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Multivalent DNA recognition by self-assembled clusters: deciphering structural effects by fragments screening and evaluation as siRNA vectors

The identification of low-molecular-weight clusters that effectively complex oligonucleotides of therapeutic interest is of great importance for applications in gene delivery. We recently reported the use of self-assembly processes based on chemoselective ligation in order to generate biomolecular clusters for the multivalent recognition of DNA. Herein, we exploit the modularity of this methodology to perform a one-pot fragments screening of scaffolds and binding groups. Structural parameters affecting DNA binding were observed and hits have been identified by fluorescence displacement and gel electrophoresis assays. Finally, we evaluated the potential of these systems for siRNA transfection. One biomolecular cluster was found to effectively complex and transport a 21-mer siRNA inside MCF7 human breast cancer cells, resulting in a significant knockdown of the target gene.

Introduction

Challenges in gene therapy. The prospect of treating the genetic root of diseases is a fascinating perspective of modern biotechnologies. Towards this goal, synthetic oligonucleotides represent therapeutic agents that can serve in antisense 1 and silencing technologies. 2 However, the effective and safe intracellular delivery of synthetic oligonucleotides remains a tremendous challenge. Oligonucleotides are negativelycharged biomolecules that are relatively unstable in biological medium -they undergo enzymatic degradation by nucleasesand cannot pass cell membranes due to electrostatic repulsion. Thus, the success of oligonucleotide-based therapeutics depends greatly on the development of effective vectors. The serious immunogenic effects displayed by viral vectors 3 call for an alternative bottom-up chemical approach. The design of synthetic systems that effectively complex and transport oligonucleotides is therefore a topic of great importance. 4 Synthetic macromolecular vectors. Cationic polymers 5 and dendrimers 6 have been extensively studied for the complexation and transport of oligonucleotides. In this case, the repetitions, within a single chain or compound, of multiple binding units that promote complex formation with oligonucleotides exert a multivalent 7 binding. However, the high molecular weight of these macromolecules is an issue and toxic side-effects have been observed due to their accumulation in biological tissues. 8 A current approach for lifting these limitations focus on the generation of low-molecular-weight vectors that may be degradable and/or stimuli-responsive. [START_REF] Barnard | For examples of disulfide-based bioreducible polymers and dendrimers, see for instance[END_REF][START_REF] Bouillon | For examples of acid-sensitive materials, see for instance[END_REF] Multivalent DNA recognition by low-molecular-weight clusters. The multifunctionalization strategy (Scheme 1), whereby a scaffold is functionalized with multiple copies of a binding group through click-type reactions, has been recently exploited for generating low-molecular-weight cationic clusters that effectively complex oligonucleotides despite their limited valency with respect to polymers. Different examples of low-molecular-weight clusters based on a variety of scaffolds (calixarene, 11,12 fullerene, 13 pillar [5]arene, 14 cyclodextrines, 15 and dendrimers 16 ) and ligands (ammonium, guanidinium) have thus been reported.

Please do not adjust margins

Please do not adjust margins These systems represent promising alternatives to macromolecular vectors, provided their structures are finely tuned in order to optimize the multivalent binding to oligonucleotides. 17 Effective screening methods are therefore needed for facilitating the identification of potent oligonucleotide-binding clusters. We recently reported the generation of tetravalent biomolecular clusters based on cyclic peptide scaffolds for the multivalent recognition of DNA. 18 In comparison with the most popular organic scaffolds, the use of biomolecules such as peptides as scaffolds is of interest in terms of biocompatibility. The selected bottom-up methodology rests upon the multifunctionalization of the cyclic peptide scaffold through acylhydrazone ligations. This type of ligation operates in mild aqueous conditions and can tolerate the presence of a complex biomolecular target such as DNA. Its chemoselectivity thus enables tethering in one-pot unprotected binding groups onto the scaffold. It is therefore a robust tool for programming the assembly of multiple fragments into a bioactive cluster. It has for instance been recently used by the Matile group for generating amphiphiles. 19 The modularity of this fragmentassembly process of cluster formation through acylhydrazone ligations should enable the rapid screening of scaffolds and binding groups which, in turn, would help develop a better understanding of the molecular factors that determine the DNA-binding ability of these clusters. We report herein the results of a screening of different scaffolds and binding groups that are assembled together in a combinatorial fashion. The DNA-binding ability was directly analysed by a fluorescencedisplacement assay and cross-checked by gel electrophoresis. Finally, the best hits were evaluated on cell culture as potential siRNA vectors.

Results and discussion

Design and synthesis of building blocks.

The clusters are formed by tethering, through acylhydrazone ligations, hydrazide binding groups onto functionalized scaffolds featuring reactive aldehyde moieties (Scheme 1). The selected functionalized scaffolds bear a varying number (functionality = 1-4) of reactive aldehyde groups (compounds A, Fig. 1). We selected different commercially-available compounds along with two synthetic -linear and cyclicpeptides. Thus, these scaffolds feature different (bio)molecular structures and valency. The hydrazide partners are derivatives of amino acids and tripeptides bearing a hydrazide group at their C-terminus. They feature different types of side groups (neutral, hydrophobic, anionic, cationic), different stereochemistry, and different valency (compounds Hyd, Fig. 1). The preparation of the linear peptide A7 was adapted from the synthesis of the cyclic peptide A8, 18 and involved solid-phase peptide synthesis, acetylation of the N-terminal, cleavage and deprotection, and oxidative cleavage of serine side-chains to unmask the glyoxylic aldehydes. The hydrazide partners were synthesized by a solid-phase approach using a Fmoc-protected hydrazine resin that can be readily prepared by reacting the 2-chlorotrityl chloride resin with Fmoc-hydrazide (Fig. 2). 20 The amino acid hydrazides were prepared manually by peptide coupling, deprotection and cleavage. The tripeptide hydrazides were assembled using solid-phase peptide synthesis. After cleavage in mild acidic conditions, the protected peptides were purified by reversephase HPLC, before being fully deprotected to afford the tripeptide hydrazides. 

Self-assembly of clusters by acylhydrazone ligation.

The ligation reactions were carried out, as previously described, in aqueous buffer (100 mM AcONa, pH 5.0), with 1 mM of scaffolds A and 8 equivalents of hydrazide per scaffold. These conditions favour the formation of the bioconjugates A.Hyd of highest valency. To verify this and to demonstrate that the ligation proceeds equally well with respect to the different types of building blocks, we tested the cluster formation of all hydrazides with scaffold A8 and of AcHyd with all scaffolds A. HPLC and mass spectrometry analyses confirm in all cases the formation of the corresponding clusters A.Hyd (see SI). These conditions are therefore suitable for the modular self-assembly of clusters from different scaffolds and binding groups. We therefore envisaged carrying out a one-pot Please do not adjust margins Please do not adjust margins screening for rapidly identifying the structural determinants that favour multivalent DNA recognition.

Screening.

The ability of the different clusters to complex DNA was first assessed by a fluorescence displacement assay with ethidium bromide (EthBr) and calf thymus DNA (ctDNA). In this assay, a fluorescent emission decrease upon addition of a compound indicates its ability to complex DNA. This label-free assay is a simple method for establishing DNA binding affinity. 21 It is also amenable to a high-throughput microplate format for enabling screening approaches, 22 and it has already been used in this context for the determination of the DNA binding sequence selectivity of a ligand. [START_REF] Carlson | Proc. Natl. Acad. Sci[END_REF] In this study, we selected this assay for comparing the DNA-binding ability of clusters formed from the combinatorial association of different fragments (scaffolds and binding groups).

In each well of a 96-well plate, we deposited one aldehyde scaffold A and one hydrazide building block (8 eq). After overnight mixing, acetate buffer (100 mM, pH 5.0) of low salinity (9.4 mM NaCl) followed by ctDNA and EthBr were subsequently added. DNA complexation by clusters results in a fluorescence decrease that occurs within hours. The results show strong differences in the fluorescence emission, which indicates strong differences in DNA-binding properties (Fig. 3). When looking at the differences between the different hydrazide binding groups, one can note that no DNA complexation occurs with AcHyd, regardless the nature of the scaffold it is assembled onto. In contrast, DNA complexation is detected with cationic binding groups. These results are in line with our previous observations that A8.Ac does not complex ctDNA while A8.L-Arg is an effective DNA-binding cluster, 18 and thus validates this microplate format assay. Effect of multivalency. These results suggest a multivalent effect since there are more hits with the tetravalent scaffold A8 than with the monovalent A1. The comparison of these results with the DNA-binding ability of individual components confirms that multivalency is a major factor that account for DNA-binding. Indeed, when tested alone by the EthBr assay, the individual aldehyde scaffolds A were found unable to complex ctDNA under these conditions (Fig. 4). Similarly, the individual hydrazide binding groups show no DNA complexation under these conditions, except for the tripeptides Lys3Hyd, G1-LysHyd, and Arg3Hyd (Fig. 4). Gel retardation assays confirm the role of multivalency and reveal the stoichiometry that is necessary for DNA bindingexpressed by the N/P ratio of positive charges brought by the clusters per negative charges in DNA. For instance, no complexation was detected with L-ArgHyd in the range of N/P = 20-500 while the tetravalent cluster A8.L-Arg complexes plasmid DNA effectively at N/P≥20. 18 Similarly, we found that the tripeptide Arg3Hyd and the corresponding tetravalent cluster A8.Arg3 complexes DNA at N/P≥600 and N/P≥1, respectively (Fig. 5). 

Effect of scaffolds.

With the L-ArgHyd binding group, we previously found that, when it is assembled onto the tetravalent scaffold A8, the corresponding cluster A8.L-Arg is an effective DNA-binding agent. 18 The results of the EthBr screening assay indicate that both the valency and the structure of the scaffolds have a strong impact on the DNAbinding ability of these clusters. Thus, divalent scaffolds A3, A4 and tri-and tetra-valent scaffolds A6, A8 yield DNA-binding clusters. The gel retardation assay confirms the importance of Please do not adjust margins Please do not adjust margins scaffold structure but tends to indicate a weaker binding of the divalent clusters compared to the tri-and tetra-valent ones (Fig. 6). Similarly, with Arg3Hyd, the gel retardation assay carried out at N/P=1 confirms the importance of the scaffold and reveals the superiority of the same scaffolds: A3, A4, A6, and A8 (Fig. 7). Along these studies, we noticed a strong difference of DNAbinding ability between the clusters derived from the linear and cyclic scaffolds, respectively A7 and A8. According to EthBr displacement assay, the cyclic cluster is more effective than the linear one for DNA complexation. The gel retardation assay confirms the superiority of the cyclic cluster over the linear one. Indeed, while the cyclic cluster bind effectively plasmid DNA at N/P≥20, the linear cluster is only effective at N/P≥50 (Fig. 8). While it remains unclear why the cyclic scaffold leads to a more effective DNA complexation compared to the linear one, this observation has been previously made with other cationic clusters. 12 In the present case, it is possible that the high preorganization offered by the constraint cyclic peptide scaffolds A8 is at the origin of this effect by increasing the local concentration of positive charges, thereby minimizing the entropic penalty upon binding. Effect of binding groups. The screening result shows that, while neutral (AcHyd) or anionic hydrazide (AspHyd) give no sign of DNA complexation when assembled on a scaffold, not all cationic hydrazide give rise to DNA complexation when assembled on a scaffold. For instance, the clusters featuring the Girard's reagent (GirHyd) form poor DNA-binding agents with most scaffolds even though it is positively charged. This indicates that, while electrostatic interactions may be important for DNA complexation, other interactions such as hydrogen bonds must be considered as well. Gel retardation assay confirms the general trend obtained by the EthBr screening and indicates that, with the scaffold A8, amino acids and tripeptides that contain lysine or arginine are the best binding groups (Fig. 9). A similar preference was observed with the scaffold A6 (see SI). The absence of DNA complexation observed by gel electrophoresis with amino acids of low pKa (His, Lys) is in contrast with the EthBr assay but is most likely explained by pH effects since the former was carried out at pH 8.0 while the latter was carried out at pH 5.0. 24 The screening results also show that the amino acids bearing no positive charges on their side groups, such as GlyHyd and AlaHyd, do not yield potent DNA binders when assembled onto the tetravalent scaffold A8, thereby indicating that the presentation of  amino groups is not sufficient for promoting DNA binding. Nevertheless, when tested at N/P=80 by the EthBr assay (pH 5.0), DNA complexation with cluster A8.Gly can be detected. The comparison of DNA complexation properties with cluster A8.L-Arg shows that, while the latter does complex DNA effectively at low N/P=2 and high salinity (150 mM NaCl), the former only binds DNA at high N/P=80 and low salinity (9.4 mM NaCl) (Table 1).
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Please do not adjust margins . 18 We were intrigued by the apparent differences in DNA-binding ability between clusters A8.L-Arg and A8.D-Arg (Fig. 9). A cross-analysis by gel electrophoresis at different N/P confirms that, indeed, the chirality of the binding group has a strong influence over the DNA-binding ability of the corresponding clusters (Fig. 10). With cluster A8.D-Arg, the gel retardation assay shows, in the range of N/P = 10-100, the appearance of a band slightly above the band of plasmid DNA. Compared to the results obtained with cluster A8.L-Arg, this suggests a weaker DNA complexation and most probably indicates different structures of the complexes with DNA. Again, this result suggests that long-range electrostatic interactions are not the sole responsible for the interactions between such cationic biomolecular clusters and DNA. Overall, the fragments screening methodology enabled the rapid and successful identification of clusters that effectively bind DNA. The combination between the pre-organized scaffold A8 and hydrazide binding groups featuring Larginine(s) leads to the most effective complexation of DNA.

Biological evaluation.

The potential of clusters A.Hyd as siRNA vectors was then evaluated on a MCF7-luc cell line which is derived from MCF7 human breast cancer cells transfected by firefly luciferase gene. We first studied the cluster A8.L-Arg. Although dynamic light scattering (DLS) experiments confirm complex formation with siRNA and indicate a particle diameter of 148-190 nm at N/P=20, no significant evidence of cell penetration and transfection efficacy were observed by, respectively, fluorescence imaging and cell luciferase assay (data not shown). We then turned our attention to the more effective cluster, A8.Arg3. Gel retardation assay confirms complex formation with siRNA at N/P≥9 (Fig. 11). Similarly, DLS also shows complex formation with siRNA at N/P=9. The particles that are formed have diameter around 200 nm (PDI=0.1-0.2) and show good stability over time. In physiological salt concentration, the particles have a hydrodynamic diameter of 320 nm (PDI=0.17) (Table 2).

Table 2 Particle size characterization by dynamic light scattering of the complex formed between cluster A8.Arg3 and siRNA at N/P=9. Results are expressed as mean ± standard deviation (n = 3).

t0

After 1 hour After 1 hour (154 mM NaCl) Z-average [a] 179.3 ± 1.2 201.8 ± 1.9 320.4 ± 30.0 PDI [b] 0.143 ± 0.005 0.154 ± 0.009 0.122 ± 0.008 Then, the internalization of these particles by the cancer cells was analysed by fluorescent microscopy. Satisfyingly, the fluorescence imaging carried out with a Cy3-labeled noncoding siRNA shows that the cluster A8.Arg3 effectively transfects siRNA inside MCF7 cells (Fig. 12). This conclusion was confirmed on another breast cancer cell line, MDA-MB-231 (see SI). The luciferase assay carried out with the 21-mer siRNA targeting the expression of luciferase further shows that the cluster A8.Arg3 acts as an effective vector to deliver siRNA inside cells at N/P=9. A dose-dependent silencing of the expression of luciferase was observed by fluorescence spectroscopy with increasing amounts of siRNA being transfected (Fig. 13). The cell viability was assessed by a MTT assay and shows no significant cell toxicity up to 0.5 M of cluster A8.Arg3 (Fig. 13). These results show that there is a range of concentration (0.1-0.5 µM siRNA) where the cluster A8.Arg3 shows good transfection efficacy and no cellular toxicity. 

Conclusions

We reported herein a rapid screening methodology for determining the DNA-binding ability of various clusters formed by acylhydrazone ligations. The results show that the structure of the scaffold has a profound impact on the multivalent recognition of DNA. Furthermore, the detailed role of binding group structure and chirality has been evidenced. The potential of these clusters was then evaluated on cell culture and it was found that the most potent DNA-binding cluster also complexes, transports, and delivers effectively siRNA inside cells without displaying significant toxicity. The results pave the way towards the application of these biomolecular clusters as artificial vectors for the transport of oligonucleotides of therapeutic interest. Further chemical modifications of the hits identified herein will be studied in order to optimize the transfection efficacy by, for instance, attaching lipophilic tails. 4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide, a yellow tetrazole) assay kit was purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France). The cluster:siRNA complexes were prepared as follows: the clusters A.Hyd (20 mM in filtered RNase-free water) were vortexed for 5 s, ultrasonically mixed for 5 min, mixed with siRNA in order to reach the desired N/P, and incubated at room temperature for 20 min. Fluorescence microscopy. MCF7-luc cells were seeded at a density of 50,000 cells per well and incubated for 24 h in a 8well tissue culture chambers (Sarstedt, Germany) before treatment. The cells were incubated with A8.Arg3-Cy3-labeled siRNA complexes at a molar ratio of 25/1 (N/P=9) in OptiMEM (Invitrogen) for 4 h. These cells were then fixed with 500 μl of cold 4% PFA for 30 min and washed twice with PBS. The nuclei were stained using a DAPI solution (Sigma-Aldrich, Saint Quentin-Fallavier, France). Images were taken with an inverted fluorescence microscope (Leica DMRB, Leica Microsystems GmbH, Germany) and analyzed using ImageJ software. Cell luciferase assay. MCF7-luc cells were seeded at a density of 5000 cells per well in 96-well white opaque tissue culture plates in 150 μl complete culture medium and incubated for 24 h. The cells were then washed with PBS and incubated with various cluster:siRNA complex formulations in OptiMEM at 37°C for 4 h. Thereafter, 50 μl of 40% serum containing medium was added. Two days after transfection, expression of luciferase was assessed by addition into culture medium of luciferin (10 -3 M, final concentration) purchased from Promega (France). Living cell luminescence was measured 10 min after by a multilabel plate reader (Wallac1420, PerkinElmer, USA)

Please do not adjust margins Please do not adjust margins for 5 s. Values are expressed as percentage of luciferase activity compared to non-treated wells (set as 100 %). Cytotoxicity assay. The cytotoxicity of cluster:siRNA complexes was determined by the MTT assay. In brief, MCF7-luc cells were seeded at 5,000 cells/well in clear, flat-bottomed, 96-well plates (Costar) 24 h before treatment. After being washed, 150 μl of OptiMEM that contained the cluster:siRNA complexes at different N/P ratios was added to the wells and incubated for 4 h. Thereafter, 50 μl of 40% serum containing medium was added, and the cytotoxicity of the relevant reagents was determined by the MTT assay after 48 h. The absorbance at 540 nm was read on a plate reader (Multiskan FC, Thermo Fisher Scientific, France). The results obtained from triplicate wells were averaged and normalized to the value obtained from the non-treated cells.

Synthetic procedures.

Linear peptide A7. Similarly to the synthesis of cyclic peptide A8, 18 the decapeptide was synthesized via SPPS strategy (0.25 mmol scale) using 2-Chlorotrityl Chloride resin and a Fmoc-Lys[Boc-Ser(t-Bu)]-OH 26 dipeptide. The resin was loaded with the first amino acid by reacting 3 g (4.8 mmol/Cl) of resin with 4.3 g (14.4 mmol, 3eq) of Fmoc-Gly-OH and 4.2 mL (24 mmol, 2M, 5 eq) of DIEA in 40 mL DMF/dichloromethane for 1.5 hour.

The resin was then filtered, washed with MeOH, DMF (3x), CH2Cl2 (2x), diethyl ether (1x) and dried in vacuo. The loading was quantified by UV-Vis spectroscopy 27 as follows: 10 mg of resin were suspended in 1 mL of Piperidine/DMF (2/8) for 20 min and filtered. 100 µL of the filtrate were dissolved in 10 mL of DMF and the absorbance was measured at 301 nm. The charge of the modified resin was determined to be 0.31 mmol/g, and it was then engaged in SPPS. The final acetylation was then carried out with 10 mL of a solution of acetic anhydride/CH2Cl2 (50/50) for 20 min (2x). The product was then cleaved and deprotected with a TFA/H2O/TIS (95/2.5/2.5) solution (20 mL) for 2 hours. The filtrate was concentrated, precipitated by adding Et2O, and centrifuged (10000 t/min for 10 min). The supernatant was removed and the crude material was freeze dried to give a white solid (326 mg, 71%). The oxidative cleavage was carried out by dissolving the crude material in 18.4 mL of H2O and adding 403 mg (1.8 mmol, 10 eq) of sodium periodate. The desired product was then purified by semi-preparative HPLC using the following gradient of ACN/TFA 99.9/0. Deprotection and cleavage procedure: The resin was suspended in a solution of TFA/TIS/H2O (95/2.5/2.5) (5 mL) for 2 hours, then filtered and washed with CH2Cl2. The filtrate was partially concentrated in vacuo, and precipitated with Et2O.

After centrifugation and removal of the supernatant, the white solid was freeze dried.

2-aminoacetohydrazide (GlyHyd). GlyHyd was synthesized according general procedure (60.6 mg, quantitative). 1 H NMR (D2O; 400 MHz) δ 3.88 (s, 2H, H2N-CH2); 13 C NMR (D2O; 100 MHz) δ 166.0, 163.1 (q, 2 J(C,F)=35, 1C, F3C-C=O), 117.8 (q, 1 J(C,F)=290, 1C, F3C-), 39.2.

(S)-2-aminopropanehydrazide (AlaHyd). AlaHyd was synthesized according general procedure (21.2 mg, 67%). 1 H NMR (D2O; 400 MHz) δ 4.19 (q, 2 J=7.0, 1H, H2N-CH), 1.57 (d, 2 J=7.0, 3H, CH-CH3); 13 C NMR (D2O; 100 MHz) δ 169.2, 163.1 (q, 2 J(C,F)=35, 1C, F3C-C=O), 117.8 (q, 1 J(C,F)=290, 1C, F3C-), 47.9, 16. HisHyd was synthesized according general procedure (26.1 mg, 68%). 1 H NMR (D2O; 400 MHz) δ 8.72 (s, 1H, HN-CH=N), 7.46 (s, 1H, C=CH-N), 4.36 (t, 3 J=7.0, 1H, CH-CH2); 13 C NMR (D2O; 100 MHz) δ 166.6, 163.1 (q, 2 J(C,F)=35, 1C, F3C-C=O), 135.6, 125.4, Please do not adjust margins Please do not adjust margins 118.6, 117.8 (q, 1 J(C,F)=290, 1C, F3C-), 50.9, 25.8; [α]D 20 : +18.0 (H2O, c=1.0); HR-ESI-MS: calcd for [C6H11N5O+H] + 170.1042, found 170.1041. (S)-2,6-diaminohexanehydrazide (LysHyd). LysHyd was synthesized according general procedure (37.1 mg, 84%). 1 H NMR (D2O; 400 MHz) δ 4.08 (t, 2 J=7.0, 1H, H2N-CH), 2.99 (t, 2 J=7.6, 2H, CH2-NH2), 1.94 (m, 2H, CH2-CH2-NH2), 1.70 (m, 2H, CH-CH2); 13 C NMR (D2O; 100 MHz) δ 168.2, 163.1 (q, 2 J(C,F)=35, 1C, F3C-C=O), 117.8 (q, 1 J(C,F)=290, 1C, F3C-), 51. 8, 39.0, 30.1, 26.3, 21.2 13 C NMR (D2O; 100 MHz) δ 168.1, 163.1 (q, 2 J(C,F)=35, 1C, F3C-C=O), 156.9, 117.8 (q, 1 J(C,F)=290, 1C, F3C-), 51. 6, 40.3, 27.8, 23. Lys3Hyd was synthesized by SPPS on a 0.1 mmol scale using the modified Fmoc hydrazine resin that is manually prepared from the 2-Chlorotrityl Chloride resin as described above. After SPPS, the product was cleaved from the resin with a solution of TFA/CH2Cl2 (1:99) (10 mL) (3 min, 3x). A solution of MeOH/Pyridine (8/2) (10 mL) was added to the filtrate and the solution was partially concentrated in vacuo. Et2O was added to the crude product and a white precipitate appeared. The mixture was centrifuged, the supernatant was removed and the precipitate was freeze dried. The crude product was then purified on preparative HPLC using the following gradient of ACN/TFA 99.9/0.1 into H2O: 20% to 40% in 20 min to obtain a white solid after freeze-drying. Final deprotection was carried out with TFA/H2O/TIS (95/2.5/2.5) (10 mL) for 2 hours. The deprotected product was partially concentrated in vacuo. Et2O was then added and a white precipitate appeared. The mixture was centrifuged and the precipitate dried. Lys3Hyd was freeze-dried and obtained as a white solid (49.3 mg, 52%). 1 H NMR (D2O; 400 MHz) δ 4.38-4.35 (m, 2H, 2CH-CH2), 4.07 (t, 3 J=6.0, 1H, CH-CH2), 3.05-3.04 (m, 6H, 3CH2-NH2), 1.95-1.72 (m, 12H, 3CH-CH2, 3CH2-CH2-NH2), 1.55-1.45 (m, 6H, 3CH-CH2-CH2); 13 C NMR (D2O; 100 MHz) δ 173. 6, 171.8, 169.7, 163.1 (q, 2 J(C,F)=35, 1C, F3C-C=O), 117.8 (q, 1 J(C,F)=290, 1C, F3C-), 53. 7, 52.8, 52.2, 39.2, 39.0, 30.6, 30.5, 30.3, 26.4, 26.3, 22.1, 22.0, 21.3; [α]D 20 : -11.6 (H2O, c=1.0); HR-ESI-MS: calcd for [C18H40N8O3+H] + 417.3302, found 417.3296.

(2S,2'S)-N,N'-((S)-6-hydrazinyl-6-oxohexane-1,5-diyl)bis(2,6diaminohexanamide) (G1-LysHyd). G1-LysHyd was synthesized according to the general procedure for the solid-phase synthesis of amino acid hydrazides using Fmoc-L-Lys(Fmoc)-OH. The second coupling reaction was carried out with doubled quantities of reagents. Finally, the resin was suspended in a solution of TFA/TIS/H2O (95/2.5/2.5) (5 mL) for 2 hours, filtered and washed with CH2Cl2. The filtrate was partially concentrated in vacuo, and precipitated with Et2O. After centrifugation and removal of the supernatant, the white solid was freeze dried to afford G1-LysHyd as a white solid (230.8 mg, 84%). 1 H NMR (MeOD; 400 MHz) δ 4.40 (bs, 1H, CH-CH2), 3.96 (bs, 1H, CH-CH2), 3.85 (bs, 1H, CH-CH2), 3.25 (bs, 2H, CH2-NH), 2.95 (bs, 4H, 2CH2-NH), 1.89-1.47 (m, 18H, 3CH-CH2-CH2,3CH2-CH2-CH2, 3CH2-NH2); 13 C NMR (MeOD; 100 MHz) δ 170. 2, 170.0, 54.3, 53.9, 53.6, 40.3, 40.3, 32.3, 32.1, 31.9, 29.8, 28.1, 28.0, 24.1, 22.9, 22.5; [α] Arg3Hyd was synthesized by SPPS on a 0.1 mmol scale using the modified Fmoc hydrazine resin that is manually prepared from the 2-Chlorotrityl Chloride resin as described above. After SPPS, the product was cleaved from the resin with a solution of TFA/CH2Cl2 (1:99) (10 mL) (3 min, 3x). A solution of MeOH/Pyridine (8/2) (10 mL) was added to the filtrate and the solution was partially concentrated in vacuo. Et2O was added to the crude product and a white precipitate appeared. The mixture was centrifuged, the supernatant was removed and the precipitate was freeze dried. The crude product was then purified on preparative HPLC using the following gradient of ACN/TFA 99.9/0.1 into H2O: 20% to 70% in 45 min to afford a white solid after freeze-drying. Final deprotection was carried out with TFA/H2O/TIS (95/2.5/2.5) (10 mL) for 2 hours. The deprotected product was partially concentrated in vacuo and precipitated with Et2O. The mixture was centrifuged and the precipitate dried. Arg3Hyd was freeze-dried and obtained as a white solid (48.8 mg, 46%). 1 H NMR (D2O;2H,4.12 (t,3 J=6.4,1H,6H,6H,3CHCH2),6H,3CHCH2CH2); 13 C NMR (D2O; 100 MHz) δ 173. 6, 171.6, 169.7, 156.9, 53.7, 52.6, 52.0, 40.6, 40.4, 28.1, 28.0, 27.9, 24.4, 23.5; [α]D 20 : -5.6 (H2O, c=1.0); HR-ESI-MS: calcd for [C18H40N14O3+H] + 501.3486, found 501.3482. General procedure for clusters synthesis through acylhydrazone ligation. 8 equivalents of hydrazide per scaffold were added from a 200 mM stock solution in water into a 1 mM solution of scaffold A in aqueous buffer (100 mM AcONa, pH 5.0) and the mixture was stirred overnight at room temperature. The resulting cluster was analyzed by HPLC and MALDI-ToF or HR-ESI mass spectrometry. Clusters A8.Ac and A8.L-Arg were prepared as previously described. 

Scheme 1

 1 Scheme 1 Schematic representation of the principle of cluster formation by multiple click ligations of a binding group (yellow triangle) onto a functionalized scaffold.

Fig. 1

 1 Fig. 1 Structure of aldehyde and hydrazide building blocks that are assembled through the acylhydrazone ligation.

Fig. 2

 2 Fig. 2 Synthetic route for the preparation of amino acid and peptide hydrazides. i) Fmoc-hydrazide, DIEA; ii) a) deprotection: piperidine, b) peptide coupling: Fmocamino acid-OH, HATU, DIEA, c) deprotection: piperidine; iii) TFA/TIS/H2O.

Fig. 3

 3 Fig. 3 Screening of a combinatorial array of aldehyde scaffolds A (left) and hydrazides binding groups (top) -assembled together by acylhydrazone ligations -by the ethidium bromide displacement assay with calf-thymus DNA target. Relative fluorescence emission ( = 590 nm) decrease: 0-25% (•), 25-50% (•), 50-75% (•), 75-100% (•). Measurements performed 6 hours after the addition of the DNA target.

Fig. 4

 4 Fig. 4 DNA complexation by individual aldehyde scaffolds and hydrazide binding groups determined by EthBr assay.

Fig. 5

 5 Fig. 5 Gel electrophoresis analysis showing the complexation of plasmid DNA by the tripeptide Arg3Hyd (left) and the corresponding tetravalent cluster A8.Arg3 (right) at different N/P.

Fig. 6

 6 Fig. 6 Gel electrophoresis analysis showing the complexation of plasmid DNA by clusters made of different scaffolds A with hydrazide L-ArgHyd. Experiments carried out at N/P=80.

Fig. 7

 7 Fig. 7 Gel electrophoresis analysis showing the complexation of plasmid DNA by clusters made of different scaffolds A with hydrazide Arg3Hyd. Experiments carried out at N/P=1.

Fig. 8

 8 Fig. 8 Gel electrophoresis analyses showing the complexation of plasmid DNA by clusters A8.L-Arg (left) and A7.L-Arg (right) at different N/P.

Fig. 9

 9 Fig. 9 Gel electrophoresis analysis showing the complexation of plasmid DNA by clusters made of scaffold A8 with different hydrazides. Experiments carried out at N/P=40.

  [a] N/P represents the ratio of positive charges (N) per phosphodiester (P); [b] measured after 20 hours. Gel retardation assays (pH 8.0) support this conclusion by showing no DNA complexation with cluster A8.Gly in the range of N/P = 10-80 while A8.L-Arg clearly complexes DNA at N/P≥20 (see SI)

Fig. 10

 10 Fig. 10 Gel electrophoresis analyses showing the complexation of plasmid DNA by clusters A8.D-Arg (right) compared to A8.L-Arg (left) at different N/P.

Fig. 11

 11 Fig. 11 Gel electrophoresis analyses showing the complexation of siRNA by cluster A8.Arg3 at different N/P.

  [a] hydrodynamic diameter in nm; [b] polydispersity index

Fig. 12

 12 Fig.12 Fluorescence imaging (magnification 40x) of MCF7 cells, alone (top), with Cy3labeled non-coding siRNA (middle), and with the complex formed between cluster A8.Arg3 and Cy3-labeled non-coding siRNA at N/P=9 (bottom). The blue fluorescence

Fig. 13

 13 Fig. 13 Luciferase activity (top) and MTT cell viability (bottom) assays showing, respectively, the transfection of a 21-mer siRNA targeting the expression of luciferase inside MCF7-luc, and the viability of those cells. The experiments were carried out with increasing amounts of siRNA (0.1 to 2 M) contained in the A8.Arg3:siRNA complex (N/P=9). The results are expressed as mean ± standard deviation (n=3).

  2; [α]D 20 : +8.1 (H2O, c=1.0); HR-ESI-MS: calcd for [C3H9N3O+H] + 104.0824, found 104.0822. was synthesized according general procedure (19.2 mg, 53%). 1 H NMR (D2O; 400 MHz) δ 4.43 (m, 1H, CH-CH2), 3.08 (m, 2H, CH-CH2-CO); 13 C NMR (D2O; 100 MHz) δ 172.3, 167.3, 163.1 (q, 2 J(C,F)=35, 1C, F3C-C=O),117.8 (q, 1 J(C,F)=290, 1C, F3C-), 48.5, 34.6; [α]D 20 : +17.4 (H2O, c=1.0); HR-ESI-MS: calcd for [C4H9N3O3+H] + 148.0722, found 148.0720.

5 ;

 5 [α]D 20 : -7.2 (H2O, c=1.0); HR-ESI-MS: calcd for [C6H16N6O+H] + 189.1464

  D 20 : +8.8 (H2O, c=1.0); HR-ESI-MS: calcd for [C18H40N8O3+H] + 417.3302, found 417.3299.

Table 1

 1 ctDNA complexation, assessed by fluorescence displacement assay, by clusters A8.L-Arg and A8.Gly in different conditions.

	Entry	Compounds	N/P [a]	[NaCl] (mM)	Fluorescence Emission (%) [b]
	1	A8.L-Arg	80	9.4	2.6
	2	A8.L-Arg	2	9.4	0
	3	A8.L-Arg	80	150	25.3
	4	A8.Gly	80	9.4	3.6
	5	A8.Gly	2	9.4	100
	6	A8.Gly	80	150	92.4
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NMR. NMR spectra were recorded on Bruker Avance 400 instruments and were referenced with respect to the residual solvent peak. Data are reported as follows: chemical shift (δ in ppm), multiplicity (s for singlet, d for doublet, t for triplet, q for quadruplet, m for multiplet, bs for broad signal), coupling constant (J in Hertz) and integration. Mass spectrometry. MALDI-TOF and high resolution mass spectrometry analyses were carried out at the Laboratoire de Mesures Physiques, IBMM, Université de Montpellier, and were obtained, respectively, on an Ultraflex III and a Waters MicromassQ ToF mass spectrometer (positive mode).

  18 A8.Gly MALDI-ToF (HCCA): calcd for [C60H98N26O18+Na] + 1493.76, found 1493.72. A8.Gir HPLC: tR 6.83 min; MALDI-ToF (HCCA): calcd for [C72H127N26O18+4Cl+Na] + 1805.98, found 1805.86.

	A8.Ala	MALDI-ToF	(HCCA):	calcd	for
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