine and AS-ODN thus allow targeting to galacrose receptors in liver cells) [5,i] and PEG-poly rncthylmcthacrylatc block copolymers used to produce hyb rid organic inorganic NPs [%]. Kirn ('/ rd. spontaneously obtained micelles artcr conjugation of poly(cthylene glycol) (PEG ) -conjugated to VEGF siRNA (si RNA VEG F•-•PEG) with PEI. These micc! lt.'s had an inner core of the siRNA VEGF/PEI with a su1Tou nding PEC shell la y er.

After intravenous and intratumoral treatments of xenograftcd hu man prostate carcinoma, they observed a si g nificanr decrease of tumor g rowth and an inhibition of VE GF expression [S ). The biodistribution on intravenous injection was fu rther studied and com p ared with the cationic liposome formulation 1,2-dioleyl-3-rrimethy!ammonium-propanc/dioleoyl p hosphatidylethano!a mine. Notably, the diffe rent carriers changed the intrarnmoral distribution of siRNA within the tumor [START_REF] De Wo Lf | Effect of cationic carriers on the pharmacokinctics and tumor localization of nucleic acids after irnravcnous administration[END_REF].

Demerits of delivery services

Dependency on dose & route of administration

One of the most important p arameter to be considered for siRNA efficiency is the optimal dose able to inhibit the tar g et gene.

Hassani et al. demonstrated efficient delivery of nucleic acids rn cells by jetPEI, but, when was used to introduce siRNA into the mouse brain in vivo, no gene silencing activity was observed in the low-dose ranges tested. This suggests that siRNA dose dependency is fu ndamental to obtain a therapeutic effect [START_REF] Lcmkine | rt!. l.ipid-mcdi,itcd siRNA delivery down regu lates exoge nous gene expression in the mouse b1 ,1i11 at picomolar levels[END_REF] .

Several routes of administration were suggested: intranasal admin istration, inrratrachea! instillation, aerosol delivery and intravenous injection . It seems that the route must be properly chosen regard ing the targeted tissue, for example, for lungs, aerosol keeps long persistence gene expression when compared with instillation [56].

The systemic delivery of siRNA targeting the tumor VEGf resulted marked in antitumor effects in subcutaneous prostate and pancreatic carcinoma xenografts in mice upon intraperito neal compared with intravenous administration of the PE1 F25-LMW/siRNA complexes. Down regulation of VEGF expression on mRNA and protein levels were comparable to the treatment with the therapeutic humanized anti-VEG F antibody bevaci zu mab (Avastin ® ) !57] . Similarly, the admin istration through the tail vein, in contrast to imraperirnneal injection, resulted in high siRNA levels in mouse lungs (58] .

Charge & size of the delivery system In the !ate 1980s, several studies have been performed to assess the physical-chemical properties of different nanosysterns' deliveries. It has been shown thal charge and size play a key role for passive tar g etin g . For example, positively charged NPs are known to improve the interaction with the bloodstream components red ucing the half life of drugs. As a result, rhere is rapid clearance of these delivery vehicles from the bloodstream compared with near-neutral particles exhibiting reduced phagocytic uptake [START_REF] Plank | Activation of the complement system by synthetic DNA complexes: a potential barrier for int ravenous ge ne delivery[END_REF]. Negatively char g ed li p osomcs were believed ro be more rapidly removed f r om circulation than neutral or posilively charged liposomcs. Kosrarelos ct a!. showed lhar the ne g atively charged lipids affect the rate of liposomc uptake by rhe rcticu!ocndothelia! system. Moreover, phosphatidy!scrinc, phosphatidic acid and phosph,nidyl glycerol conraining li p osomcs arc cleared more rapidly than neutral liposorncs,

The size of NPs sh ould be between 40 and 200 nm dependin g on the rar g ctin g tissues. The characteristic solid tumors have higher interstitial fluid pressure in rhc ccn tcr of the rumor com p ared ,vith the p eri p hery. An outward convective flow rcd11 ccs dru g diffu sion rn the center of the tumor, and the p anicles and drugs rhat g ain interstitial access have hi g hcr reten tion ri mes dwn in norina! tissues. This aberrant vascularure and higher interstitial fluid pres sure create an EPR) effe ct on NPs. Particles that arc smaller than the fenestration can gain access and be retained in the tumor [START_REF] Li | Stealth nanopanidcs: high density but sheddable PEG is a key for mmor targeting[END_REF][START_REF] Pe Rras | Strategics in the design of nanopanides for therapeutic appl icatiom[END_REF], Thus, the macromolecule complexes preferentially accumulate in tumors through the EPR effect. However, these large macromol ecules exhibit limited diffusion imo the extracellular spaces such as tumor interstitium and in the co mplex intracellular environ ment [START_REF] Dreher | The authors give information regard ing penetration, permeability and macromolecules accumulation according to the molecular weight in the tumor tissue. 6,3 Bartlett DW, Davis ME. Physicochemical and biological characterization of targeted, nucleic acid-containing nanoparticlcs[END_REF]. In both situations, restricted movement will severely limir efficacy by preventing uptake by a sufficient number of cells or hinderin g the ability of the delivered particles to localize in to intracellular com partments such as the nucleus [63]. In short, too big NPs cannot efficiently enter the cell, whereas too small particles cannot remain and accumulate inside the tumor after translocation through the wide fenestration of the tumor endothelium [64].

Tra nsfection & target delivery

An intracellular conformational change in the NPs is another problem in effi cicm targeting. Internalization of quantum dors into cells by cationic liposomes such as lipofectamine com p lexes formed aggre g ates in the cytoplasm [65]. Fluorescent semiconduc tor q uantum dots (alloy nanocrystalline colloids such as CdSe/ ZnS and Cd Te 1-xSex) , delivered by electroporation into live cells, formed similar aggregates of up to 500 nm in diameter rather than bein g delivered individua!!y. Aggregates of q uantum dots were observed both inside and outside of the cell even when crosslinkcd with bovine serum albumin coat and delivered via electroporation. This suggests that the stabilization of surface ligand is not suffi cient to prevent aggregation and that the applied electric potential induced q uantum dot a g gregation [START_REF] Derfus | l;nge ced quantum dot conj ugates for siRNA delivery[END_REF]. A major limitation in most of the NP delivery strategies is the difficulty of achieving acrive tar g eting of s p ecific subcel!ular organelles afrer entry inrn the cell. The surface of the NPNPs should be modified to improve cellular u p take and to allow specific subcellular delivery [START_REF] Chou | Strategics for the intracellular del ivery of nanoparticles[END_REF].

Disparity of the results between in vitro & in vivo

Va rious studies demonstrated a high discrepancy in results between in vitro and in vivo experiments. In the authors' group, two examples reflected these discrepancies. In 2005, Maksimenko et al. used two types of nanos p heres carrying AS -ONs targeting EWS/Fli-1 onco g ene and found that borh were inefficient in vitro (no inhibition of mRNA and protein expression). However, the lack of the t yp e 2 nanosphere efficiency was not due to their inability to cross the cc!! membrane, as their imra cellular p res ence was demonstrated by confonca! an alysis; but NPs might be cmra pp cd in an incfficiem cellular com p anment wirhin the cel l. Nevertheless, both t y pes once injected in vi/Jo by intranunoral route showed a si g nificall! , but incom p ktc, inhibition and only p anial mRNA inhibition was observed, Once injected int ravenousl y , only ty p e 2 Formulation was found to be cfficicm pj.

In 201 I, Raouane et rt!. conjugated siRNA against RJ:,, 'T/P TCJ onco g ene with s q ua!ene and found thar the NPs are efficicnr in vivo bu! nor in vitrn. The aurhors p osrulaled that in cell cu! lll re conditions, the lin1ited enzymatic content did not allow l' he cleava g e of the squalene needed fo r rhc disaggregarion of NPs before fu nher recogn ition ofm RNA sequence ;Jj.

Many differenr cationic lipids have been synthesized and tested for transfection of genes into cells. Cationic complexes have advamages of nonimmunogenic compared with viral vectors but the problems of !ow efficiency and cytotoxicicy of cationic lipids could not be ignored [66) . Cationic cholesterol derivatives are composed of three distinct parts: a cholesteryl skeleton, a cationic amino group and a linker arm between the cholesteryl skeleton and cationic amino group. Derivatives with different combinations of these pans were reported, and some have high transfcction efficiency [START_REF] Pcrcot | A hydroxycrhylarcd cholesterol-based cationic lipid for DNA delivery: effect of conditioning[END_REF]. Among them, cholesteryl-36-car boxyamidocthylenc-N-hydroxyethylamine, a cationic lipid with a hydroxyethyl group at the amino terminal showed the most efficient rransfecrion efficiency for plasmid DNA (pDNA) and antisense oligodcoxynucleoride delivery [START_REF] Noguchi | Remarkable induction of apoprosis in cancer cel!s by a novel cationic liposome complexed with a bcl-2 antiscnsc oligonudcotidc[END_REF]. The use of neutral cholesterol derivatives such as squalcne was used as a safe alternate as drug ca rrier biomatcrials for severa l anticancer molecules as gemcitabine [69) and more recently by the authors for siRNA [3 ), Sgualene have several advantages such as being naturally present in the body, precursor of cholesterol, used as excipient in several pharmacological preparations and a non ionic nontoxic biocompatible vector [START_REF] Reddy | Anticancer efficacy of squalenoyl gcmcitabine nanomedicine on 60 human tumor eel! panel and on experimental 10 tumor[END_REF] . A sgualenoyl conjugate of siRNA RET/PTCJ, the junction oncogene frequently found in papillary thyroid carcinoma, was synthesized. The acyclic isopre noid chain of squalene has been cova!endy coupled with siRNA RET/PTCl at the 3 -terminus of the sense strand via maleim ide�sulfhydry! chemistry. Sgualene NPs (size = 165 ± IO nm) hir ing siRNA RET/PTCI display a significant regression of tumor growth (i.e., 70%) in vivo paralleled with inhibition of RET! PTCJ oncogene and oncoprotein expressions in papitlary thyroid carcinoma [3] . However, mechanism of action should be investi gated, as the same NPs show relatively low cellular uptake in vitro.

Improvements in squalene-based nanoformulations can be done by grafting on their surface-specific ligands recognized by tumor cells, in order to improve their efficiency both in vitro and in vivo.

Expert commentary & five-year view

Despite the recent progress in cancer treatment, a considerable number of patients relapses and develops recurrent resistance. Therefore, siRNAs could constitute an area of important research in emerging therapies alone or as combined treatment. The first siRNAs discovered in mammalian cells and the enormous potential of these biological molecules to be used as drugs have been described for the first time in 200 1 [START_REF] Elbashir | Duplexes of21-nuclcotidc RNAs mediare RNA interference in cultured mammalian cells[END_REF]. Nowadays, if we look at the ongoing clinical trials, we can be surprised to find how many therapeutic siRNAs are already in Phase II and III [101). Naked siRNAs are used fo r local treatments in a large number of different diseases such as age-related macular degeneration, melanoma, intraocular pressure, however, for cancer treatment, naked siRNAs do not spontaneously enter either into the cells in culture or tumor tissue. To efficiendy deliver siRNAs, several strategics were developed using nanocarriers, although only two NPs encapsulating siRNA arc actually on early Phase I for patients with neoplastic pathology. This is probably due to the toxicity related to the polymers or compounds used to gener ate the nanovectors. Much more effort should be done exploring new biological materials (such as lipids, cholesterol and squalcne) in order to substitute toxic polymers and improve the number of therapeutic siRNAs that could be delivered. The high specifi ci ty of siRNAs is the gold standard characteristic of these potential drugs; hence, an individual therapy related to genomic difference from one patient to another can be now much more realistic within the next 5 years. Furthermore, the synthesis of covalently bound siRNAs with natural lipids or related compounds able to rearrange and form NPs (i.e., squa!ene) could be a new strategy to improve the encapsulation yield, and consequently to reduce frequency and administration doses, fu ndamental for patients' wellbeing and comfort.

Our point of view is that therapeutic potential of siRNA is not yet enough exploited and this because of not yet well optimized delivery systems. In the next 5 years, we can expect that new nanoformula tions will be conceived and can scale up to clinical trials very quickly.
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Key issues

• RNAi offers promising new opportunities to very specifically target the genes deregulated in va rious pathologies including cancer.

0 Naked antisense oligonucleotides and siRNA are relatively unstable in the blood in their native forms, as are degraded by nucleases due to short half-life of few minutes and are rapidly cleared from the body by renal excretion or may also aggregate with serum proteins.

0 A wide va1 •iety of approaches including viral as well as nonviral delivery systems have been investigated to enhance the target cell siRNA uptake and silencing pote ncy in vivo. <> Physicochemical properties of the engineered nanopa rticles should be considered while designing a nanomedicine for optimal intracellular uptake and targeting with the aim of being capable to reach its biological target with high efficiency and specificity.

0 This review helps to understand the parameters that are important to obtain an efficient siRNA delivery system in terms of cha rge, size, dose and administration route. ° Four major types of na noparticles are known to deliver the oligonucleotides: nanoplexes, polyplexes, lipoplexes and micelles. This review describes briefly the characteristics of each type.

0 In ou r opinion, much more effort should be done exploring new biological materials (such as lipids, cholesterol and squalcne) in order to substitute toxic polym ers and improve the numbe1• of therapeutic siRNA that could be delivered.

  showed the reduction ofTNF-a expression in the liver and the spleen by delivering siRNA packaged in cati onic liposomes [50). I, 2-Dioleoylsn-glycero-3-phosphatidylcholine (DOPC) is a neutral lipid, and is successful to deliver AS-ONs in vivo without toxicity. DOPC liposomes were used to deliver gene-specific siRNA in orthotopic ovarian cancer models {51). Specific FAK siRNA in DOPC liposomes was systemically deliv ered and resulted in efficient FAK downregulation and therapeu tic efficacy compared with naked siRNA or ca tionic liposomes. Tr eatment with FAK siRNA-DOPC plus either docetaxel or cispl atin chemotherapy was highly effective in inhibiting ovarian cancer growth even in patients with chemotherapy-resistant tumors [lO], This delivery sysrern is nor tissue specific, but funher !iposomes' modifi cations allow tumor-selective targeting [/40].