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Biomolecular Dynamic Covalent Polymers for DNA complexation and siRNA delivery

Synthetic delivery systems that are described as smart are considered essential for the successful development of gene therapies. Dynamic covalent polymers (DCP) are dynamic and adaptive species that can expand and shorten their main chain in a reversible fashion. In particular, polyacylhydrazone DCPs are pH-sensitive and undergo hydrolytic dissociation at acidic pH, which is an interesting feature for gene delivery. Building upon our previous finding that cationic DCPs can complex DNA through multivalent interactions, we report here on a new generation of DCPs that incorporate modified amino acids. The covalent self-assembly through polycondensation was extended towards multifunctional DCPs combining different building blocks and different molecular dynamics. These biomolecular DCPs were found able to complex both long DNA and siRNA, and biological studies demonstrate that they are able to deliver functional siRNA in living cells. This straightforward and modular approach to the self-production of multifunctional and biomolecular DCPs as siRNA vectors can therefore constitute a stepping stone in smart gene delivery using dynamic and adaptive biodynamers.

Introduction

Gene therapies such as antisense, 1, 2 siRNA, 3 and CRISPR-Cas9

4
technologies have opened up tremendous medical perspectives. However, their translation to the clinic has not yet been effective, and the delivery of therapeutic oligonucleotides still remains a major issue. 5 Although viral vectors are very effective, they continue to pose serious toxicity threats. 6 As a result, artificial non-viral vectors are very much needed.

7-9

Cationic polymers have been very instrumental as a first generation of synthetic vectors but present two major limitations: i) their non-degradability results in their accumulation in living tissues which causes toxic side-effects, and ii) their strong complexation to oligonucleotides due to multivalent interactions prevent an effective release.

10-12

Currently, there is therefore a strong interest in designing "smart" artificial vectors that self-assemble, adapt to the presence of the target and/or to the barriers to cross during the delivery process, and release oligonucleotides in a controlled manner with a concomitant degradation of the vector into non-toxic smaller fragments that can be eliminated more easily. 13-24 Dynamic covalent polymers, [START_REF] Mukherjee | Dynamic Covalent Chemistry: Principles, Reactions, and Applications[END_REF][START_REF] Imato | Dynamic Covalent Chemistry: Principles, Reactions, and Applications[END_REF][START_REF] Garcia | [END_REF][28][29][30][31] which have already found interest in material science for their self-healing properties, are strong candidates for such biological application and should be considered as "smart" polymer therapeutics. 32 Unlike standards polymers which are stable and constitutionally static structures, dynamic covalent polymers result from the dynamic self-assembly of their main-chain through multiple reversible covalent bonds. Interestingly, the control over their growth and decay may be very useful to tune the multivalent interactions commonly at play in oligonucleotide complexation and cell penetration.

A number of recent works has pushed toward this grand challenge of controlling oligonucleotide recognition with dynamic covalent polymers, using mainly two types of chemical linkages: disulfides which are redox-sensitive, [33][34][35] and acylhydrazones which are pH-sensitive. 36, 37 For instance, Matile et al. have developed Cell-Penetrating polyDisulfides (CPD) that self-assemble through a ring-opening polymerization and degrade under intracellular reductive conditions or by a reaction with free thiols present on cell membranes. [38][39][40][41][42][43][44][45][46] Aida et al. have also worked on polydisulfides and interestingly demonstrated the templating role of the DNA target on the polymerization process, yielding a vector that is best adapted to its target and able to transfect siRNA in cells.

47

Our groups have previously developed linear Dynamic Covalent Polymers (DCPs) 48 and branched Dynamic Covalent Frameworks (DCFs) [49][50][51][52] that spontaneously self-assemble their linear or dendritic main-chains from simple building blocks and exert a strong binding to DNA due to multivalent interactions. Furthermore, our polyacylhydrazone DCPs were found to be dynamic, undergoing cycle-chain interconversion depending on the concentration, and degradable in a pH-dependent Besides displaying controlled dynamic features, the selfassembled artificial gene delivery vectors of the future will most likely be multi-component in order to combine the different properties required (oligonucleotide complexation, cell penetration -ideally targeted to certain cell types -, and endosomal escape), 56, 57 and will also feature multiple dynamics. 58 Such a design is expected to reveal synergistic effects that should be beneficial to the delivery process.

59, 60

However, to date, such systems are essentially made from synthetic building blocks. It is therefore of interest to develop alternative approaches using readily-available biomolecules as feed-stock in order to expand the scope of DCPs. We report herein a modular synthetic strategy that extends DCPs toward multi-functional biopolymers (Fig. 1). Specifically, we introduce modified amino acids that are combined with synthetic bisaldehydes in order to yield biomolecular DCPs. Biological studies show that they act as effective siRNA delivery vectors in living cells. Although synthetic methods allow the introduction of aldehyde groups into peptides, 64 it is often easier to introduce hydrazide and aminooxy groups. For instance, a hydrazide function can be readily created at the C-terminal by standard peptide coupling reactions -carried out either in solution or through solid-phase peptide synthesis -using a protected hydrazine as nucleophile. 65 The attachment of a hydrazide group at the N terminal can be more problematic. 66 On the other hand, aminooxy groups can be readily appended at the N-terminal end of aminoacids and peptides by using readilyavailable activated esters such as compound 4 (Scheme 1) bearing a protected aminooxy function. Therefore, we decided to introduce into DCPs amino acids featuring a hydrazide and an aminooxy group at, respectively, the C-and N-termini, thus forming a novel class of "Molecular Biodynamers". 67 We expected that these Ox-AA-Hyd building blocks would undergo both acylhydrazone and oxime ligations in mild conditions.

Results and discussion

68, 69 Whereas the latter would be essentially irreversible in those conditions, the former is well known for its reversibility endowing dynamic and adaptive features to DCPs, as well as its pH-sensitivity that is of great interest for drug and gene delivery applications.

Synthesis of modified amino acids Ox-AA-Hyd

We focused first on inserting cationic amino acids (Fig. 2) for imparting affinity for DNA through electrostatic interactions. Indeed, the guanidinium group (pKa ≈ 13) of Arginine is very effective for promoting the interaction with the DNA phosphodiesters through salt-bridge interactions, in a typical effect coined "Arginine magic". 15 On the other hand, the imidazole group of Histidine is a weaker base (pKa ≈ 6) which results in polyhistidines being usually less protonated at physiological conditions than polyarginines. While this can be detrimental for promoting DNA complexation, such incorporation of multiple histidines can be beneficial for activating a proton-sponge-type endosomal escape while keeping a good complexation efficacy. [70][71][72][73][74][START_REF] Putnam | Proc. Natl. Acad. Sci[END_REF] Finally, Glycine was also tested as a neutral control compound. The preparation of these amino acid derivatives was carried out as described in Scheme 1. While a standard Fmoc strategy in solution was employed for the synthesis of Ox-Arg-Hyd and Please do not adjust margins
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Ox-His-Hyd, it proved less appropriate for Ox-Gly-Hyd due to difficulties in the purification and isolation of compound 2a. In the end, a Cbz strategy was found to be successful for obtaining this product. The commercially available protected amino acids were engaged in a coupling reaction with tertbutylcarbazate mediated by (EDC) / (HOBt) to afford the compounds 1a-1c in good yields (92% to quantitative yields).

Then the protected group on the N-terminal of the amino acids hydrazide were removed, by hydrogenation with 10% Pd/C (for compound 1a) or by reaction with piperidine in dimethylformamide (for compounds 1b and 1c), to give the corresponding amines 2a-2c (84% to quantitative yields). The next step was the introduction of the protected oxyamine group by coupling the activated N-hydrosuccinimmide ester with the amines 2a-2c in presence of diisopropylethylamine (DIEA) to provide the compounds 3a-3c (75%-87% yield).

Finally the deprotection of all protecting groups was achieved using TFA/TIS/H 2 O (95:2.5:2.5) and yielded the desired Ox-AA-Hyd compounds.

Scheme 1 Synthesis of amino acid building blocks Ox-AA-Hyd. Reagents and conditions: i) tert-butylcarbazate, EDC, HOBt, Et3N, CH2Cl2 0° to rt; ii) H2/Pd/C, MeOH, rt for 1a and DMF/piperidine (8/2), rt for 1b and 1c; iii) 4, DIEA, CH2Cl2, rt; iv) TFA/TIS/H2O (95/2.5/2.5), rt.

Synthesis of bisaldehydes

The bisaldehyde building block containing a triethylene glycol spacer, EG-ALD (Fig. 3), was synthesized as previously reported by our group. 48 We also report here the introduction of a disulfide linkage into the bisaldehyde component (compound S 2 -ALD, Fig. 3). This bioreducible linkage is often used in the design of smart gene delivery vectors and we were particularly interested in combining, within the same DCP, this redoxsensitive linkage with the pH-sensitive acylhydrazones. 

Covalent self-assembly and formation of DCPs

We first carried out a model reaction to find suitable conditions in which both the acylhydrazone and the oxime reactions take place. We found that the addition of 2.0 equiv. of benzaldehyde to a 10 mM solution of Ox-Arg-Hyd in DMSO leads, after 48 hours at room temperature, to the complete conversion and formation of the expected product -identified by LCMS analysis (Fig. S35-S36) -that results from two condensation reactions. [START_REF]values correspond to the product of a single condensation reaction, acylhydrazone or oxime, were observed at intermediate reaction times[END_REF] The formation of DCPs was then engaged using these reaction conditions in DMSO as solvent.

Since the concentration has a strong effect on the selfassembly because it affects the cycle-chain equilibria, the bisaldehyde and Ox-AA-Hyd building blocks were combined in stoichiometric amounts and studied at different concentrations. MALDI-ToF mass spectrometry was used to characterize the self-assembled system, and the analysis of samples of Poly(EG-Gly), Poly(EG-Arg) and Poly(EG-His), prepared at 100 mM in DMSO, clearly shows the coexistence of cyclic and linear species (Fig. 4 and S37-S38).
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Please do not adjust margins DOSY-NMR was then used to characterize the size of the species generated through this polycondensation selfassembly. The results confirm that small species, with hydrodynamic diameter similar to that of the initial building blocks, are formed at low concentration (typically 1-10 mM, Table 1). However, an unambiguous increase in size is observed as the concentration is raised (Table 1, Fig. S39-S47). Again, this is best explained by a shift in the cycle-chain equilibrium favoring open oligomers at high concentration. Finally, gel permeation chromatography of Poly(EG-Gly), prepared at a concentration of 100 mM, confirms the presence of oligomers, yielding a value of M n = 2144 g.mol -1 which amounts to a degree of polymerization DP = 7.0 (Fig. S48). The polydispersity is relatively high (Ð = 1.7) which is typical of step-growth polycondensations. Since GPC analysis was run at 60°C, we expect a faster conversion of the chains into smaller cyclic structures, therefore we take this value as an underestimate of the real size of the DCPs. Nevertheless we found that the hydrodynamic radii determined by DOSY-NMR correlates quite well with the molecular weight found using GPC. Indeed, the hydrodynamic radius is a function of the molecular weight -it varies as the square root or cubic root of the molecular weight, for rod or spherical shapes respectively. 77, 78 In our case, this calculation fits well with the rod model (comparison of Poly(EG-Gly) at 100 mM with its average monomer size: ratio of hydrodynamic radii for = 2.9; square root of molecular weight ratio = 2.6; cubic root of molecular weight ratio = 1.9). The DCPs thus produced are therefore clearly oligomers, which is quite typical for polymers that are self-assembled under thermodynamic control. However, multivalent effects in DNA binding have been evidenced in different systems from rather low valency, 

DNA complexation

Fluorescence assay. The ability of the different DCPs to complex double stranded DNA (dsDNA) was assessed by a fluorescence displacement assay with calf thymus DNA (ctDNA) and ethidium bromide (EthBr) in aqueous buffer (pH = 7) at physiological saline conditions (150 mM NaCl). The principle of this assay is that fluorescence emission of EthBr at 590 nm increases upon intercalation into dsDNA and decreases upon addition of a DNA complexing agent which expels EthBr during the condensation of DNA into a nanoparticle. Poly(EG-Arg) and Poly(EG-His) were titrated onto a solution of ctDNA and EthBr and a significant decrease of the fluorescence emission was observed, which indicates that DNA complexation takes place (Fig. 5). [START_REF] Poly | EG-Gly) could not be studied because of limited solubility in these conditions[END_REF] Poly(EG-Arg) was found to be superior to Poly(EG-His), highlighting again the "Arginine magic" effect, 15 and achieves maximal complexation at N/P = 4, which is very good and similar to the typical N/P values recommended for transfection using commercial cationic polymers. In contrast, the building blocks Ox-Arg-Hyd and Ox-His-Hyd showed no fluorescence emission decrease (Fig. 5), therefore indicating the prime importance of multivalent interactions in DNA complexation.
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Please do not adjust margins Gel electrophoresis. Electrophoretic mobility shift assay (EMSA) was used to confirm the ability of these DCPs to complex dsDNA at pH=7. In this experiment we used a plasmid DNA (pDNA) and tested different N/P ratios (1 to 50). The results showed no shift of the plasmid band with Poly(EG-Gly) and Poly(EG-His) (Fig. 6). However, a strong retardation effect was observed using Poly(EG-Arg) with the complete disappearance of the band corresponding to the native plasmid at N/P  10 (Fig. 6). Thus, this result is in line with the previous fluorescence assay and confirms the superiority of Poly(EG-Arg). Furthermore, the comparison with the monovalent cationic building block Ox-Arg-Hyd, which do not complex pDNA in the range of N/P = 20-300 (Fig. S49), demonstrate again the key role of multivalency. However, the absence of pDNA complexation by Poly(EG-His) was at first sight puzzling and in contradiction with the results of the fluorescence displacement assay. We hypothesized that the slightly basic pH used in the gel electrophoresis analysis (TAE buffer, pH = 8.2) would reduce the degree of protonation of this DCP and therefore weaken its interaction with pDNA. Indeed, when pDNA complexation was carried out at acidic pH (100 mM acetate buffer, pH = 5.0), gel electrophoresis analysis revealed again that Poly(EG-His) is capable of complexing pDNA from N/P  5 (Fig. S50). The DCPs containing disulfides exhibited the same trend, with Poly(S 2 -Arg) being superior (complexation at N/P > 5) than Poly(S 2 -His) (Fig. S51).

siRNA complexation

Gel electrophoresis. The DCPs Poly(EG-Arg) and Poly(Eg-His) were also tested by gel electrophoresis at different N/P for their interaction with siRNA-Luc. The results show that both Poly(EG-Arg) and Poly(Eg-His) are able to non-covalently associate with siRNA at N/P > 2 were the band corresponding to free siRNA vanishes (Fig 7). These results confirm that the trend initially observed in DNA complexation holds also for siRNA complexation. 2, entry 2). Smaller nanoparticles were observed with Poly(EG-His) (average diameter = 72.7 ± 1.0 nm; PDI = 0.26 ± 0.01) (Table 2, entry 5).

Poly(EG-Arg-His) forms slightly larger but more homogeneous nanoparticles (average diameter = 157.0 ± 6.3 nm; PDI = 0.17 ± 0.02) (Table 2, entry 8). However, testing larger N/P ratios (N/P = 5 and 7.5) led in all three cases to the formation of much larger nanoparticles (average diameters above 500 nm, see Table 2) unsuitable for cell entry through typical endocytosis pathways. Therefore, despite unfavorable ζ-potentials, the subsequent biological studies on these siRNA polyplexes have been carried out at N/P = 2.5 where siRNA complexation results in the formation of nanoparticles with suitable sizes for siRNA delivery.

Cell studies

Cytotoxicity study. This experiment is conducted on MCF7-Luc that is a cell line derived from MCF7 human breast cancer cells transfected by firefly luciferase gene, using the 21-mer siRNA 

Conclusions

We have reported herein on the design and self-assembly of biomolecular dynamic covalent polymers (DCPs) for DNA complexation and siRNA delivery. These DCPs are selfproduced through the reversible connection of amino acid derivatives featuring hydrazide and aminooxy groups at, respectively, the C-and N-termini with complementary bisaldehydes having ethylene glycol or disulfide spacers. The synthesis in solution of three modified amino acids -Gly, His, Arg -building blocks is disclosed here and the outcome of the covalent self-assembly process has been investigated in details by MALDI-ToF mass spectrometry, DOSY NMR spectroscopy, and GPC analysis. It is shown that the concentration affects cycle-chain equilibria and that oligomers of ca. 

Experimental methods

Detailed materials and methods, synthetic protocols and additional characterization data can be found in the ESI online.
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Fig. 2

 2 Fig. 2 Structures of amino acid building blocks Ox-AA-Hyd derived from, from left to right, Arginine, Histidine, and Glycine.

Fig. 3 Scheme 2

 32 Fig. 3 Structures of bisaldehyde components EG-ALD and S2-ALD.

Fig. 4

 4 Fig. 4 MALDI-TOF (HCCA matrix) mass spectrometry analysis of Poly(EG-Arg), prepared by the self-assembly of EG-ALD and Ox-Arg-Hyd carried out at 100 mM in DMSO. Macrocycles and oligomers are schematically represented using alternate green and blue squares.

  14, 35, 65, 79, 80 which indicate that our DCPs may have suitable degree of polymerization. We then engaged these novel DCPs, produced at 200 mM, in biological studies aiming at assessing their potential for DNA complexation and siRNA delivery. Using the same covalent self-assembly methodology, we also prepared, from the disulfide building block S 2 -ALD, the double-degradable DCPs Poly(S 2 -His), Poly(S 2 -Arg), as well as the mixed DCP Poly(EG-Arg-His) containing 50 mol% of Ox-Arg-Hyd and 50 mol% of Ox-His-Hyd building block with respect to EG-ALD.

Fig. 5

 5 Fig. 5 Fluorescence titration of a solution of calf thymus DNA and ethidium bromide by Poly(EG-Arg), Poly(EG-His), Ox-Arg-Hyd, and Ox-His-Hyd in HEPES buffer (100 mM, pH 7.0; 10 μM EDTA; 150 mM NaCl). The N/P value corresponds to the ratio of positive charges brought by the protonated nitrogens contained in the DCPs to the negative charges brought by the phosphodiesters of DNA.

Fig. 6 Fig. 7

 67 Fig. 6 Gel electrophoresis of plasmid DNA with Poly(EG-Arg), Poly(EG-His), and Poly(EG-Gly) at different N/P. Note that in the case of the neutral DCP Poly(EG-Gly), similar molar ratios were used for comparison with the cationic DCPs Poly(EG-Arg) and Poly(EG-His).

  5'-AACUUACGCUGAGUACUUCGA-3' targeting the expression of luciferase. To analyze the cytotoxicity induced by the nanoparticles, MCF7-Luc cells were incubated 72 h with the polymers condensed with 3 different amounts of siRNA. Then, at the end of the incubation a MTT assay was realized to evaluate the cell death. The results indicate that Poly(EG-His) is the least toxic while Poly(EG-Arg) showed a similar cell viability than Lipofectamine (Fig. 8). The DCPs Poly(EG-Arg-His), Poly(S 2 -Arg), and Poly(S 2 -His) were found to be slightly more toxic than Lipofectamine at high dose.

Fig. 8

 8 Fig.8MTT cell viability assays on MCF7-Luc cells. The experiments were carried out with increasing amounts of siRNA (0.1 to 0.5 M) at N/P = 2.5. The control experiment (Ctrl) corresponds to the MCF7-Luc cells without any treatment. The "siRNA" experiment corresponds to MCF7-Luc cells treated with naked siRNA. The "siRNA+Lipo" experiment corresponds to MCF7-Luc cells transfected with the complex Lipofectamine/siRNA. The results are expressed as mean  standard deviation (n=3).

Fig. 9

 9 Fig.9 Luciferase activity assay showing the transfection of a 21-mer siRNA targeting the expression of luciferase inside MCF7-Luc. The experiments were carried out with increasing amounts of siRNA (0.1 to 0.5 M) at N/P = 2.5. The control experiment (Ctrl) corresponds to the MCF7-Luc cells without any treatment. The "siRNA" experiment corresponds to MCF7-Luc cells treated with naked siRNA. The "siRNA+Lipo" experiment corresponds to MCF7-Luc cells transfected with the complex Lipofectamine/siRNA. The results are expressed as mean  standard deviation (n=3).

  7 units are generated at 100 mM. DNA complexation by the cationic DCPs has been evidenced by fluorescence displacement assay and gel electrophoresis, both results showing the superiority of the arginine-based compared to the histidine-based DCPs. The successful extension of this initial approach to siRNA complexation has been achieved, demonstrating that these DCPs are effective siRNA complexing agents. Despite unfavorable ζ-potentials, the formation of nanoparticles of suitable sizes for siRNA delivery has been shown by dynamic light scattering experiments. Finally, biological studies reveal, through a luciferase assay, that the arginine-based DCP Poly(EG-Arg) can effectively deliver a functional siRNA in living cells. This unprecedented result represents a proof-of-concept for the application of DCPs in siRNA delivery. We believe that our straightforward and modular approach to the selfproduction of multifunctional and biomolecular DCPs as siRNA vectors will open new perspectives in smart gene delivery using dynamic and adaptive biodynamers.

Table 1

 1 Characterization of polycondensation reactions by DOSY-NMR. Hydrodynamic diameter were determined using the Stockes-Einstein equation.

	Entry	Compounds	Concentration (mM)	Diffusion coefficient (m 2 .s -1 )	Hydrodynamic diameter (Å)
	1		200	1.51 × 10 -11	146
	2		100	3.38 × 10 -11	64
	3	Poly(EG-Arg)	50	4.17 × 10 -11	52
	4		10	6.88 × 10 -11	32
	5		1	1.31 × 10 -10	16
	6		200	2.87 × 10 -11	76
	7		100	4.9 × 10 -11	44
	8	Poly(EG-His)	50	7.3 × 10 -11	30
	9		10	1.16 × 10 -10	18
	10		100	2,2 × 10 -11	100
	11	Poly(EG-Gly)	50	4.2 × 10 -11	50
	12		10	6.3 × 10 -11	34

Table 2

 2 Particle size, polydispersity index (PDI), and ζ-potential characterization by dynamic light scattering and ζ-potential measurements for the polyplexes formed upon addition of DCPs Poly(

EG-Arg), Poly(EG-His), Poly(EG-Arg-His), Poly(S2-Arg) and Poly(S2-His) onto

  siRNA in phosphate buffer (100 mM, pH=7). The values represent the average of three replicates.

	Entry	Compounds	N/P	ζ potential (mV)	Size / nm	PDI
	1	siRNA	0	-19.9	n.a.	n.a.
	2		2.5	-8.9	152.7 ± 0.8	0.27 ± 0.02
	3	Poly(EG-Arg)	5	5.3	1033 ± 90	0.31 ± 0.04
	4		7.5	4.7	1777 ± 16	0.30 ± 0.03
	5		2.5	-19.8	72.7 ± 1.0	0.26 ± 0.01
	6	Poly(EG-His)	5	-1.7	982 ± 93	0.26 ± 0.01
	7		7.5	-1.6	1490 ± 62	0.33 ± 0.04
	8		2.5	-11.1	157.0 ± 6.3	0.17 ± 0.02
	9	Poly(EG-Arg-His)	5	-4.7	347.5 ± 13.5	0.26 ± 0.01
	10		7.5	-0.8	661.2 ± 40.9	0.25 ± 0.01
	11		2.5	-17.9	n.d.	n.d.
	12	Poly(S2-Arg)	5	-6.4	n.d.	n.d.
	13		7.5	-1.1	n.d.	n.d.
	14		2.5	-9.9	n.d.	n.d.
	15	Poly(S2-His)	5	-9.9	n.d.	n.d.
	16		7.5	-10.8	n.d.	n.d.
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