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Synthetic vectors for gene delivery offer a wide variety of functional derivatization, which can be exploited to increase targeting and transfection efficacy. In this field, redox sensitive agents based on the thiol/disulfide (-SH/-SS-) equilibrium are a class of promising transfectants.

Here the thiol group content in lipoplexes formed by a triazine-based sulfhydryl surfactant (SH14) and a plasmid (pGEFP-N1) was probed by Electron Spin Resonance (ESR) of appropriately tailored nitroxides. By modelling the time decay of ESR intensity, details on the process of lipoplex formation were obtained. It was found that the concentration of available -SH groups depended on the contact time between SH14 and DNA, suggesting that lipoplex formation entailed disulfide bridge formation among SH14 molecules. This finding represents the first experimental evidence that the -SH/-SS-equilibrium plays a role in lipoplex formation when DNA is complexed by sulfhydryl-based transfecting agents, which may have profound influence on their mechanism of action.
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Introduction

Gene therapy involves the introduction of a missing gene into the cell nucleus followed by the expression of genetic information (transfection). The use of amphiphilic aggregates built with cationic lipids is currently investigated in the form of complexes with DNA (lipoplexes). [START_REF] Safinya | Structures of Lipid-DNA Complexes: Supramolecular Assembly and Gene Delivery[END_REF][START_REF] Felgner | Lipofection: A Highly Efficient, Lipid-mediated DNA Transfection Procedure[END_REF][START_REF] Audouy | In Vivo Characteristics of Cationic Liposomes as Delivery Therapy[END_REF][START_REF] Miller | Cationic Liposomes for Gene Therapy[END_REF][START_REF] Salvati | Physico-chemical Characterization and Transfection Efficacy of Cationic Liposomes Containing the pEGFP Plasmid[END_REF] Till now, the main problem encountered in using lipoplexes for transfection experiments is scarce efficacy in DNA release to cell cytoplasm. This is believed to be the most impeding factor to cause the generally poor efficacy of cationic non-viral vectors, though their use is a therapeutically attractive option. Synthetic vectors are readily available (several transfection reagents are commercial products), versatile, and scarcely toxic.

In recent years, surfactants bearing the sulfhydryl moiety have been suggested as non-viral carriers for gene therapy. [START_REF] Candiani | Dimerizable Redox-Sensitive Triazine-Based Cationic Lipids for in vitro Gene Delivery[END_REF][START_REF] Candiani | A Dimerizable Cationic Lipid with Potential for Gene Delivery[END_REF][START_REF] Kumar | On the Disulfide-Linker Strategy for Designing Efficacious Transfection Lipids: An Unexpected Transfection Profile[END_REF] In particular, triazine cationic surfactants have been synthesized and tailored with the aim of preparing lipid systems with improved transfection properties, i.e. dimerizable redox-sensitive thiol groups. [START_REF]Surfactant Triazine Compounds and Their Use, USPatent[END_REF] These triazinebased surfactants have shown low cytotoxicity and high transfection efficacy on a variety of eukaryotic cells. [START_REF] Candiani | Dimerizable Redox-Sensitive Triazine-Based Cationic Lipids for in vitro Gene Delivery[END_REF][START_REF] Candiani | A Dimerizable Cationic Lipid with Potential for Gene Delivery[END_REF] The transfection mechanism is supposed to rely on the oxidation of -SH in the triazine monomer to -SS-in the corresponding dimer, which affects lipoplex stability. This hypothesis has been formulated to account for the observed results and by comparison with similar molecules. [START_REF] Dauty | Dimerizable Cattionic Detergents with a Low cmc Condense Plasmid DNA into Nanometric Particles and Transfect Cells in Culture[END_REF][START_REF] Zuber | Targeted Gene Delivery to Cancer Cells: Directed Assembly of Nanometric DNA Particles Coated with Folic Acid[END_REF][START_REF] Chittimalla | Monomolecular DNA Nanoparticles for Intravenous Delivery of Genes[END_REF][START_REF] Kumar | On the disulfide-linker strategy for designing efficacious cationic transfection lipids: an unexpected transfection profile[END_REF] However, a direct evidence of dimer formation is still lacking.

Electron Spin Resonance (ESR) Spectroscopy of nitroxides (NTXs) is widely used to obtain clues on biological problems involving electron transfer. The metabolic fate of stable NTXs in living systems is prevalently determined by reduction to the corresponding diamagnetic hydroxylamine: [START_REF] Rauckman | Enzymatic Reactions of Spin Labels[END_REF][START_REF] Sentjurc | Investigations of Redox Reactions in Biological Systems by EPR[END_REF][START_REF] Belkin | Reduction and Destruction Rates of Nitroxide Spin Labels[END_REF] >NO + e -+ H + → >N-OH [1] A
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with resultant decrease of the spectral ESR intensity as a function of time. This has been found in many cases, from isolated cell components to tissues. [START_REF] Kveder | Spin Probe Reduction in Cells and Tissues[END_REF][START_REF] Kveder | The Study of Structural Accessibilty of Free Thiol Groups in Human Low-Density Lipoproteins[END_REF][START_REF] Schara | Reactivity of Hydrophobic Nitroxides in Lipid Bilayers[END_REF][START_REF] Roshchupkina | In vivo ESR Measurement of Glutathione in Tumor-Bearing Mice Using Improved Disulfide Biradical Probe[END_REF] Reaction [1] is particularly informative when the reducing agent is the -SH group. The equilibrium -SH/-SS-is an important parameter in many biological processes such as cell signalling and enzyme action, as it happens, for instance, for the reduced glutathione/glutathione disulfide couple (GSH/GSSG), which is involved in oxidative stress and free radical pathologies 21-, in folding of secreted proteins [START_REF] Gleiter | Disulfide Bond Isomerization in Prokaryotes[END_REF] and intracellular delivery of drugs and genetic material 25 , 26 . Togasahi et al. 27,[START_REF] Togashi | Mucosal Sulfhydryl Compounds Evaluation by in Vivo Electron Spin Resonance Spectroscopy in Mice with Experimental Colitis[END_REF] have used the ESR spectra of Proxyl-carbamoyl NTX as a probe for monitoring the availability of GSH in living mice and have shown that the starting unreduced radicals can be recovered in some circumstances.

Tang and Hughes [START_REF] Tang | Introduction of a Disulfide Bond into a Cationic Lipids Enhances Transgene Expression of Plasmid DNA[END_REF][START_REF] Tang | Use of Dithioglycolic Acid as a Theter for Cationic Lipids Increases the Cytotoxicity and Increases Transgene Expression of Plasmid DNA in Vitro[END_REF] have used the disulfide bond as bridge functionality in cationic transfection lipids. These authors suggest that reduction of the disulfide linker by the intracellular GSH ensures the collapse of the DNA/lipid complex. ESR has also shown to be a powerful tool for determining the kinetics of -SH redox reactions. To this aim Khramtsov and coworkers [START_REF] Khramtsov | Quantitative Determination of -SH grups in Low-and High-Molecular-Weight Compounds by an Electron Spin Resonance Method[END_REF][START_REF] Khramtsov | Quantitative Determination and Reversible Modification of Thiols Using Imidazolidine Biradical Disulfide Label[END_REF] employed unusual disulfide nitroxide biradicals (DNB), while more standard NTXs were used in other systems. [START_REF] Kocherginsky | Use of Nitroxide Spin Probes and Electron Paramagnetic Resonance for Assessing Reducing Power of Beer. Role of SH Groups[END_REF][START_REF] Vinello | Kinetics of Nitroxide Spin Label Removal in Biological Systems: an in vitro and in vivo ESR Study[END_REF][START_REF] Mathieu | b-Phosphorylated nitroxides in the pyrrolidine series: reduction by ascorbate, Free Rad[END_REF] In this paper a plasmid encoding for the Enhanced Green Fluorescent Protein SH14 and its water solutions were maintained at -20° C and 4° C, respectively. The oxidized R-SS-R (SS14) was obtained through a four step procedure from 1,3,5-trichloro-2,4,6-triazine. [START_REF] Candiani | Dimerizable Redox-Sensitive Triazine-Based Cationic Lipids for in vitro Gene Delivery[END_REF] The critical micelle concentrations (cmc) of SH14 was evaluated by conductimetry (Coulter Delsa 440SX), recording the specific conductivity of SH14 water solutions in the range 10 -2 -10 -4 mol/L. The obtained values were fitted by two Stock ethanol solutions of 5DSA, CAT12 (10 -3 mol/L) and Proxyl-carboxylate (10 -4 mol/L) probes were prepared. Each spin probe solution was evaporated in a vial prior to SH14 or lipoplex addition. The added NTX concentration was kept constant at 5x10 -5 mol/L, since this value was the best compromise between signal intensity and the requirement for any probe of not inducing alteration in the investigated system. Conductivity and ESR measurements were used for double check these effects.

All samples were equilibrated with spin probes for 15 min at room temperature, to ensure complete uptake of the NTXs into aggregates, and then transferred in a glass capillary for ESR runs (25 °C).

Complexes with pEGFP-N1 were obtained by adding the plasmid to SH14 micelles at the desired charge ratio (CR = +/-). CR was calculated as the number of positive charges due to the polar head of SH14 divided by the negative charges on DNA phosphates. Based on previous in vitro experiments [START_REF] Candiani | A Dimerizable Cationic Lipid with Potential for Gene Delivery[END_REF] we chose to work at fixed CR 10. This value corresponds to the most effective ratio for transfection. Lipoplex 

Results and Discussion

Typically, the ESR spectrum of a simple NTX in rapid motion is composed of three adsorption lines due to the hyperfine coupling of the unpaired electron with the [START_REF] Rauckman | Enzymatic Reactions of Spin Labels[END_REF] N nucleus (I N = 1). The line-shape depends on the properties of the environment sensed by the >NO group, such as molecular ordering and/or motional restriction. The 5DSA spectrum in SH14 micelle solution was characteristic of slow moving radicals (Fig. 2A, black line). This behaviour is widely documented in the literature for complex amphiphilic systems and was attributed to the presence of aggregates, incorporating the probe because of its hydrocarbon chain. The motion of 5DSA was further slowed down when pEGFP-N1 was added to the system (Fig. 2A, red line), as evidenced by the increase in separation between the first and third however, a small progressive motional restriction was evidenced in passing from pure water (data not shown) to SH-14 micelles to lipoplex solution.

Our main interest in these systems was the signal decay due to NTX reduction and for this purpose CAT12 was our best choice. In fact, 5DSA gave very poor signal to noise ratio because the spectrum of the spin probe in slow motion is broad and it was difficult to measure the signal intensity at low concentration. Proxyl-carboxylate showed sharp transitions, which were ideal to follow low ESR intensities, but in this case the time required for NTX reduction (4-8 hours) was long enough to allow the onset of side effects. Indeed, it has been reported [START_REF] Kocherginsky | Use of Nitroxide Spin Probes and Electron Paramagnetic Resonance for Assessing Reducing Power of Beer. Role of SH Groups[END_REF] that if the reduction time of a NTX by -SH groups is long enough, attention should be put to oxidative effects by dissolved molecular oxygen, which diffuses slowly into the system and is able to reoxidize the hydroxylamine to the corresponding NTX. Therefore, CAT12 resulted a good trade off between intensity and a suitable time dependent NTX reduction.

We followed CAT12 ESR signal evolution and kinetic data were extracted from height variations in the second line of the NTX spectrum at fixed time intervals (2 min). As discussed above, the signal height decrement was attributed to nitroxide reduction, according to the following scheme: Semilogarithmic plot of CAT12 ESR intensity in SH14 micelles expressed as percentage of the initial concentration. The dashed line is the best fit performed with a first order kinetic model (equation [3] in the text).

2 R-SH + 2 >NO → R-SS-R + 2 >NH [2].
Good linearity of the intensity decay in a semilogarithmic plot ensured that a first order reaction of the type:

] [ ] [ NTX k dt NTX d v = - [3]
governed the NTX reduction in the presence of SH14 micelles. The kinetics constant k v was 5.7x10 -2 s -1 .

The signal intensity was below ESR detection limit for ~1 day and after this time it slowly re-increased. This recovering was attributed to the oxidative effect of dissolved molecular oxygen, as previously observed in other cases. [START_REF] Kocherginsky | Use of Nitroxide Spin Probes and Electron Paramagnetic Resonance for Assessing Reducing Power of Beer. Role of SH Groups[END_REF] We were not especially interested in the change occurring when oxygen concentration in the

A C C E P T E D M A N U S C R I P T
sample is of the order of magnitude of NTX. Therefore no thorough investigation was made on this point.

Since samples were let to equilibrate with CAT12 for 15 min before starting ESR registration to ensure complete uptake of the spin probe, the first intensity value could not be attributed to 100% CAT12 concentration. To obtain this value the linear fitting was extrapolated up to t = -15 min, while t = 0 was the first recorded CAT12 intensity.

Similar effects were observed when pEGFP-N1 was incorporated into the system. Figure 4 shows the ESR signal decrease in the presence of nucleic acid at different compaction time for several representative systems. The same linear fitting procedure to obtain the CAT12 concentration at t = 0 was used for these curves.

As shown in Figure 4, the concentration of CAT12 at t = 0 steadily increased at The lipoplexes equilibrated for 15 and 23 min gave very good linearity up to 60 min in a semilogarithmic scale. We could thus consider this reaction of pseudo-first order. In fact, the SH14 concentration was high enough to consider it constant in the following analysis:

[ ] [ ] t k e A A ' 0 - = [4] [ ] [ ] t k A A ' ln ln 0 - = [5] [ ] B k k = ' [6]
where [A] is the concentration of CAT12 and [B] the concentration of SH14. 
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It is to be noted that in the case of lipoplexes with 15 min compaction time k' was larger (i.e. the reduction of the NTX was more rapid) than k v for SH14 micelles, suggesting that a different reaction mechanism was acting compared to micelles. We believe that in the case of micelles only the reduction of NTX took place (see eq. [2]), while in presence of DNA the system was more complex and k' also depended on the SH14 initial concentration.

In lipoplexes equilibrated for longer compaction times, the linearity observed above did not occur and a second order mechanisms had to be considered. Indeed, all decay curves of CAT12 equilibrated with lipoplex could be fitted by the following equations:

[ ] [ ] [ ] [ ] [ ] [ ]           - = 0 0 0 ln 1 A A B B A B o kt [7] ( ) ( ) ( )kt A B kt A B e B A e B A A A 0 0 0 0 0 0 0 0 0 1 - - - - - = [8]
with kinetic constant k=701.7 M/s (R 2 =0.9972). Table 2 reports the concentration of CAT12 and SH14 at t = 0 obtained from the fitting. The observed trend indicated that CAT12 residual concentration increased with increasing contact time during formation of CR 10 lipoplexes. This was correlated with decreasing SH14 monomer content, due to more extended dimer formation.

Conclusions

In this work we investigated the ESR behaviour of NTXs as scavenger for residual -SH groups in micelles and lipoplexes of triazine based amphiphiles. The >NO group is able to induce -SS-bridging of thiols, in consequence of its reduction to the corresponding ESR silent hydroxylamine. We observed the same electronic A C C E P T E D M A N U S C R I P T

(Figure 1 .

 1 Figure 1. Structure of the SH-14 (2-[4-(3-aminopropylamine)-6(tetradecylamino)-1,3,5triazine-2-ylamino]-ethanthiol-bis-trifluoroacetate).

6 straight

 6 lines and the intersection point, which is due to micelle formation, was found at 1.5x10 -3 mol/L. Plasmid DNA (4.7 kb) encoding for Enhanced Green Fluorescent Protein (pEGFP-N1) under the control of the human cytomegalovirus (CMV) promoter was purchased from Clontech Laboratories (Paris, France).5-Doxyl-stearic acid spin probes (5DSA), 4-(dodecyl-dimethylammonium) 2,2,6,6-tetramethylpiperidine 1-oxyl bromide (CAT12) were purchased from Sigma Chemicals (Munchen, Germany) and 2,2,5,5-tetramethylpyrrolidinyloxy-3-carboxylate sodium salt, (Proxyl-carboxylate) was obtained from Molecular Probe (Eugen, Oregon). All NTXs were used as received.

  A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 7 samples were left to equilibrate at room temperature for different times (from 15 min to 48 hours), before adding the spin probe. These time intervals, required for SH14/pEGFP-N1 complex formation, will be henceforth referred to as compaction times. ESR spectra were recorded in the continuous wave mode with a Bruker ESR spectrometer model 200D, operating at X-band (9.5 GHz). Data acquisition and handling were carried out with the ESR software commercialised by STELAR (Meda, Italy). The temperature was controlled with Bruker VT 3000 apparatus (accuracy ± 0.2 °C). Kinetic data were obtained from the time variation of the second line intensity in the ESR triplet of NTXs for each decay series. This procedure was based on the experimental evidence that the line shape of all recorded ESR spectra did not change either with time or as a result of spin-spin broadening mechanisms. Signal height decrease was therefore entirely attributed to the reduction of NTXs to the corresponding diamagnetic hydroxylamines.

Figure 2 Fig 2

 22 Figure 2 compares the ESR spectra of three NTXs used in this work, interacting

  ' || ). This meant that relatively strong electrostatic interactions between the phosphate groups of the nucleic acid and the positively charged triazine head induced rearrangement of SH14 aggregates. In the same conditions CAT12 and Proxyl-carboxylate mantained a fast tumbling spectrum (Fig 2Band 2C, respectively);

Figure 3

 3 Figure3shows the signal decay of CAT12 inserted in SH14 micelles and in

Figure 3 :

 3 Figure 3: Panel A: Time decay of CAT12 (5x10 -5 mol/L) ESR intensity in SH14 micelles (5x10 -3 mol/L) and in SS14 solution at the same charge concentration. Panel B:

Figure 4 :

 4 Figure 4: ESR decay curves of CAT12 in the presence of CR 10 lipoplexes equilibrated with the same amount of NTX (5x10 -5 mol/L at t = -15 min) and different compaction time.

  Fig. 5 shows a comparison among residual CAT12 concentration during the

Figure 5 .

 5 Figure 5. CAT12 residual concentration in CR 10 lipoplexes at fixed values of NTX decay time. Black squares: compaction time 20 min; red diamonds: compaction time 40 min; green triangles: compaction time 100 min.

Table 1

 1 

	Compaction time (min)	CAT12 at t=0 (mol/L)	k', s -1
	15	1.6 x 10 -5	7 x 10 -2
	23	3.2 x 10 -5	3 x 10 -2

Best fit values for CR 10 lipoplexes with compaction time of 15 and 23 min, analyzed

as pseudo-first order decays.

Table 2

 2 Best fit values for different compaction times lipoplexes at CR 10, analyzed as second order kinetics.

The first two values in table 2, calculated by second order fitting were in perfect agreement with those reported in table 1 and calculated by pseudo-first order fitting.
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transfer when CAT12 was added to SH14 micelles. In this case the redox process could be modelled as first order reaction. On the other hand, in the presence of SH14/pEGFP-N1 lipoplexes the system showed a more complex behaviour. In particular, we observed that longer compaction times decreased the amount of available SH groups. This proved that during compaction time SH14 dimerized to SS14, which was no longer able to reduce CAT12, thus confirming the hypothesis of Candiani et al. DNA favours the formation of -SS-bridges in these efficient transfection agents. [START_REF] Candiani | A Dimerizable Cationic Lipid with Potential for Gene Delivery[END_REF] The ESR intensity decay in CR 10 lipoplexes was fitted as pseudo-first or second order kinetics. Such scheme is probably an approximation of the actual reaction taking place in these systems. Indeed, reaction [2] can be considered a real first order electron transfer, but in the case of lipoplexes, dimer formation to the presence of pEGFP-N1 could also contribute to decreasing SH concentration. Therefore, the ESR intensity decay depended both on NTX and SH14 groups.

Similar results were obtained in other complex systems, where different single step reactions concurrently take place [START_REF] Roshchupkina | In vivo ESR Measurement of Glutathione in Tumor-Bearing Mice Using Improved Disulfide Biradical Probe[END_REF][START_REF] Kocherginsky | Reduction of Spin Probes with Ascorbic Acid in Solution and on Biomembranes[END_REF] In these systems, the kinetics of the overall redox process also appeared as second order, but in depth analysis of the reaction mechanism showed that more than one first order electron transfer simultaneously occured during NTX reduction. [START_REF] Schara | The involvement of uric acid un the scavenging of nitroxide radicals by ascorbate[END_REF]