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Introduction

The delivery of therapeutics locally at specific sites offers several advantages over systemic administration. In the case of oral administration or systemic injection, a daily or even more frequent dosing is required to maintain the desired level of drug at the site of interest. On the other hand, localized delivery enables direct access to the tissue to be treated and reduces systemic side effects. In particular, the rapid clearance of nucleic acids during systemic administration stands as a big hurdle for the translation of these therapeutic agents. However, if this issue could be overcome, gene therapy would constitute an innovative and promising treatment option [START_REF] Chakraborty | Therapeutic miRNA and siRNA: Moving from Bench to Clinic as Next Generation Medicine[END_REF][START_REF] Tatiparti | siRNA Delivery Strategies: A Comprehensive Review of Recent Developments[END_REF][START_REF] Ginn | Gene therapy clinical trials worldwide to 2017: An update[END_REF], in particular for cancer [START_REF] Liu | Delivery Systems for RNA Interference-Based Therapy and Their Applications Against Cancer[END_REF][START_REF] Senapati | Promising approaches of small interfering RNAs (siRNAs) mediated cancer gene therapy[END_REF], diabetes and associated diseases [START_REF] Shende | siRNA: an alternative treatments for diabetes and associated conditions[END_REF], and tissue engineering and regenerative medicine [START_REF] Meng | miRNA delivery for skin wound healing[END_REF][START_REF] Xue | Delivery systems of current biologicals for the treatment of chronic cutaneous wounds and severe burns[END_REF][START_REF] Kaihara | Biopolymer-based nanoparticles for drug/gene delivery and tissue engineering[END_REF].

Wound healing is challenging in certain cases, and localized delivery of therapeutics often constitutes the best treatment option. Nucleic acid delivery is an attractive approach to control the production and regulation of proteins during wound healing.

There has been much research focused on delivering pDNA encoding important growth factors that regulate the proliferation phase of wound healing [START_REF] Xue | Delivery systems of current biologicals for the treatment of chronic cutaneous wounds and severe burns[END_REF][START_REF] Desmet | Nanomedicines and gene therapy for the delivery of growth factors to improve perfusion and oxygenation in wound healing[END_REF].

However, the delivery of pDNA is challenging as it is a large anionic molecule that must cross the nuclear membrane as well as the cytoplasmic one. Alternative nucleic acid therapeutics such as miRNA [START_REF] Meng | miRNA delivery for skin wound healing[END_REF] and siRNA are increasingly reported in the literature as they are smaller and active in the cytoplasm. Monaghan et al. have reported low levels of miRNA29B during chronic wounds and thus, embedded it in a collagen matrix for localized delivery [START_REF] Monaghan | A collagen-based scaffold delivering exogenous microRNA-29B to modulate extracellular matrix remodeling[END_REF]. In addition, a new target has been discovered for downregulation to improve wound healing; fidgetin-like protein 2 [START_REF] Charafeddine | Fidgetin-Like 2: A Microtubule-Based Regulator of Wound Healing[END_REF].

The protein is normally used to regulate microtubule assembly and if present, can reduce the migration of cells. By knocking down this protein with siRNA, Cherafeddine et al. observed a doubling in the rate of cell movement, an important aspect of the wound healing process [START_REF] Charafeddine | Fidgetin-Like 2: A Microtubule-Based Regulator of Wound Healing[END_REF]. In this study, Extracellular signal Regulated Kinase 1 (ERK 1) was selected as a target model protein. ERK1 is a member of the mitogen activated protein kinase (MAPK) family. It is an important player in various cellular processes such as proliferation, differentiation, and cell cycle progression in response to different extracellular signals [START_REF] Mccubrey | Roles of the Raf/MEK/ERK pathway in cell growth, malignant transformation and drug resistance[END_REF][START_REF] Vantaggiato | ERK1 and ERK2 mitogen-activated protein kinases affect Ras-dependent cell signaling differentially[END_REF]. Moreover, it plays a significant role in the initiation of inflammatory responses [START_REF] Kaminska | MAPK signalling pathways as molecular targets for antiinflammatory therapy-from molecular mechanisms to therapeutic benefits[END_REF]. Therefore, inhibition of ERK-1 protein expression in inflamed tissues could be a strategy for advanced wound healing therapies [START_REF] Matsubayashi | ERK activation propagates in epithelial cell sheets and regulates their migration during wound healing[END_REF].

The major drawback of using siRNA as a therapeutic agent is the necessity of an efficient carrier system for the siRNA to reach its intracellular site of action [START_REF] Tatiparti | siRNA Delivery Strategies: A Comprehensive Review of Recent Developments[END_REF][START_REF] Xue | Delivery systems of current biologicals for the treatment of chronic cutaneous wounds and severe burns[END_REF][START_REF] Cullis | Lipid nanoparticle systems for enabling gene therapies[END_REF][START_REF] Santos-Carballal | Chitosan in nonviral gene delivery: role of structure, characterization methods, and insights in cancer and rare diseases therapies[END_REF]. In particular, siRNA is sensitive to nuclease degradation and is unstable in serum.

The stiffness, high negative charge, and high molecular weight of RNA biopolymers also impede efficient cellular internalization. A variety of different non-viral carriers have been proposed for siRNA delivery in the literature such as cationic polymers, cationic lipids, and nanoparticles [START_REF] Tatiparti | siRNA Delivery Strategies: A Comprehensive Review of Recent Developments[END_REF][START_REF] Liu | Delivery Systems for RNA Interference-Based Therapy and Their Applications Against Cancer[END_REF][START_REF] Xue | Delivery systems of current biologicals for the treatment of chronic cutaneous wounds and severe burns[END_REF][START_REF] Santos-Carballal | Chitosan in nonviral gene delivery: role of structure, characterization methods, and insights in cancer and rare diseases therapies[END_REF][START_REF] Angelova | Advances in structural design of lipid-based nanoparticle carriers for delivery of macromolecular drugs, phytochemicals and anti-tumor agents[END_REF][START_REF] Bellefroid | Lipid gene nanocarriers for the treatment of skin diseases: cureent state-of-the-art[END_REF][START_REF] Durymanov | Non-viral Delivery of Nucleic Acids: Insight Into Mechanisms of Overcoming Intracellular Barriers[END_REF]. In particular, lipid nanoparticle systems for siRNA delivery have aroused increasing interest in the last two decades [START_REF] Cullis | Lipid nanoparticle systems for enabling gene therapies[END_REF][START_REF] Angelova | Advances in structural design of lipid-based nanoparticle carriers for delivery of macromolecular drugs, phytochemicals and anti-tumor agents[END_REF][START_REF] Bellefroid | Lipid gene nanocarriers for the treatment of skin diseases: cureent state-of-the-art[END_REF]. Early studies were focused on liposome-based siRNA delivery systems [START_REF] Bellefroid | Lipid gene nanocarriers for the treatment of skin diseases: cureent state-of-the-art[END_REF][START_REF] Zylberberg | Engineering liposomal nanoparticles for targeted gene therapy[END_REF], whereas liquid crystalline lipid nanoparticles [START_REF] Angelov | Identification of large channels in cationic PEGylated cubosome nanoparticles by synchrotron radiation SAXS and Cryo-TEM imaging[END_REF][START_REF] Angelov | Structural analysis of nanoparticulate carriers for encapsulation of macromolecular drugs[END_REF], solid lipid nanoparticles, and nanostructured lipid carriers (NLC) [START_REF] De Jesus | Solid lipid nanoparticles as nucleic acid delivery system: Properties and molecular mechanisms[END_REF] have more recently shown promise. The core of nanostructured lipid carriers comprises a mixture of liquid and solid lipids at ambient temperature, improving drug payload and colloidal stability and offering better control over the release of active ingredients, in comparison to solid lipid nanoparticles [START_REF] Müller | Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) in cosmetic and dermatological preparations[END_REF]. Lipid-based nanosystems can advantageously include "helper" lipids such as DOPE (dioleylphosphatidylethanolamine). DOPE presents fusogenic properties, known to favor endosomal escape after cellular internalization of the siRNA/lipid complexes [START_REF] Farhood | The role of dioleoyl phosphatidylethanolamine in cationic liposome mediated gene transfer[END_REF][START_REF] Heyes | Cationic lipid saturation influences intracellular delivery of encapsulated nucleic acids[END_REF][START_REF] Kim | Cationic Solid Lipid Nanoparticles Reconstituted from Low Density Lipoprotein Components for Delivery of siRNA[END_REF]. Among investigated cationic polymers [START_REF] Wagner | Polymers for siRNA Delivery: Inspired by Viruses to be Targeted, Dynamic, and Precise[END_REF], chitosan, a linear polysaccharide of randomly distributed units of Nacetylglucosamine and glucosamine, has also attracted attention [START_REF] Santos-Carballal | Chitosan in nonviral gene delivery: role of structure, characterization methods, and insights in cancer and rare diseases therapies[END_REF]. This polymer is acknowledged for its biocompatibility and low immunogenicity. Additionally, it is mucoadhesive, enhances cell permeation, and favors siRNA endosomal escape [START_REF] Dash | Chitosan-A versatile semisynthetic polymer in biomedical applications[END_REF].

The potential of cationic nanostructured lipid carriers (cNLC) [START_REF] Bruniaux | Développement de nanoparticules lipidiques pour la délivrance de courtes séquences d'ARN interférents[END_REF] and chitosancoated NLC (CS-NLC) [START_REF] Tezgel | Chitosan-lipid nanoparticles (CS-LNPs): Application to siRNA delivery[END_REF] for efficient siRNA complexation was previously demonstrated. However, such lipid nanoparticle formulations do not display satisfactory rheological properties for easy prolonged application at the wound site.

By contrast, hydrogels loaded with lipid nanoparticles encapsulating active therapeutics constitute an advanced class of materials which could provide prolonged and controlled release [START_REF] Bhaskar | Development of SLN and NLC Enriched Hydrogels for Transdermal Delivery of Nitrendipine: In Vitro and In Vivo Characteristics, Drug Develop[END_REF][START_REF] Song | Improved Skin Delivery of Voriconazole with a Nanostructured Lipid Carrier-Based Hydrogel Formulation[END_REF][START_REF] Casadei | Solid lipid nanoparticles incorporated in dextran hydrogels: A new drug delivery system for oral formulations[END_REF][START_REF] Masci | Characterization of collagen/lipid nanoparticle cryostructurates for wound healing applications[END_REF]. Hydrogel materials are well acknowledged as suitable matrices for sustained and controlled delivery of active therapeutics [START_REF] Sarett | Technologies for controlled, local delivery of siRNA[END_REF]. Particularly, collagen is one of the most common materials that is applied for wound healing applications. Thanks to its unique 3D structure, collagen possesses excellent scaffold properties for cell attachment, cell migration, and differentiation [START_REF] Chattopadhyay | Review collagen-based biomaterials for wound healing[END_REF][START_REF] Gould | Topical Collagen-Based Biomaterials for Chronic Wounds: Rationale and Clinical Application[END_REF]. In particular, collagen cryostructurates [START_REF] Lozinsky | Cryostructuring of Polymeric Systems. 50. † Cryogels and Cryotropic Gel-Formation: Terms and Definitions[END_REF] obtained by oriented freeze-drying of crosslinked collagen gel extracted and purified from equine Achilles tendon were demonstrated to present suitable swelling and porosity properties for wound healing [START_REF] Masci | Characterization of collagen/lipid nanoparticle cryostructurates for wound healing applications[END_REF][START_REF] Masci | Microvesicles shed from fibroblasts act as metalloproteinase carriers in a 3-D collagen matrix[END_REF].

Therefore, in the current work, well characterized collagen cryostructurates obtained by freeze-drying [START_REF] Masci | Characterization of collagen/lipid nanoparticle cryostructurates for wound healing applications[END_REF][START_REF] Masci | Microvesicles shed from fibroblasts act as metalloproteinase carriers in a 3-D collagen matrix[END_REF] were combined with free siRNA or with siRNA/NLC complexes (cNLC, CS-NLC) to design scaffolds with localized and controlled SiRNA delivery properties, featuring high biocompatibility and facile fabrication with ready-to-use materials. Morphological and mechanical properties of collagen/NLC materials were described in detail in our previous work [START_REF] Masci | Characterization of collagen/lipid nanoparticle cryostructurates for wound healing applications[END_REF]. Herein, fibroblast transfection and siRNA induced ERK-1 down-regulation were used as first proof-of-concept results for the use of such scaffolds as localized nucleic acid delivery systems.

Materials and Methods

Materials

C12 alkylated chitosan (2% degree of substitution) of [START_REF] Kaminska | MAPK signalling pathways as molecular targets for antiinflammatory therapy-from molecular mechanisms to therapeutic benefits[END_REF] Gel of 1% w/w collagen type I extracted from equine Achilles tendon in acetic acid pH 3 was kindly provided by Euroresearch (Milan, Italy). Briefly, tendons were removed of all surrounding tissues, harvested and cleaned in deionized water. They were then treated with 10% sodium chloride at 4°C for 24 h under continuous magnetic stirring. The mixture was centrifuged and the precipitated collagen fibers repeatedly washed and eventually recovered with a 0.5% w/v solution of acetic acid [START_REF] Masci | Ultrastructural investigation of fibroblast interaction with collagen scaffold[END_REF].

Formulation of nanostructured lipid carriers (NLC) and complexation with

SiRNA

Cationic nanostructured lipid carriers (cNLC) were synthetized through an ultrasonication process, similarly to previously published protocols [START_REF] Bruniaux | Développement de nanoparticules lipidiques pour la délivrance de courtes séquences d'ARN interférents[END_REF][START_REF] Delmas | Preparation and characterisation of highly stable lipid nanoparticles with amorphous core of tuneable viscosity[END_REF], with some adaptation. Two phases, an aqueous and an oil phase, were prepared. The aqueous phase comprised 43.1 mg Myrj TM S40 dissolved in 1.85 mL NaCl 154 mM.

The oil phase contained 2.2 mg lecithin Lipoїd TM S75, 15 mg DOTAP, 5 mg DOPE, 22.4 mg of liquid super-refined soybean oil, 67.1 mg SuppoCire TM NB solid wax, and eventually 800 µg of DiD for particle fluorescence tracking. Both the aqueous phase and oil phase were heated in a water bath at 50°C, then mixed and vortexed to homogenize while warm. 1 mL of glycerol was added to increase the viscosity during the sonication process carried out with a VCX750 sonicator (power output 190 W, 3 mm probe diameter, Sonics, Newton, Connecticut, USA) during 5 minutes. After sonication, the particles were formed in a stable colloidal lipid nanoemulsion that was diluted in 1.8 mL 1X PBS buffer, before dialysis against 1X PBS with a 12-14 kD porous membrane (ZelluTrans, Roth, Lauterbourg, France) for 24 hours minimum.

Afterwards, the lipid mass fraction was adjusted by volume to obtain 10% lipids by mass and the resulting solution was sterilized by 0.22 μm syringe filtration (Millipore, Merck, Fontenay-sous-bois, France).

Chitosan-coated NLC (CS-NLC) were prepared following a similar protocol, as previously described [START_REF] Tezgel | Chitosan-lipid nanoparticles (CS-LNPs): Application to siRNA delivery[END_REF]. For CS-NLC, the lipid phase contained 67.1 mg of Suppocire TM NB, 22.4 mg of soybean oil, 15 mg of DOTAP, 5 mg of DOPE, and eventually 800 µg of DiD, while the aqueous phase was composed of 20 mg of alkylated (C12) chitosan (15 kg/mol, 2% degree of substitution) and 400 mg of glycerol dissolved in 0.2 M acetic acid at pH 4 (qsp. 2 mL). After homogenization at 50°C, both phases were mixed and sonicated. Non-incorporated chitosan molecules were separated from nanoparticles by dialysis against 0.1M acetate buffer (MWCO: 100 kDa, Roth, Lauterbourg, France). Before use, nanoparticle dispersions were filtered through 0.45 µm cellulose membrane (Millipore, Merck, Fontenay-sous-bois, France).

Dynamic light scattering (DLS) was used to determine the particle hydrodynamic diameter and zeta potential (Zeta Sizer Nano ZS, Malvern Instrument, Orsay, France).

Particle dispersions were diluted at 1-2 mg/mL of lipids in 0.22 µm filtered 10 mM NaCl and transferred in Zeta Sizer Nano cells (Malvern Instrument) before each measurement, performed in triplicate. Results (Z-average diameter, polydispersity index, zeta potential) were expressed as mean and standard deviation of three independent measurements performed at 25 °C for each batch.

For siRNA complexation, varying amounts of nanoparticles (depending on N/P ratio, 100-250 µg) and 12.5 μl siRNA (250 pmol, AllStar fluorescent AF488-siRNA from Qiagen, 22 base pairs, 20 μM stock, or siERK1 (mouse) from Santa Cruz Biotechnologies) were complexed for 30 minutes in 0.1 M acetate buffer (pH=5.1) at room temperature in 1 mL total volume. The molar ratio of positively charged nitrogen (N) in the cationic DOTAP or chitosan to the negatively charged phosphorus (P) in the siRNA backbone determined the N/P ratio as described in Equation 1:

/ = (# ) (# )
(1)

Preparation and characterization of collagen scaffolds

1% w/w collagen gels were mixed with nanoparticles, siRNA, or siRNA/NLC complexes accordingly. NLCs and siRNA were allowed to complex for 30 min as described above in 0.1M acetate buffer and then were added to collagen gel forming a collagen solution to stir for at least 1 hour at room temperature. Typically 1 mL of the complexes in acetate buffer (about 250 pmol of siRNA, 100-250 µg of NLC) was used for every 10 grams of collagen gel (100 mg of lyophilized material). Collagen gels now containing nanoparticles, siRNA, or complexes were then transferred to 12 well tissue culture plates (Falcon, Corning, Boulogne-Billancourt, France) with 2 grams (wet solution) per well and were covered with a polypropylene membrane (Euroresearch, Milan, Italy) of around 22 mm diameter. Freeze drying was performed in a clean room with a V8.11 plate lyophilizer (Cryotec, Saint-Gély-du-Fesc, France).

For SEM images, collagen scaffolds were cut with a sterile razor blade into a number of small blocks and attached to aluminum stubs with a carbon tape. Samples were then sputter-coated with gold in a Balzers MED 010 unit to be observed in a JEOL JSM 6010LA electron microscope (Jeol, Croissy-sur-Seine, France). Pore sizes were measured on SEM images using ImageJ® software.

For swelling ratio measurements, collagen scaffolds (about 20 mg) were precisely weighed and soaked for 48 hours in 5 ml of phosphate-buffered saline (PBS), at room temperature (20 °C). Non-absorbed solution was removed by aspiration and wet materials dried for 3 minutes on a filter paper. Collagen samples were weighed and the swelling ratio (SR) calculated according to the following equation: SR = (Ww -Wd) / Wd in which Wd is the dry weight (i.e. lyophilized collagen prior to PBS soaking) and Ww is the resulting wet weight. 3 samples /point were measured.

siRNA/NLC release studies

Lyophilized scaffolds containing fluorescent siRNA (AllStar fluorescent AF488-SiRNA from Qiagen), NLCs, or complexes of both, were studied for their capability to release species. Passive release was studied by incubating materials (about 5-10 mg pieces) at 37°C in 1 mL 1X PBS. Supernatant samples were regularly withdrawn from incubating media and measured for fluorescence of different species using a TECAN® Infinity M1000 plate reader (Tecan, Lyon, France). Concentration was determined by previously generated calibration curves in 1X PBS buffer.

Cell Culture

NIH 3T3 murine fibroblasts were cultured in T75 flasks with oxygen-permeable cap at 37°C and 5% CO2. Cells were maintained in growth media (DMEM with 10% newborn calf serum, 1% penicillin/streptomycin, and 4 mM L-glutamine, Gibco) and split every 3-4 days to prevent crowding and cell death/phenotypic changes.

In vitro cell experiments

For cell transfection experiments, cryostructurates (20 mg) were pre-swollen in 1 mL DMEM growth media for 1 hour in each well of a 12-well plate (Falcon, Corning, Boulogne-Billancourt). Then 2x10 5 NIH 3T3 cells were added to each material in a volume of 500 µL of transfection media (growth media and OptiMEM in a 3:2 ratio).

The materials seeded with cells were left incubated for the desired amount of time at 37°C and 5% CO2. To retrieve cells from the materials, the transfection media was removed and replaced with 1 mL of DMEM growth media containing collagenase Cells were re-suspended in 1X PBS for flow cytometry analysis.

Statistical analysis

Data are presented as mean ± standard deviation. Statistical analysis was performed using the GraphPadPrism v8 software. Significance was set at the 0.05 level (oneway analysis of variance (ANOVA) test).

Results and Discussion

Formulation of NLC

Two different nanostructured lipid carriers able to efficiently complex siRNA were designed (Fig. 1). First, CS-NLC, chitosan-coated NLC, were formulated with DOTAP, DOPE, and hydrophobically modified chitosan in the particle shell [START_REF] Tezgel | Chitosan-lipid nanoparticles (CS-LNPs): Application to siRNA delivery[END_REF]. For this purpose, alkylated (C12) chitosan (either 15 kg/mol or 86 kg/mol, 2% degree of substitution as quantified by NMR) were previously synthesized and introduced in NLC formulations that were optimized after extensive study for their colloidal stability and siRNA binding ability [START_REF] Tezgel | Chitosan-lipid nanoparticles (CS-LNPs): Application to siRNA delivery[END_REF]. Optimal results for cellular uptake and ERK-1 down-regulation efficiencies were obtained with the 15 kg/mol derived polymer.

Therefore, present studies combining CS-NLC and collagen scaffold were conducted only with CS-NLC formulated with 15 kg/mol chitosan. Second, cNLC, cationic NLC, were formulated comprising PEGylated surfactant (Myrj™ s40), cationic DOTAP, and DOPE as fusogenic lipid, in the particle shell [START_REF] Bruniaux | Développement de nanoparticules lipidiques pour la délivrance de courtes séquences d'ARN interférents[END_REF]. The physicochemical characteristics of the cationic cNLC and chitosan-coated CS-NLC nanoparticles are summarized in Fig. 1. Insertion of positively charged chitosan in the particle shell increased the zeta potential (i.e., the surface charge) of the particles, which was favorable for an efficient complexation of the siRNA payload; however, particle size was increased by the polymer coating in comparison to cNLC. The ability of nanoparticles to form stable complexes with siRNA was already demonstrated using gel electrophoresis [START_REF] Bruniaux | Développement de nanoparticules lipidiques pour la délivrance de courtes séquences d'ARN interférents[END_REF][START_REF] Tezgel | Chitosan-lipid nanoparticles (CS-LNPs): Application to siRNA delivery[END_REF]. The optimal molar ratio of positively charged nitrogen (N) (cationic DOTAP or chitosan) to the negatively charged phosphorus (P) (siRNA backbone) (N/P ratio) was determined as 12 for CS-NLC, and 24 for cNLC, in our previous study. We herein loaded the cryostructurated collagen scaffolds with siRNA/NLC complexes with two different N/P ratios, 12 and 24.

siRNA-loaded collagen scaffolds

siRNA-loaded collagen scaffolds were then prepared by a freeze-drying process.

NLC/siRNA complexes (N/P ratio of 12 or 24) were loaded in collagen gels at a concentration of 50 pmol siRNA for 20 mg lyophilized material, stirred for an hour, then the final collagen cryostructurate was obtained by freeze drying. Direct loading of siRNA in collagen matrix was also used for comparison. No modification of the collagen material aspect was observed by the loading of the siRNA or siRNA/particle complexes (Fig. 2). Cryostructurate organization is dependent on both the freeze drying process and the organization of the initial collagen gel cross-linked network, which influence the growth of ice crystals [START_REF] Lozinsky | Cryostructuring of Polymeric Systems. 50. † Cryogels and Cryotropic Gel-Formation: Terms and Definitions[END_REF]. In particular, collagen scaffolds comprising NLC displayed similar structure as NLC-free freeze-dried material, with pore size of 80-100 μm, typical for such materials [START_REF] Masci | Characterization of collagen/lipid nanoparticle cryostructurates for wound healing applications[END_REF][START_REF] Offedu | Multi-scale mechanical response of freeze-dried collagen scaffolds for tissue engineering applications[END_REF]. 50-150 µm was reported as the ideal porosity for collagen dressing material to promote good diffusion of nutrients and oxygen, high water absorbing capacity of exudate fluids and blood, support mature cell type ingrowth, and provide a healthy wound-healing environment [START_REF] Masci | Ultrastructural investigation of fibroblast interaction with collagen scaffold[END_REF][START_REF] Lawrence | Cell colonization in degradable 3D porous matrices[END_REF][START_REF] Doillon | Collagen-based wound dressings: control of the pore structure and morphology[END_REF]. No modification of the material swelling ratio, reflecting their buffer absorbing abilities, was either observed (p>0.05) (Fig. 3). Collagen scaffolds were able to uptake ≈ 5 fold their weight of water, presenting very good absorbing properties in buffered salt solutions representative of biological fluids, as required for dressing applications. 

siRNA release profile

The in vitro release profile of siRNA from collagen scaffolds was measured under physiological conditions (in 1X PBS at 37°C) using a fluorescently labelled siRNA (Fig. 4). Despite similar swelling ratios, siRNA release profiles appeared significantly different for the three materials: collagen-siRNA, collagen-cNLC/siRNA, collagen-CS-NLC/siRNA. The nanoparticles helped to limit the first burst release effect which occurred for naked siRNA-loaded collagen scaffolds. siRNA complexed with cNLC and loaded into cryostructurates demonstrated a more sustained release profile than siRNA complexed with CS-NLC. No highly significant difference was observed for the different N/P ratios for both cNLC and CS-NLC (p>0.05 at 24h and 96h). The slower siRNA release observed for cNLC/siRNA collagen materials could be explained by the reduced pH-sensitivity of cNLC in comparison to CS-NLC. Chitosan is known to be pH-sensitive. CS-NLC were prepared in acetate buffer in which chitosan was in a protonated state for better solubility and siRNA complexation efficiency. After freeze-drying, collagen/CS-NLC materials were incubated in neutral 1X PBS buffer (pH 7.4) for the release study. At this neutral pH, chitosan coating could be less protonated, and present reduced ability to bind siRNA molecules and keep them in the collagen scaffold, especially over a long term. 

siRNA uptake in NIH3T3 cells

The transfection efficiency of siRNA in NIH3T3 cells cultured on collagen scaffolds was studied. DiD-loaded NLC complexed with AF488-tagged siRNA were used to probe both the cellular internalization of the NLC (using DiD fluorescence) on one side, and the siRNA internalization (using AF488 fluorescence) on the other side.

Cells were incubated on the collagen cryostructurates for different durations, then collected after 3-5 hours of scaffold digestion by collagenase, which released the cells from the materials. The collected cells were centrifuged and resuspended for flow cytometry analysis. The cellular uptake of both the siRNA cargo (AF488 labeled) and of the nanoparticle vehicle (DiD labeled) were analyzed for the different collagen materials (Fig. 5). The % positive cells indicated the number of cells containing siRNA and/or nanoparticles. The mean fluorescence intensity reflected the mean number of siRNA or the mean number of nanoparticles in the transfected cells. was performed for each sample to investigate changes over time (blue), then for each particle to evaluate the effect of the N/P ratio (brown), then among groups using siRNA or cNLC-12NP as reference (black). For clarity and sample comparison, only 144 h data comparison is indicated (when data were significantly different at time 144 h, they were also significantly different at other times). When there is no indication, data were not significantly different. p<0.05:*; p<0.005:**; p<0.0005:***; p<0.00005:****).

In vitro experiments with NIH 3T3 cells demonstrated that the release of siRNA from the collagen scaffolds was not a single event, and was accompanied by the uptake of nucleic acids into cells in contact with the collagen materials. Cellular internalization of both cNLC and CS-NLC was observed in nearly all cells (Fig. 5B), starting at early time points (24 h), with slow fluorescence decrease with time after 48 h-96 h (Fig. 5D), indicating that particles were progressively metabolized and eliminated by the cells after internalization. However, the percentage of labelled cells and the number of particles per cells were slightly lower for CS-NLC in comparison to cNLC. This could be due to the larger size of CS-NLC, that could diffuse slower in the collagen matrix to contact cells or be up taken slightly less efficiently by cells.

Fig. 5B clearly indicates that nearly all cells were transfected by NLC, whereas Fig. 5A showed that only part of the cell population was transfected by fluorescent siRNA at 24 hours. Therefore, at least a part of NLC/siRNA complexes were dissociated before or during the cellular internalization process, otherwise all cells transfected by NLC would also have been transfected by siRNA. It was previously shown by gel electrophoresis that NLC/siRNA dissociation did not occur in cell culture media [START_REF] Bruniaux | Développement de nanoparticules lipidiques pour la délivrance de courtes séquences d'ARN interférents[END_REF][START_REF] Tezgel | Chitosan-lipid nanoparticles (CS-LNPs): Application to siRNA delivery[END_REF]. Therefore the dissociation should take place during the cryostructurate preparation, or the first 24 hours of material contact with the cells. It was also previously shown, using FRET and DiI-DiD-loaded NLC, that the NLC lipid core was partially damaged (FRET reduction of about ≈ 10% and ≈ 40% for NLC of diameter 50 nm and 120 nm respectively) during the preparation of collagen/NLC cryostructurates [START_REF] Masci | Characterization of collagen/lipid nanoparticle cryostructurates for wound healing applications[END_REF]. This indicated that some particles may either leak or disintegrate during preparation, probably during the mixing step of NLC with the collagen gel [START_REF] Masci | Characterization of collagen/lipid nanoparticle cryostructurates for wound healing applications[END_REF]. In the present study, it was not possible to follow by FRET the proximity of DiD-NLC with AF488-siRNA due to the very close proximity requirement of 5 nm maximum between the two dyes for FRET, which was not possible across the nanoparticle shell. It can however be assumed, based on the results of Fig. 5, that NLC/siRNA dissociation partly occurred before the cell incubation time point of 24h and was more pronounced for CS-NLC than for cNLC. This result was also in line with faster siRNA release observed for CS-NLC/collagen scaffolds, in comparison to cNLC/collagen materials (Fig. 4).

Whereas only 20% of cells were transfected for the siRNA/collagen material at any given time of incubation (Fig. 5A), there was an increase of siRNA uptake over time for siRNA/CS-NLC/collagen materials, and more than 40% of cells were transfected for the siRNA/cNLC/collagen material. Complexation of siRNA to cationic NLC was linked with a slower release of siRNA (Fig. 4), which could allow an increased probability of the cells to be transfected, with a more pronounced effect for cNLC in comparison to CS-NLC (Fig. 5A). The mean fluorescence intensity (related to the number of siRNA/cell) was also increased for the siRNA/cNLC/collagen scaffolds in comparison to siRNA/collagen and siRNA/CS-NLC/collagen materials (Fig. 5C). The level of NLC uptake decreased with time (Fig. 5D) but the siRNA level remained mostly the same or slightly increased between 24h and 48h for CS-NLC (Fig. 5C).

This could again be indicative that some of the interactions between cationic NLC and siRNA were dissociated after 24 hours, but that the non-dissociated part improved cellular transfection, both in terms of number of transfected cells and siRNA/cell.

A slight difference was observed between the two different N/P ratios for both types of particles in terms of transfection efficiency (Fig. 5A andC): N/P ratio of 24 was optimal for cNLC, whereas a ratio of 12 was best for CS-NLC, as previously reported [START_REF] Bruniaux | Développement de nanoparticules lipidiques pour la délivrance de courtes séquences d'ARN interférents[END_REF][START_REF] Tezgel | Chitosan-lipid nanoparticles (CS-LNPs): Application to siRNA delivery[END_REF].

Therefore, it can be concluded that NLC complexation favored siRNA uptake by cells in contact with collagen scaffolds, and that nanoparticle payload (exemplified by the DiD dye) was internalized and processed in NIH3T3 fibroblasts. Particle and siRNA uptake also occurred mainly in the first 24 hours of incubation. cNLC mediated higher transfection efficiency, both in terms of number of cells and mean number of siRNA per cells, than CS-NLC.

Cytotoxicity of collagen scaffolds

Nanoparticle/siRNA loaded collagen scaffolds demonstrated minimal cytotoxicity over a 48h period (Fig. S1). siRNA/CS-NLC loaded collagen cryostructurates were slightly less toxic than siRNA/cNLC. In addition, siRNA/cNLC complexes loaded in collagen scaffolds demonstrated significantly lower cytotoxicity than cryostructurates loaded with only cNLC, which could be explained by the reduced surface charge of the nanoparticles upon complexation. Overall, all materials except for collagen/cNLC presented cell viability similar to unloaded collagen scaffolds. Cell proliferation and adhesion properties of keratinocytes and fibroblasts in collagen cyrostructurates has already been demonstrated in our previous reports [START_REF] Masci | Characterization of collagen/lipid nanoparticle cryostructurates for wound healing applications[END_REF][START_REF] Masci | Microvesicles shed from fibroblasts act as metalloproteinase carriers in a 3-D collagen matrix[END_REF][START_REF] Masci | Ultrastructural investigation of fibroblast interaction with collagen scaffold[END_REF].

ERK 1 down-regulation in NIH3T3 cells by siRNA-loaded collagen scaffolds

Collagen scaffolds loaded with siRNA, siRNA/cNLC or siRNA/CS-NLC were incubated with NIH3T3 cells for 4 and 7 days and downregulation of the ERK1 protein in the cells was analyzed by flow cytometry at the protein level. For that purpose, cells were collected after 3-5 hours of digestion of the materials by collagenase as previously described and incubated with fluorescently-labelled anti-ERK1 (K-23) antibody. After staining, cells were washed and resuspended in 1X PBS for analysis. ERK1 protein level was expressed as % of protein expression using cells incubated on siRNA-free collagen as a reference (Fig. 6). All the collagen/siRNA materials mediated a significant amount of ERK1 protein downregulation at day 4, without significant differences between groups, whereas transfection by control siRNA had no impact. At day 7, all samples except the collagen/cNLC/siRNA scaffolds recovered protein expression. Therefore, cNLC/siRNA loaded collagen scaffolds were the only materials to prolong siERK1 down-regulation. It could be hypothetized that cNLC/siRNA loaded collagen cryostructurates mediated a controlled release of siRNA to keep the ERK1 protein levels downregulated during at least 7 days. This result was in agreement with the in vitro release study (Fig. 4), because at the 4-day data point, only half of the siRNA was released from the collagen scaffolds with cNLC/siRNA. On the other hand, for the rest of the samples (siRNA only and CS-NLC/siRNA loaded scaffolds) almost 100% release was achieved at the end of the fourth day. Therefore, there seems to be a direct relationship between the release rate and the downregulation efficiency of the scaffolds.

Conclusions

In conclusion, siRNA/NLC complexes were successfully loaded in collagen gels to obtain ready-to-use cryostructurate materials using freeze drying. According to both in vitro release studies and cell transfection experiments, collagen cryostructurates loaded with siRNA/NLC complexes provided prolonged release of siRNA and higher transfection efficiency compared to the scaffolds loaded with naked siRNA. Cationic cNLC/siRNA complexes demonstrated slower release rates and higher transfection efficiencies compared to chitosan CS-NLC/siRNA complexes. The lower efficiency of CS-NLC could be explained by the pH-dependent protonation behavior of chitosan chains. However, chitosan modified nanoparticles could be more interesting in in vivo experiments since inflamed and cancer tissues feature an acidic local environment [START_REF] Greener | Proteases and pH in chronic wounds[END_REF][START_REF] Ines | Acidic tumor microenvironment in human melanoma[END_REF]. Thus, chitosan modified nanoparticles could provide extended release profiles in in vivo models. In addition, cNLC/siRNA loaded collagen cryostructurates were the only materials to achieve prolonged downregulation of the ERK1 protein for at least 7 days. These results confirm that nucleic acid/nanoparticle loaded collagen cryostructurates are promising materials to be applied to wounds to promote healing through controlling the expression of proteins involved in this complex process. 
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 1 Fig. 1. Schematic representation and physicochemical characterization of CS-NLC and cNLC particles. (Values are mean ± standard deviation of three measurements).
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 2 Fig. 2. SEM images of collagen scaffolds non-loaded (Coll) or loaded with NLC (Coll/cNLC, Coll/CS-NLC).
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 3 Fig. 3. Swelling ratios over 48h of collagen scaffolds non-loaded (control) or loaded with either free siRNA (siRNA), or nanoparticles (cNLC, CS-NLC) or nanoparticles/siRNA complexes (cNLC/siRNA, CS-NLC/siRNA), in 1X PBS at 37°C. Values are mean ±standard deviation of three measurements and were not significantly different (p>0.05).
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 4 Fig. 4. In vitro release of fluorescently labeled free siRNA (siRNA only) or siRNA complexed with either cationic (cNLC-12NP, cNLC-24NP) or chitosan (CS-NLC-12NP, CS-NLC-24NP) particles from collagen scaffolds when immersed in 1X PBS at 37°C. (3 measurements/condition; statistical analysis (ANOVA) was performed for each particle type to evaluate the effect of the N/P ratio (brown for cNLC, green for CS-NLC), then among groups using CS-NLC-24NP as reference (black). For clarity, for sample comparison, only 24 h and 144 h data comparison is indicated (similar results were obtained at other times). Non-significant (p>0.05): NS; p<0.05:*; p<0.005:**).
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 5 Fig. 5. Uptake of siRNA and NLC (cNLC or CS-NLC) by NIH 3T3 cells when incubated on the different collagen scaffolds for different durations (24h, 48h, 96h, 144h (6 days)): siRNA-collagen (SiRNA); siRNA/cNLC (N/P ratio = 12)-collagen (cNLC-12NP); siRNA/cNLC(N/P ratio = 24)-collagen (cNLC-24NP); siRNA/CS-NLC (N/P ratio = 12)-collagen (CS-NLC-12NP); siRNA/CS-NLC (N/P ratio = 24)collagen (CS-NLC-24NP). (3 measurements/condition; statistical analysis (ANOVA)
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 6 Fig. 6. Down-regulation of ERK 1 in NIH 3T3 cells when incubated on the different collagen scaffolds for 4 or 7 days: pure collagen as reference (collagen); collagen/siRNA; collagen/cNLC/SiRNA (N/P ratio = 24); collagen/CS-NLC/siRNA (N/P ratio = 12). siRNA are siERK1 or AllStar Negative control siRNA for control (siCont). (3 measurements/condition, NS: non-significant (p>0.05); *: p<0.05; **: p<0.005; ***: p<0.0005).
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