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Designing a three-dimensional alginate hydrogel by spraying method for cartilage tissue engineering

Keywords: 

Cartilage tissue engineering strategies generally result in homogeneous tissue structures with little resemblance to native zonal organization of articular cartilage. The main objective of our work concerns the buildup of complex biomaterials aimed at reconstructing biological tissue with three dimensional cells construction for mimicking cartilage architecture.

In this first step, our strategy is based on structures formation by simple and progressive spraying of mixed alginate and chondrocytes at different pressures. We report the first demonstration of spraying effect on chondrocytes inside an alginate hydrogel at short (i) and long term (ii) and the mechanical behavior of sprayed hydrogel by biomechanical tests (Plane Strain Compression Tests).

Our results indicate clearly that during the first days of culture the cells were influenced by the construction method (spraying or molding, control method) with low viability and higher production level of nitrite. From day 7, the cell behaviors become similar for both methods. Indeed after 28 days of culture, type II collagen was observed, showing the cartilage gene expression, then a similar behavior for all methods. Finally, we conclude that the mechanical performances of sprayed hydrogels was enhanced compared to controls.

We report here for the first time that it is possible to spray mixed alginate and chondrocytes with weakly damage for cells. Therefore, the sprayed hydrogel keeps not only the mechanical properties needed for cells, but also maintains the chondrocyte phenotype to induce cartilage.

Introduction

For decades, the treatment of degenerative cartilage and bone diseases has been a challenge for orthopedic surgeons due to the apparent inability of cartilage and bone to repair themselves. There is no effective therapy available, and patients can only be helped by surgical joint replacement. An inherent major concern is the limited availability of autografts, which significantly reduces the number and the type of treatable defects. One of the goals of tissue engineering is to develop tools allowing the in vitro construction and mimicking of tissue architectures. 1 The articular cartilage is characterized by an organized depth-dependent structure containing embedded chondrocytes in extracellular matrix (ECM). 2 This stratified organization can be observed at each level, i.e. ECM composition, cell morphology, cytoskeleton and cell mechanical behavior. [3][4][5] Physiological functions of the articular cartilage consist in transmitting movements and absorbing loads. Moreover, in vivo mechanical loadings stimulate different ECM synthesis by chondrocytes in order to adapt each layer to the local stress state. 3 Most approaches in cartilage tissue engineering involve capture of cells via biodegradable scaffolds in homogeneous tissue structures. 6,7 The architecture of these scaffolds, categorized into hydrogels, sponges and fibrous meshes, plays a crucial role in dictating the cellular behavior. 6 Various ways are explored for the development of 3-D scaffolds interacting with cells. 1,8,9 Different scaffolds have been used as for example as artificial extracellular matrix networks, nanofibrillar networks formed by self-assembly or hydrogel. [9][10][11][12] Recently, Hwang et al. reported the influence of biomaterial composition on the ECM production, by considering the zone in the cartilage, i.e. surface or deep zonal cells. 13 Different kinds of hydrogels have been used for technological and biomedical applications that are a very attractive technology. Their waterswelling structure leads to a time-dependent release or incorporation of water molecules in the outer environment. [START_REF] Akaike | Polymeric Biomaterials Science[END_REF][START_REF] Knoll | [END_REF][16][17] Alginate hydrogel is a polymer largely employed for it is very easy to use in cartilage engineering. 18,19 However, few investigations considered the organization of cartilage as a basis for the development of the stratified tissue engineering. 7,20,21 From this viewpoint, complex 3-D structures of cartilage can a priori be built layer by layer using a large number of different components, including hydrogel with various cell types, drugs, proteins, peptides or DNA. [22][23][24][25][26][27][28][29][30][31][32][33][34][35][36][37] However, up to now, few methodologies efficiently synthesizing stratified structures including viable specific cells interacting with a biofunctionalized environment has been proposed. Recent research has focused on cell sheet engineering, showing that the grown sheets may be easily extracted to obtain a subsequent tissue. 38 Recently, Matsusaki et al. have described the fabrication of cellular multilayers in a step-by-step process where cell sheets were alternated with polyelectrolyte layersthese later playing the role of nanometer-sized extracellular matrix. 39 However several limits rise from these techniques: complicated handling or lengthy constructions to mention only two of them. This is why, for future research, there is need to develop cellular active stratified materials.

An easily applicable technique that is able to deposit multiple cell types in 3-D without overt cellular damage is probably cell spraying. 40 Indeed, this deposition method has been previously used to spray keratinocytes on wounded skin to accelerate healing, 41 melanocytes to restore skin color, 42 bladder urothelial and smooth muscle cells to reconstitute colon segments. 43 We report here another approach based on the spraying of different elements of the extracellular matrix and cells in order to form a highly functionalized and structured biomaterial. The proposed way will allow the control from the surface to the in-depth of the distribution of the different needed elements (matrix and cells). Recently, we have reported the spray formation of complex 3D multilayers, composed of alternating calcium-alginate gel domains containing cells and the multilayered polyelectrolyte film, containing active molecules as a reservoir for cells. 34 The sprayed mixed alginate gel and cells have been characterized by using not only fibroblastic cells as a model but also melanocytes. We have also shown that these sprayed cells remain still active and are able to express active receptors. 34 Our ultimate objective is to develop a new concept fundamentally based on the feasibility of building up organized construction respecting specific cell zones, 13,20,44,45 by spraying layer by layer each zone of the cartilage alternatively with polyelectrolyte to weld layers. By using this new approach, we can correlate each sprayed zonal material with different mechanical properties to induce different chondrocyte phenotype of stratified cartilage tissue. First, we have to adapt this new technology for the cartilage tissue engineering which needs a thick scaffold to repair the whole depth of cartilage instead of the actual scaffold done with this concept.

Thus, we constructed a 3D alginate hydrogel containing chondrocytes by simple and progressive spraying method. The aim of the present study was to evaluate this new approach on the mechanical and cellular level.

Material and methods

Cell isolation and culture

Chondrocytes were isolated enzymatically from the femoral head of male Wistar rats (10 weeks old) (Charles River, France). The maintenance and care of the experimental rats were in accordance with the guidelines of the NIH. In brief, cartilage tissue was digested in pronase at 2 mg mL -1 (Sigma, France) in a 0.9% NaCl solution supplemented with Penicillin at 10 U mL -1 /Streptomycin at 100 μg mL -1 (P/S) and Amphotericin B (Amp) at 2.5 μg mL -1 (Gibco, France). Then, cartilage was digested overnight in a collagenase B solution of 2 mg mL -1 (Roche Applied Science, USA) in Dulbecco's Modified Eagles Medium (DMEM) without phenol red supplemented (Gibco, France) with P/S and Amp. The supernatant was centrifuged and cells were seeded at 13300 cells cm -2 with complete medium (DMEM-F12 supplemented with 10% Fetal Bovine Serum (Gibco, France), P/S, Amp and 2 mM of Glutamine (Sigma, France)) in T-flasks treated by plasma for cells adhesion (BD Falcon, France). Chondrocytes were cultivated up to passage 1 (P1) and embedded in 1.5% alginate gel in P2.

Alginate gel preparation with or without cells (Fig. 1.a)

In this study, we used two methods for alginate gel construction. The objective was to test not only the behavior of cells embedded in these hydrogels but also their capacity to resist to compression stress.

-Cells embedded in alginate solution: Cells were seeded at 2.10 6 cells mL -1 in 1.5% sodium alginate solution (w/v in 0.9% NaCl solution, medium viscosity, Sigma, France) to have an alginate cellular suspension.

-Molding construction: The first type of construction was composed of sterile 1.5% alginate gel or cellular suspension injected into a mold. This approach is often used in cartilage bioengineering. 46,47 1.5-2 mL of sterile 1.5% sodium alginate solution are injected into molds (thickness = 1.5 mm, diameter = 25 mm; Bern, Switzerland). 46 Then, molds were placed horizontally in a petri dish and alginate suspension gelled when the CaCl 2 solution (102 mM) was added.

-Spraying construction: The second type of construction was based on the innovative process consisting in spraying 10 mL of 1.5% sodium alginate solution with or without cells. The spraying system was constituted by an airbrush working with a compressor, 48 to induce spraying pressure being equal to 0.9 or 1.2 bar. The spraying bottle containing the alginate solution or cellular suspension in alginate was connected to the airbrush, and then solution was sprayed on a sterile glass plate. The gelling phase was realized by deeping quickly and horizontally the glass plate with the alginate gel in a bath of 102 mM CaCl 2 solution.

After 15min of gelation, whatever the process, biomaterials were washed twice with a 0.9% NaCl solution before being cut with a biopsy punch (5 mm diameter, Stiefel). Cylinders (with cells) were obtained for biological experiments and cultured during 14 or 28 days (Fig. 1.b) in a 48-wellplate, with complete medium supplemented by 1 mM of CaCl 2 to avoid hydrogel dissolution. The medium was changed twice in a week. Gels without cell were kept at +4°C before mechanical testing. 

Mechanical behavior of alginate gels

In this study, the biomaterials were built up in the form of thin sheets, which makes the use of traditional mechanical tests inadequate. Indeed, in the present case, the compression of cylindrical specimens of small dimensions (e.g. 1.4 mm of height and 2 mm of diameter, prepared from initial sheets of 1.4 mm of thickness) involves a maximum volume of matter of 4.4 mm 3 . This leads to a problem of precision in the evaluation of the mechanical parameters, in particular the stress response. Indeed, most of the mechanical procedures used for the characterization of alginate are based on relaxation and compression creep tests in small strains, performed under quasi-static or dynamic (cyclic) condition. For more details on the rheological models developed specifically for alginate, one may refer to the review by Moresi et al. (considering relaxation, creep and complex properties in dynamic straining), or by Nussinovitch et al. (using modified Maxwell model). 49,50 Our idea consisted in carrying out specific tests to characterize volumes of matter much more significant than for the uniaxial compression tests (approximately 6 times more, i.e. 157 mm 3 ).

In fact, the Plane Strain Compression test, (PSC test), or the Watts-Ford test, usually used in metal forming and tribological simulation, was performed on 1.5% alginate gels, by either injection into mold (M) or spray (S), (see Fig. 2). Here the test consists in flattening an alginate strip (thickness 2h 0 ) between two parallel anvils (width 2a). The PSC test becomes useful when the sheet specimens are too thin and soft for a classical tensile test or for uniaxial compression. Moreover, it can give stress-strain curves up to considerably higher strains than tensile tests.

The lower anvil remained fixed, whereas the higher one is animated by a translation movement, δ(t), at controlled speed, , varying in the range 0.1 -6 mm min -1 . From a mechanical point of view, it is well known that the generated plane strain state in such tests may be described using the corresponding equivalent Von Mises strain. 51,52 During the test, a load cell gives the force response F(t) as a function of the displacement δ(t). From a classical modeling of the plastic deformation in the PSC test, it is also reported, 51 that the equivalent Von Mises stress, , and strain, ,may be written as δ δ where h 0 , L 0 , , are the initial thickness, the initial length and the friction factor, respectively.

All the PSC tests were carried out under isothermal condition (+20°C), and with negligible friction effect (estimated at = 0.05).

In this approach, the two alginate hydrogels making methods are tested and compared: spray at 0.9bar (S) vs. molding (M). The parameters which were taken into consideration were: alginate viscosity (µ = 45-60 mPa.s), time of polymerization (15 min), conservation conditions (constant temperature +4°C, medium composition NaCl 0.9% + 10 mM CaCl 2 ). The sprayed specimens, of mean sizes L 0 = 28 mm and 2h 0 = 1.47±0.1 mm, were cut from circular plates of 80 mm of diameter. The molded samples, of diameter 25 mm and thickness 1.62±0.19 mm, were obtained by using directly the stainless steel mould as described previously.

The experimental stress-strain responses, obtained from 48 specimens (i.e. 24 for each process, and 6 per strain-rate level) provided at the same time the effect of preparation methods and of the strain-rate sensitivity. 

Viability, apoptosis and necrosis analysis

Apoptosis and necrosis of cells were analyzed by flow cytometry using the Vybrant/Apoptosis™ kit based on Annexin V/Propidium Iodide staining procedure (Molecular Probes, France). Cells were taken off from alginate hydrogel by dissolution in 55 mM sodium citrate and 50 mM EDTA after 3, 7 and 14 days. After centrifugation (320g, 5 min), cells were suspended in 100 µL of 1X Annexin-liant buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 , pH 7.4) with 2.5 µL of Annexin V-Alexa 488 and 1 µL of Propidium Iodide (PI, 100 µg mL -1 ), for 15 min at room temperature. After incubation, 200 µL of 1X Annexin V buffer were added to each sample. Then, cells were analyzed by the measurement of fluorescence emission at 530 nm and 575 nm, respectively for Alexa 488 and PI, with EPICS XL flow cytometer (Beckman Coulter). For all analyses, at least 5000 events were analyzed.

Measurement of Nitrite production

The basal nitrite (NO) production was measured as the amount of nitrite accumulated in the supernatants of cell culture when chondrocytes were embedded into the sprayed alginate biomaterial (0.9 and 1.2 bar). The Griess Reagent Kit (Molecular Probes, France) for NO determination was used to analyze nitrite amount after 1, 3, 5, 7, 10 and 14 days of culture. For each analyzed time point, supernatant of samples was centrifuged (5 min, 11 000g). The supernatant was then recovered and frozen at -20°C up to dosage. 150 µL of tested samples were added to 130 µL of deionized water in a 96-well-plate. A standard curve was drawn with 8 samples, ranging from 0.78 µM to 100 µM. Then, 20 µL of Griess reagent were added to samples which were incubated for 30 min. The absorbance was read at 548 nm with a spectrophotometer (Varioskan Flash, Thermo Scientific). Results were standardized with the quantity of DNA present in each biomaterial.

DNA content

Total DNA was determined by fluorimetric quantification. Chondrocytes were separated from alginate by dissolving the alginate buildup in 55 mM sodium citrate and 50 mM EDTA, pH 6.8. Total cellular DNA in the remaining part of sample digests was determined using Hoechst dye 33258 (Interchim, France). Calf thymus DNA in a solution of Phosphate Buffer Saline (PBS) was used for the preparation of the calibration curve, ranging from 0 to 0.5 µg mL -1 . Aliquots (standards or samples) were homogenized with 100 µL of Hoechst buffer (10 mM Tris, 0.1 mM NaCl at pH = 7.4), then 4 cycles of freezing (-80°C) and thawing (+37°C) were performed to lyse cells. Lastly, DNA solutions were mixed with 2 mL of 100 ng mL -1 Hoechst 33258 fluorescent dye solution (Invitrogen, France) and read at excitation wavelength 356 nm, emission wavelength 458 nm with the spectrophotometer.

Cells distribution and type I and II collagen expression

After 3 and 14 days of culture, actin was labeled with Alexa Fluor 488 Phalloïdin (Invitrogen, France) to analyze both, cell repartition in the alginate 3D structure and in monolayer culture, and cytoskeleton morphology. First, samples were washed with PBS then fixed with 1% paraformaldehyde solution (Sigma, France). After cells permeabilization with 0.1% Triton X-100 solution (Sigma, France), Alexa Fluor 488 Phalloïdin is incubated for 20 min with samples. Finally, the samples were washed twice with DMEM without phenol red.

After 28 days, type I and II collagen synthesized by cells were analyzed by indirect immunofluorescence staining. Briefly, samples were washed three times with PBS, and then blocked with 0.5% bovine serum albumin (BSA) in DMEM without phenol red (named blocking solution) for 15 min. Specimens were incubated for 45 min with rabbit anti-rat type I or II collagen polyclonal antibodies (Calbiochem, France). After washing with blocking solution, samples were incubated (45 min) in the dark with secondary antibodies: a goat anti-rabbit IgG Alexa Fluor 488 (Molecular Probes, Netherland). After two washes, cylinders were fixed with 1% paraformaldehyde solution.

For all labelings, Alexa Fluor 488 fluorescence emission was detected using Confocal Laser Scanning Microscopy (CLSM). For the image series, a Leica TCS SP2 equipped with an acoustooptical beamsplitter (AOBS) was used. Excitation was achieved by the 488 nm line from an Argon laser for Alexa Fluo 488 labeling. All photomultipliers used were adjusted to the same sensitivity (gain/offset).

Total collagen synthesis

Alginate scaffolds were fixed in 4% paraformaldehyde in 100 mM sodium cacodylate containing 10 mM CaCl 2 at pH 7.4 during 4 hours and then washed overnight in 100 mM sodium cacodylate and 50 mM BaCl 2 buffer at pH 7.4 (the latter to irreversibly crosslink the alginate matrix). The scaffolds were dehydrated through a series of ethanol concentrations, cleared with toluene and embedded in paraffin wax. Sections were cut at a thickness of 5 µm using a sledge microtome and mounted on to glass slides. For histological examination, the sections were stained using Sirius red for collagen content. The observation of Sirius red in polarized light microscopy showed collagen organization inside the matrix.

Statistical analysis

All data are presented as means ± standard error means (SEM) of three independent experiments. A second way ANOVA was used to determine if significant differences existed for the mixedpopulation experiment. A p-value less than 0.05 was considered significant for the ANOVAs. If significance existed, a post-hoc analysis was performed using the Tukey's multiple comparison tests to evaluate significance for all experiments.

Results and Discussion

Chondrocytes viability, distribution and nitrite production a-Cell viability and nitrite production

Chondrocytes viability in sprayed gels was checked on a regular basis at different pressures, and was compared to cell viability in molded gels (Fig. 3a). The results indicated clearly that during the 3 first days of culture, the viability of sprayed cells was significantly smaller at 0.9 and 1.2 bar than for the molded cells (respectively p<0.01, p<0.001). After 3 days of culture, cell viability was increased (>95%), whatever the pressure. Moreover, only necrotic cells were distinguish from apoptotic ones (<1%) of death cells (data not shown).

It is well known that NO (nitrite) is highly produced by chondrocytes from OA-derived cartilage and that this is one of the molecules that triggers chondrocytes apoptosis and cartilage breakdown via activating matrix metalloproteinase activity. 53 Thus, nitrite production could be considered as an indicator of the stress felt by chondrocytes. Therefore, we analyzed the daily nitrite production of sprayed (0.9 and 1.2 bar) and molded cells (Fig. 3b). It appeared that the daily nitrite production increased up to 3 days in the supernatants of engineered scaffolds, especially those of sprayed cells. After 3 days of culture, this production decreased and became homogeneous whatever scaffolds. Jeffrey et al. have shown that when chondrocytes were submitted to impact, their viability decreased with the increase of the impact energy. 54 If we consider the alginate hydrogel as an incompressible fluid, with the same spray angle, we could apply the Bernouilli equation. In this condition, energy is directly proportional to spray pressure. Indeed, between 0.9 and 1.2 bar, the impact energy of sprayed cells on glass plate increased of 33%. We can then suppose that, for pressures higher than 0.9 bar, the impact of cells on the support was caused injury and explained nitrite production during the first time of culture and caused cells death observed with necrotic cells. After 3 days of culture, it seems that cells were adapted to their environment without any detectable damage. These results clearly indicate that more than 80% of sprayed cells are still active and this method is weakly injurious compared to the control one. Cell distribution in sprayed gel has been examined by confocal microscopy, (Fig. 3c). The results revealed clearly that for spraying at 1.2 bar, cell distribution was less homogeneous than for the molded cells. It may be due to the disappearance of dead cells (cf. §3.1.a, 20% of dead cells from D0 to D3 in sprayed gel at 1.2 bar). The cell distribution was also examined for spraying at 0.9 bar and revealed that at this pressure, chondrocytes distribution was as for molded cells.

b-Chondrocytes distribution in alginate hydrogel and actin distribution

To understand better sprayed cells behavior, we also analyzed the organization of F-actin filaments. As a checking, we have analyzed the organization of actin during monolayer expansion (Fig. 4g). In this kind of culture, chondrocytes have a fibroblastic-like shape and their width dimension was greater than that of chondrocytes in 3D culture. Actin formed stress fibers predominantly located just beneath the cell membrane where the cells attached to the culture well substrate. Monolayer culture induces cell dedifferentiation into fibroblast-like cells which results in serious alterations in cytoskeleton architecture (Fig. 4g). In 3D system, on D3, chondrocytes had a spheroid shape and instead of stress fibers, actin adopted a punctuated organization and was distributed even beneath the cell membrane for sprayed mixed cells and hydrogel (Fig. 4c,4e). However, in molded construction, the actin seems to be more diffused (Fig. 4a). On D14, we observed an identical actin distribution, whatever scaffold, with a punctuate cytoskeleton. Recently, Kino-oka et al, 55 reported the suppression of chondrocytes dedifferentiation through the disruption of the actin cytoskeleton which caused the punctuate F-Actin. These authors have also shown that this cytoskeleton disruption in round shaped cells facilitates the formation of collagen type II specific to chondrocyte and cartilage. As type II collagen protein expression is the definitive indicator of the chondrogenic phenotype, we have analyzed the presence of this kind of collagen thanks to the sprayed cells expression in alginate hydrogel, after 28 days of culture. Type I collagen, a chondrocyte dedifferentiation indicator, and total collagen were also observed (Fig. 5). First, it appeared that total collagen synthesis and especially types I and II collagen was exclusively pericellular whatever the construction methods and sprayed pressure (Fig. 5). On the one hand, in molded hydrogels and sprayed ones at 0.9 bar, types I and II collagen were observed in this pericellular space. On the other hand, in sprayed hydrogels at 1.2 bar, type I was mainly observed (Fig. 5f and5i). Moreover, we could also observe that sprayed constructions showed variation of height between 0.9 and 1.2 bar (1.47±0.1 mm and 0.977±0.17 mm, respectively; Fig. 5b and5c). Previously, we reported the need to build thick scaffold for cartilage tissue engineering. Shepherd DE et al. shown that ankles and knees had a mean cartilage thickness in the ranges 1.0 to 1.62 mm and 1.69 to 2.55 mm respectively, while hips had a mean cartilage thickness in the range 1.35 to 2.0 mm. 56 The 1.2 bar pressure does not enable us to obtain this kind of thickness. By considering the type of collagen synthesized as well as the thickness which can be obtained, this kind of pressure will be excluded from the rest of our study.

Long term chondrocyte behavior between different construction methods

Finally, mechanical properties of molded and sprayed alginate hydrogel (sprayed at 0.9 bar) without cells were evaluated to research if sprayed constructions are relevant for cartilage tissue engineering. 

Influence of the method on the mechanical behavior of the biomaterials

We further analyzed the mechanical properties of both sprayed and molded gel under quasi-static conditions. Thus, PSC tests have been performed for different experimental conditions: variable strain rates for the two preparation processes, (Fig. 6). The tridimensional stress state involved in the PSC test is closer to the true conditions observed in vivo than in the uniaxial compression test. In addition, this type of test allows exploring a wide range of deformations without any instability, as mentioned previously. Indeed, the strain range extends up to 80%, which largely contains the strain levels observed in vivo (12% maximum). 57 Fig. 6 does not only show the continuous increase of the equivalent strain-stress responses up to rupture, but it also shows a strain-rate dependence of the alginate hydrogels. One notice that the stress response was significantly higher for sprayed (S) specimens than for molded ones (M) whatever the controlled velocity (0.1, 0.6 and 6 mm min -1 , Fig. 6a, b and d respectively). For example, at an equivalent strain, = 0.5 and a velocity = 0.6 mm min -1 , the equivalent stress was approximately 50 kPa for S specimens and 18 kPa for the M ones (Fig 6b). However at 2 mm min -1 , the stress seems to follow the same evolution for the two compared methods (Fig 6c). Furthermore, the influence of the preparation method of the alginate hydrogel can be more clearly illustrated by the stress-strain curves as a function of the strain rate, at different compression displacements (Fig. 7a, b andc for δ(t) = 0.3, 0.5 and 0.7 mm respectively). Moreover, as mechanical behavior depends on the compression stress and specimens thickness, we choose to represent strain rate, to avoid differences due to this parameters. For each compression displacement, δ(t), the equivalent stress values were higher for S (continuous lines) than for M (discontinuous lines). At a fixed level of , values for increased with δ(t), and on the other hand, for the same δ(t), increased with up to a strain-rate = 0.025 s -1 then decreased. So, for S gel specimens tested at δ(t) = 0.5 mm, increased from 44.7 kPa to 72.2 kPa up to = 0.025 s -1 , and then decreased to 41.8 kPa. The same strain-rate effect was observed for the M specimens.

The physical interpretation of this phenomenon is not yet clearly elucidated. This particular configuration is sensitive to friction at the surface of the specimens, but limited thanks to the use of smooth anvils and to the high water content of this scaffold. Let us note however, that this high strain-rate of 0.079 s -1 could roughly correspond to the case of a violent impact on the articular cartilage, at the level of the knee, as in the case of a jump from a chair, according to Eckstein. 57 From this viewpoint, the biomaterial behavior could be described as viscoplastic for large strains. The alginate mechanical behavior was analyzed taking into account morphology, distribution and interaction of alginate molecular chain. 58 However, despite this last point, the stress performances of the sprayed biomaterials (at a pressure of 0.9 bar) are higher than for the molded ones. This report is checked whatever the strain rate and the level of deformation. Moreover, the range of the observed stress amplitude is in accordance with what other authors have found about this kind of biomaterials, (Table 1). 58,59 Moreover, the stress-strain curves have the same appearance, but with a strain of 50% at failure at 120 mm min -1 , against 80% at 6 mm min -1 for our results. Table 1 enables us to compare our mechanical results with those of Mancini et al. and Moresi et al., obtained on the same sodium alginate (medium viscosity from Sigma), but in nonpressure-sealed conditions (non-autoclaved). 58,59 Note that non-autoclaved sodium alginates have a higher viscosity than the autoclaved ones (data not shown). . The results were expressed in means ± SEM (n = 10 for each strain-rate level). 

Conclusion:

We have shown that chondrocytes seeded in sodium alginate hydrogel may produce a buildup of sprayed biomaterials in vitro and lead to the reconstruction of a biological tissue. We report here the first demonstration of sprayed mixed alginate hydrogel and chondrocytes without damage for cells during long term culture. We demonstrated clearly, that the sprayed biomaterial (at 0.9 bar) does not only keep the mechanical properties needed for cells, but also maintains the chondrocyte phenotype and the capacity to induce cartilage. This original strategy could be used to design new stratified engineered tissues through progressive cells and hydrogel, spraying alternate with polyelectrolyte to weld layers-which is unrealizable with the molding method. This spraying process contributes to form a highly functional and structured biomaterial able to maintain chondrocyte phenotype for cartilage regeneration.

Figure 1 .

 1 Figure 1. Schematic illustration of construction methods used (a) and experiments realized during the study (b).

Figure 2 .

 2 Figure 2. Schematic illustration of Plane Strain Compression test (PSC test) at velocity , with L 0 , the initial length, 2h 0 , the initial thickness and 2a the width.

Figure 3 .

 3 Figure 3. Effect of manufacturing process on mixed chondrocytes alginate hydrogel. Construction methods effect on viability of molded or sprayed (M, S) chondrocyte (a). The viability of sprayed (S) mixed chondrocytes and alginate was followed according to pressure and time of culture. The molded (M) chondrocytes and alginate was used as a control. Nitrite production was analyzed during a certain time (1, 3, 7, and 14 days of culture) on sprayed mixed chondrocyte and alginate at 0.9 and 1.2 bar of pressure and molded ones (b). All results were expressed in means ± SEM, *p<0.05, **p<0.01, ***p<0.001, D1 vs Dx. The cells distribution was observed by confocal visualization of actin after 3 days of culture in sprayed mixed Chondrocytes and alginate at 0.9, 1.2 bar or molded into the alginate gel as a control with more homogeneous distribution (c) (Leica SP2-AOBS, Obj X40, NO = 0.8).

Figure 4 .

 4 Figure 4. Confocal visualization of filamentous actin (F actin) distribution in chondrocytes during 3D (a to f) or monolayer culture (g, scale = 15 µm) culture. Actin visualization is observed, after 3 and 14 days of in 3D culture: molded chondrocytes into the alginate as a control (a, b) or sprayed mixed chondrocytes and alginate at 0.9 bar (c, d) or 1.2 bar (e, f) (Leica SP2-AOBS, Obj X40, NO=0.8).

Fig 4 .

 4 Fig 4.

Figure 5 .

 5 Figure 5. Collagen synthesis in alginate hydrogel constructs. Histological staining (red Sirius) allowed observing total collagen synthesis (a, b, c). Confocal microscopy visualization of types I and II collagen synthesized by sprayed mixed chondrocytes and alginate at 0.9 and 1.2 bar or molded ones (d to i), after 28 days of culture. Scale bars represent 100 µm for a, b, c images, and 15 µm for the fluorescent images.

Figure 6 .

 6 Figure 6. Mechanical behavior of sprayed and molded alginate hydrogels at different velocity. Plane Strain Compression Test (PSC test) was performed on several calcium gelled alginate hydrogel (1.5%) to obtain equivalent stress as a function of equivalent strain. Sprayed alginate was represented by continuous lines and molded alginate was represented by discontinuous lines, at different controlled velocity: 0.1 mm min -1

Figure 7 .

 7 Figure7. Stress response as a function of the compression displacement: 0.3 mm (a), 0.5 mm (b) and 0.7 mm (c) for sprayed (continuous lines) or molded alginate hydrogel (discontinuous lines). For all compression displacements, the maximal equivalent stress corresponds to a controlled strain-rate 0.023 s -1 at 2 mm min -1

  

Table 1 .

 1 Mechanical properties of sodium alginate gel (medium viscosity, Sigma) in different studies.

	Study			Type of mechanical test	Gel alginate (% w/v)	Stress at failure (kPa)	Strain at failure	Dimensions of the specimens (mm)
	Mancini et al.	58	uniaxial compression test at strain-rate 0.08 s -1 (cylindrical specimens) non autoclaved	1.50	σ engineering : 201.3 ±0.2 σ true : 312	ε engineering : ±0.01 0.55 ε true : 0.44	±0.10 H 0 =24.7 D 0 =23.4
				confined compression test			
	Moresi et al.	59	at strain-rate 0.08 s (cylindrical specimens) non -1	1.25 σ true : 76.3 ±2	±0.01 ε true : 0.83	H 0 =25 D 0 =25
				autoclaved			
				plane strain compressive			
	Present work	tests at strain-rate 0.069 s (sprayed plane specimens) -1	1.50 σ true : 100 ±20	±0.20 ε true : 0.80	2h 0 =1.47 L 0 =28	±0.10
				autoclaved			
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