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In the last few decades, the key importance of the human environmental footprint on the various ecosystems of the planet has slowly made its way into the collective consciousness. From this awareness, various initiatives have emerged for pollution monitoring, prevention and remediation, from individual actions to international consensus. Soil pollution is especially concerning due to the various pathways through which it can lead to bioaccumulation (leaching into ground water, accumulation in plants and microorganisms etc…) and ultimately impact all livings beings on Earth. In addition soils are particularly difficult to manage, compared for instance to waters: while ex situ approaches raise important logistical issues and can be highly disturbing for the local ecosystems, in situ treatments face the intrinsic complexity of solid yet highly dynamic media. Bioremediation is Nature's response to pollution of a given ecosystem. It consists in the accumulation or degradation of contaminants by living organisms, including plants, but also animals (such as insects or earthworms) or diverse microorganisms (both eukaryotic, i.e. fungi or prokaryotic, i.e. bacteria). The natural response of a polluted ecosystem (bioattenuation) may however not always be efficient enough to provide total or quick enough restauration of the soil's original condition. In this case two main strategies have been devised to support the natural recovery of the considered environment [START_REF] Adams | Biostimulation and Bioaugmention: A Review[END_REF][START_REF] Juwarkar | A comprehensive overview of elements in bioremediation[END_REF] . Biostimulation requires the amendment of the soil with various nutrients to enhance the endogenous degradation activity. This approach is however limited by the composition of the local biological population. Alternatively, bioaugmentation consists in the introduction of exogenous organisms to provide the soil with the necessary remediation capabilities. This approach may be very efficient to degrade the targeted contaminants, but raises the question of the introduction of exogenous organisms which may responsible for severe unbalances in the original ecosystem. Regardless of the bioremediation approach, a limit to the use of living organisms is their sensitivity to their immediate environment. As a result the physico-chemical properties of the considered soil (for instance concentrations in contaminants or co-contaminants, pH, salinity, temperature etc…) may be deleterious to the viability of species relevant to bioremediation. One way to limit the impact of the microorganisms' direct environment is to design immobilization matrices capable of hosting and protecting living cells. This approach has in particular been used for the design of bioactive materials for applications in environmental science [START_REF] Cassidy | Environmental applications of immobilized microbial cells: A review[END_REF] . Immobilization of organisms within an appropriate matrix can indeed provide valuable protection against detrimental physico-chemical conditions. In addition such entrapment can be a way to limit dispersion of exogenous organisms within a given ecosystem, thus preventing possible biological disequilibria. But the design of an ideal encapsulating matrix for organisms with bioremediation capabilities is a challenge on several levels. The two main objectives of bioremediation approaches based on encapsulated cells are the efficiency of the depollution process and the confinement of the exogenous microorganisms within the matrix. These two apparently simple objectives are actually influenced by a wide range of interrelated parameters (see Figure 1). Some of these are dependent on the characteristics of the polluted site (type of soil, temperature, physico-chemical properties of the soil but also nature of the contaminant) but part of them are related to the cellularized material itself. The device can be seen as the association of a functional unit (the encapsulated metabolically active microorganism) and of a structural part (the encapsulation matrix itself). The efficiency of the depollution process is primarily dependent on the metabolic activity of the entrapped microorganisms, but the structure of the matrix can also be crucial since it is likely to modify the diffusion rates of the substrates and therefore the depollution kinetics. Both functional and structural points of view must therefore be taken in account in the design of an efficient depollution device. Control of these aspects can be achieved through two inter-dependent routes. The composition of the encapsulation matrix must first be selected so as to be non-cytotoxic towards the encapsulated organisms, as well as, on a larger time and space scale, towards the whole considered ecosystem. The nature of the constituents of the matrix must also be chosen to ensure structural stability during the residency of the material in soil, as a way to prevent leaching of the entrapped exogenous organisms. These choices can however not be separated from material engineering aspects and, especially, the matrix shaping process that must also be compatible with encapsulation of living organisms. Regarding the matrix composition, the literature has highlighted the interest of biopolymers as encapsulating matrices [START_REF] Lim | Microencapsulated Islets as Bioartificial Endocrine Pancreas[END_REF][START_REF] Gasperini | Natural polymers for the microencapsulation of cells[END_REF] . These polymers are usually found in organisms as part of the extracellular matrix or directly within the cell walls. As a result most of them are highly cytocompatible, which is a key feature when considering cell encapsulation. This cytocompatibility is however often accompanied by biodegradability, which may be a valuable advantage for biomedical applications, but could be problematic regarding the stability of a matrix supposed to prevent cell leaching. One way to tune the mechanical properties of a matrix, while preserving part or all of its chemical functionalities is the use of hybrid or composites materials. As a result biopolymer-inorganic hybrid and more specifically biopolymer-silica hybrid and composites have been widely used for cell and microorganism encapsulation [START_REF] Coradin | Silica-alginate composites for microencapsulation[END_REF][START_REF] Léonard | Whole-cell based hybrid materials for green energy production, environmental remediation and smart cell-therapy[END_REF] , and could be especially useful for bioremediation approaches [START_REF] Chen | Decolorization of azo dye by immobilized Pseudomonas luteola entrapped in alginate-silicate sol-gel beads[END_REF] . From the structural point of view, matrices can adopt various shapes and structures. In the targeted application, elaboration of a porous material could provide valuable advantages regarding substrate diffusion. Ice-templating can be used for shaping a wide range of compounds (from ceramics to polymers) to yield lots of different pores morphology, including well controlled and tunable oriented pores. Such a porosity could be useful in facilitating substrate transport via capillary phenomena. In addition, the efficiency of freezecasting for physical entrapment of living organisms and preservation of their metabolic activity has been demonstrated in several materials [START_REF] Soltmann | Utilization of sol-gel ceramics for the immobilization of living microorganisms[END_REF][START_REF] Gutiérrez | Hydrogel scaffolds with immobilized bacteria for 3D cultures[END_REF] . Based on a literature survey presented in Chapter I, we hypothesized in this PhD work that cellularized biopolymer-silica hybrid porous materials obtained by freeze-casting, a specific well-controlled and easily-tunable ice-templating technique, could prove very efficient in soil bioremediation processes (see Figure 2). Our approach was based on the preparation of these materials in a two-step process:

1. encapsulation of the chosen microorganisms within a biopolymer porous structure through freeze-casting and subsequent lyophilization.

Biopolymer Inorganic moeity
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Non-toxic by products 2. coating of the cellularized biopolymer scaffold with a silica layer using sol-gel chemistry. Each of these steps had to be adapted to the nature of the compounds to ensure both control over the material morphology and compatibility with cell survival. The strategy we adopted to pinpoint parameters relevant for the control of structural and functional properties of the materials was to first develop the shaping strategy in absence of cells, but keeping in mind its implication for cell encapsulation (see Figure 3). Freeze-casting of pectin foams was first investigated to identify the relevant parameters in the design of unidirectional porous foams (Chapter II). Sol-gel silica deposition using vapor phase precursor was then developed to yield a pectin-silica core-shell structure for the pore walls and gain control over the silica layer characteristics. The stability of such material was then evaluated in a reference soil (Chapter III). Once the key parameters regarding the material's structure were identified, the process was applied to the encapsulation of model microorganisms to explore their influence on the material functionality. Adjustments of the process were implemented to ensure good cell compatibility while keeping control over the structural aspects (Chapter IV). Finally, optimization of the biopolymer nature, silicification process and cell type allowed for the successful evaluation of the depollution capabilities of the cellularized biopolymer-hybrid porous material in a real soil (Chapter V). Soil is a key component in the behavior and equilibrium of various ecosystems. It is at the root of chains and interactions between the various living organisms of these complex systems. Physical or chemical degradation of a given soil may have a wide range of negative consequences [START_REF] Gros | Fonctionnement et qualité des sols soumis à des perturbations physiques et chimiques d'origine anthropique : réponses du sol , de la flore et de la microflore bactérienne tellurique[END_REF] , directly on the local fauna and flora, but also indirectly on human health through different pathways including food and water consumption. As a result monitoring and protection of this precious resource is essential. In several cases however soils may be damaged by anthropic activities but also in some occurrences through natural phenomena. It is then essential to try to restore the considered ecosystem to its original state, concerning the physico-chemical composition of the soil but also regarding the endogenous microbial population. The notion of soil quality may be difficult to restrain to one set of physical or chemical characteristics, since soils are actually a set of interactions, fluxes and processes which may vary both in time (seasons) and space (depth). The soil condition may however be described by chemical (inorganic composition, nutrients, total organic content), physical (texture, erosion) and biological characteristics (microbial population).

The notion of pollution can be defined as the presence of an imbalance due to the prevalence of specific compounds. Rehabilitation of a polluted soil usually requires removal or degradation of the considered contaminant and return to the initial ecosystem equilibrium. This notion is however not as simple as it may initially appear, since a wide variety of phenomena may result in the displacement, immobilization or degradation of a target compound.

In addition, sources and types of pollutants are extremely diverse and polluted sites often simultaneously contain different types of pollutant. In addition, as was mentioned earlier, each soil is complex and unique ecosystem, which implies that any depollution process must be preceded by a careful analysis and characterization of the considered site.

I.1.a.i Common pollutants

Sources of contaminations are extremely diverse, but some classes of pollutants are especially widely used. They may be separated based on their chemical structure, their main sources and uses or even depending on their introduction pathways. The different categories however often overlap and one type of classification or the other may be more relevant to discuss certain families of pollutants.

The way certain pollutants may end up in a given soil is strongly dependent on their uses.

Pollution of a given soil may be the result of single accidental events (oil spills for instance) or of repeated use of certain compounds in human activities as is the case regarding the use of pesticides [START_REF] Shayler | Sources and Impacts of Contaminants in Soils[END_REF] . Some contaminants may also have a non-anthropogenic origin such as wildfires [START_REF] Finlay | Health impacts of wildfires[END_REF] . The contamination vectors are also diverse, since pollutants may end-up in the through a wide range of pathways, for instance by direct diffusion, through liquid infiltration or through the atmosphere (see Several classes of pollutants have been pointed out as especially concerning. In particular pesticides and their fate in soils have attracted a considerable amount of attention [START_REF] Arias-Estévez | The mobility and degradation of pesticides in soils and the pollution of groundwater resources[END_REF][START_REF] Gevao | Bound pesticide residues in soils: A review[END_REF][START_REF] Anjum | Environmental Protection Strategies for Sustainability[END_REF][START_REF] Odukkathil | Toxicity and bioremediation of pesticides in agricultural soil[END_REF] in the last few decades. This type of compounds are somewhat peculiar in the domain of pollutants since they are knowingly and repeatedly introduced in the environment, where they provide valuable advantages [START_REF] Aktar | Impact of pesticides use in agriculture: their benefits and hazards[END_REF] . The ideal pesticide should "be toxic only to the target organism, be biodegradable and undesirable residues should not affect non-target surfaces" [START_REF] Anjum | Environmental Protection Strategies for Sustainability[END_REF] but it is actually estimated that only a very small fraction of the used pesticides reach their intended targets [START_REF] Pimentel | Amounts of pesticides reaching target pests: Environmental impacts and ethics[END_REF][START_REF] Pimentel | Pesticides: Amounts Applied and Amounts Reaching Pests[END_REF] . Even if pesticides are a major and well-advertised source of pollution, it is far from being the sole cause for soil contamination. Polycyclic Aromatic Hydrocarbons (PAH) have been of considerable concern for several decades [START_REF] Migliore | Biodegradation of oxytetracycline by Pleurotus ostreatus mycelium: A mycoremediation technique[END_REF] due to their ubiquity [START_REF] Cerniglia | Biodegradation of polycyclic aromatic hydrocarbons[END_REF] . They are mainly the result of combustion processes ranging from natural fires [START_REF] Freeman | Woodburning as a source of atmospheric polycyclic aromatic hydrocarbons[END_REF] to domestic heating, urban traffic [START_REF] Dubowsky | The contribution of traffic to indoor concentrations of polycyclic aromatic hydrocarbons[END_REF] and industrial incineration. Due to intensive use of coal in the 20 th century industries, considerable amounts of PAH may be found in numerous soils [START_REF] Johnsen | Principles of microbial PAH-degradation in soil[END_REF] . Due to their chemical structure (two or more fused aromatic cycles (see Figure I.3 a) and their hydrophobicity [START_REF] Yu | Natural attenuation, biostimulation and bioaugmentation on biodegradation of polycyclic aromatic hydrocarbons (PAHs) in mangrove sediments[END_REF] these compounds tend to be highly persistent [START_REF] Wilson | Bioremediation of soil contaminated with polynuclear aromatic hydrocarbons (PAHs) : a review[END_REF] .

Another family of hydrocarbon derivatives deemed of specific concern is the so called BTEX family, which regroups benzene, toluene, ethylbenzene and xylenes (see Figure I.3 b). These compounds are retrieved from fossil fuels and are widely used as solvents or additives in gasoline. As a result contamination sources include various industrial plants, gas stations but also large traffic axes. These compounds are especially concerning due to their very high toxicity. Diseases associated with BTEX exposure range from respiratory conditions to cardiovascular impediments, endocrine disruption or fertility disorders. Another class of common pollutants is dyes due the very large global demand and use. The main source of dye contamination is the textile industry. It is deemed that 10 to 25% dyes are lost during textile dyeing process, part of which may be directly released in the environment [START_REF] Carmen | Textile Organic Dyes -Characteristics , Polluting Effects and Separation / Elimination Procedures from Industrial Effluents -A Critical Overview[END_REF] . Most dyes are based on aromatic cycles substituted with various chemical functions, among which the azo group is particularly prominent [START_REF] Pereira | Environmental Protection Strategies for Sustainability[END_REF] . As is the case for other organic contaminants, dye can chemically be broken down into various reaction products.

Both dyes and by-products may represent risks for the contaminated ecosystems. Beside the visual pollution resulting from dye contamination, these chemical compounds have been reported to cause various conditions ranging from simple skin irritation or allergies to carcinogenic [START_REF] Puvaneswari | Toxicity assessment and microbial degradation of azo dyes[END_REF] and mutagenic effects [START_REF] Robinson | Remediation of dyes in textile effluent: A critical review on current treatment technologies with a proposed alternative[END_REF] .

If organic pollutants represent the majority of contaminants, inorganic compounds may also present a risk for environment and health. Metals are ubiquitous and present serious issues regarding the decontamination processes. Contrary to purely organic compounds, metals cannot be broken down into nontoxic compounds such as water or carbon dioxide.

Remediation approaches for metals are therefore mainly based on redox modifications to minimize toxicity and mobility or on physical removal of the contaminants. Since these compounds cannot be degraded [START_REF] Valls | Exploiting the genetic and biochemical capacities of bacteria for the remediation of heavy metal pollution[END_REF] , they often bioaccumulate along the food chain [START_REF] Bryan | Bioavailability, accumulation and effects of heavy metals in sediments with special reference to United Kingdom estuaries: a review[END_REF][START_REF] Mclachlan | Bioaccumulation of hydrophobic chemicals in agricultural food chains[END_REF] resulting in possible heavy metal poisoning which may induce wide range of conditions including kidney, pulmonary or cardiac damages, cognitive and neurological impairments as well a cancer [START_REF] Järup | Hazards of heavy metal contamination[END_REF] .

Even if sources of contamination are diverse, the fate of the different contaminants share common features. Regardless of the type of pollutant, the issue of bioavailability has a major influence on possible environmental and health risk, as well as remediation possibilities. I. 1.a.ii Bioavailability is key Once a contaminant reaches a given soil, it is susceptible to be subjected to diverse mobility pathways and to biotic or abiotic degradation (see Figure I.4) [START_REF] Stokes | Behaviour and assessment of bioavailability of organic contaminants in soil: relevance for risk assessment and remediation[END_REF] . Pollutants in soil may be partially or totally soluble in water, which can result either in run off phenomena (chemicals are transported mainly at the surface of the soil) or in soil leaching (pollutants are transported in depth in the soil and often down to underground aquifers). Another possible way for the chemicals to be removed from the soil is though volatilization. In both cases, removal of the pollutants from the soil results in the contamination of another part of the ecosystem (water or atmosphere). Depending on the properties of the considered chemical, it may also be retained within the soil by adsorption phenomena (either or organic or inorganic compound of the soil). In addition, contaminants may be internalized and stored by different organisms (from bacteria to animals and plants), resulting in a possible bioaccumulation phenomenon. They may also be modified or degraded by living organisms or abiotic chemical reactions, sometimes resulting in complete decomposition of the contaminants into non-toxic compounds. The fate of pollutants in the soil depends on the type of contaminant, especially on its chemical structure and properties, but the nature of soil itself is also of significant influence. Soils are usually characterized by a wide range of parameters. Soils with different compositions in terms of texture, that is to say contents in sand (particles >50 µm), silt (2 µm < particles < 50 µm) and clay (particles < 2 µm) particles, may have very different behaviors regarding water permeability and adsorption properties. Physico-chemical properties of the soil such as pH, redox potential, salinity, water and oxygen content, temperature or organic content [START_REF] Sijm | Bioavailability in soil or sediment: Exposure of different organisms and approaches to study it[END_REF][START_REF] Chung | Effect of soil properties on bioavailability and extractability of phenanthrene and atrazine sequestered in soil[END_REF] are likely to modify the bioavailability of the pollutants.

A distinction is often made between the environmental scientist's view which usually defines bioavailabity as the fraction of a given pollutant that can interact with living organisms (microorganisms, plants or animals) [START_REF] Sijm | Risk Assessment of Chemicals: An introduction[END_REF] (see Figure I.5) and the toxicologist's view which defines bioavailability as the amount of a given compound capable of entering the bloodstream [START_REF] Vermeire | Risk Assessment of Chemicals: An introduction[END_REF] . In this work, the environmental scientist's definition was used as a reference.

Figure I.5:

The term bioavailability covers a wide range of processes including sorption and desorption and uptake by living organisms. Adapted from Sijm et al. [START_REF] Sijm | Risk Assessment of Chemicals: An introduction[END_REF] Bioavailability of chemicals in soils is often evaluated based on the equilibrium between the adsorbed compounds and the surrounding water (Equilibrium Partition Theory (EPT) [START_REF] Shea | Developing national sediment quality criteria[END_REF][START_REF] Toro | Technical basis for establishing sediment quality criteria for nonionic organic chemicals using equilibrium partitioning[END_REF] ). In this prospect, chemical properties of the considered pollutants are crucial, especially regarding hydrophobicity [START_REF] Cerniglia | Biodegradation of polycyclic aromatic hydrocarbons[END_REF] . As a result, contaminants are often described based on their octanol-water partition coefficient (KOW) [START_REF] Muncke | Estimating the Organic Carbon Partition Coefficient and Its Variability for Hydrophobic Chemicals[END_REF][START_REF] Noble | Partition coefficients (n-octanol-water) for pesticides[END_REF] in order to assess their tendency toward soil adsorption and more largely as an indicator of their bioavailability. Chemical compounds can however be bound to soil particle more or less tightly depending on the type of interactions involved (hydrophobic, ionic and electrostatic, van der Waals, hydrogen bond, ligand exchange etc…) [START_REF] Gevao | Bound pesticide residues in soils: A review[END_REF] .

In addition, soils are not a stationary ecosystems. As a result dynamics and mobility of contaminants as well as their bioavailability is variable in time. It is usually accepted that pollutants undergo ageing mechanisms after prolonged residency in soils due to slower, but stronger, adsorption mechanisms [START_REF] Pignatello | Mechanisms of Slow Sorption of Organic Chemicals to Natural Particles[END_REF] . The bioavailable fraction may therefore diminish in function of time [START_REF] Alexander | Aging, bioavaiability, and overestimation of risk from environmental pollutants[END_REF] After residency in soils, contaminants tend to become strongly bound to the soil thus limiting the bioavailable fraction. Adapted from Jones et al. [START_REF] Jones | Persistent organic pollutants (POPs): state of the science[END_REF] Understanding the fate of contaminants and their bioavailability is essential to assess the environmental and health risks [START_REF] Ehlers | Contaminant bioavailability in soil and sediment[END_REF] . A highly toxic compound strongly bound in soil may never induce harmful effects. On the contrary, compounds with low intrinsic toxicity but highly bioavailable may accumulate in living organisms and become concentrated in specific organs resulting in deleterious effects for the concerned organism. One of the main difficulties in assessing the toxicity of specific compounds lies in the fact that the effects are entirely dependent on the dose. The notion of dose itself may be difficult to define, since a given compound may undergo different mechanisms of mobility, concentration or elimination within an organism. As a result the entry dose may not be the effective dose in sensitive target organs. In addition each organism has its own specificities and one compound may be highly toxic to one species and completely harmless or even beneficial to another. It has also been reported that toxicity of a combination of contaminants may induce synergistic toxicity, resulting in higher toxicity of the mixture compared to the sum of effects of each contaminant alone [START_REF] Arnold | Synergistic Activation of Estrogen Receptor with Combinations of V Environmental Chemicals[END_REF] . Finally the term toxicity has been defined as "the capacity of a chemical to cause injury" [START_REF] Vermeire | Risk Assessment of Chemicals: An introduction[END_REF] , which may in fact range from localized and reversible impacts to death of the considered organism. These factors concur to make the task of establishing regulations and standards regarding the threshold levels of hazardous chemical extremely complex. The diversity of pollutants implies a wide range of possible effects on the organisms, including toxicity, but in some cases the contaminant may also be used as part of the organisms' metabolism and therefore be biodegraded. As a result a high bioavailability, which might be detrimental from a toxicity point of view, may be seen as an advantage from the decontamination point of view [START_REF] Megharaj | Bioremediation approaches for organic pollutants: a critical perspective[END_REF] . As mentioned previously, soils may be contaminated by a wide range of chemical compounds. Once in the soil these compounds may be removed through various processes. They may simply migrate to other parts of the ecosystem (for instance leaching into groundwater or volatilize into the atmosphere) but can also be degraded through several mechanisms. These transformations may be abiotic (hydrolysis [START_REF] Han | Study on the Hydrolysis Kinetics of Dimethyl Disulfide[END_REF][START_REF] Venkatesan | Urea hydrolysis of tea soils as influenced by incubation period, soil pH, and nitrification inhibitor[END_REF] , photolysis [START_REF] Sturini | Environmental photochemistry of fluoroquinolones in soil and in aqueous soil suspensions under solar light[END_REF] ) or be part of biological processes (biodegradation). In some cases however these phenomena of natural attenuation may be inefficient or too slow. Active decontamination actions may therefore be needed to prevent toxic effects on the ecosystem and on human health.

I.1.b.i Soil depollution

The choice of the appropriate cleanup technology must be adapted both to the type of contaminant and to the characteristics of the polluted site. Other parameters such as cost effectiveness, volume of contaminated soil or time scales must also be taken in account when devising a soil remediation strategy. United States Environment Protection Agency provides a list of about twenty different approaches for remediation of soils and groundwater [START_REF]A Citizen's Guide to Cleanup Technologies[END_REF] . Main features of a few of these techniques are compiled in Table I. 1. Each approach has its own specificities, advantages; drawbacks and range of applicability. Complete rehabilitation of a given soil may sometimes require the combined use of two or more different techniques. There are several general approaches to manage risks in the case of a polluted soil. One of the main objectives is usually to prevent health hazards. Toxic compounds tend to enter organisms through transfer from another medium (air or water). One approach to limit risks therefore consists in trying to immobilize the compounds within the soil, or in other terms in limiting bioavailability of the pollutant. Techniques such as solidification or stabilization [START_REF] Tajudin | Stabilization/Solidification Remediation Method for Contaminated Soil: A Review[END_REF] and capping [START_REF] Simon | Standard and alternative landfill capping design in Germany[END_REF] are designed to limit the mobility of the pollutants. These approaches have however the drawback of leaving the pollutant within the soil, which may be problematic in the long run, since soils may undergo significant physical and chemical modifications. These approaches require therefore constant monitoring even after treatment. Pollutants may also be physically removed from the polluted sites. The most straightforward approach is excavation, which is usually combined with other techniques such as thermal desorption [START_REF] Falciglia | Low-temperature thermal desorption of diesel polluted soil: Influence of temperature and soil texture on contaminant removal kinetics[END_REF] , incineration or soil washing [START_REF] Dermont | Soil washing for metal removal: A review of physical/chemical technologies and field applications[END_REF][START_REF] Mulligan | Surfactant-enhanced remediation of contaminated soil: A review[END_REF] . These methods are usually complex from a logistical point of view, especially in the case of large contaminated areas. They are however fast and efficient. It is also possible to treat contaminated soil thanks to in situ methods. In situ thermal treatment [START_REF] Piña | Thermal treatment of soils contaminated with gas oil: Influence of soil composition and treatment temperature[END_REF] allows for extraction of the contaminant without excavation and in some case for direct degradation of the targeted chemicals. The recovered contaminants must then be stored or treated appropriately. Pollutants may also be degraded directly within the soil, for instance using in situ oxidation [START_REF] Tsitonaki | In Situ Chemical Oxidation of Contaminated Soil and Groundwater Using Persulfate: A Review[END_REF] or in situ reduction [START_REF] Ludwig | In situ chemical reduction of Cr(VI) in groundwater using a combination of ferrous sulfate and sodium dithionite: A field investigation[END_REF] . This however requires addition of oxidizing or reducing chemicals to the contaminated sites. soil may be used to refill the excavated site.

Removal or volatile or semi volatile compound from soil by heating (between 100°C and 500°C). Vapors are collected to be further treated or recycled. Separation of the contaminants from soil thanks to an appropriate washing liquid.

Burning of hazardous materials (soil, sludge but also liquids) at very high temperature (up to 1400°C).

Pollutants are usually degraded but residual particles or acid gases may be formed. Residuals ashes can be treated or stored. Use of reducing (ex zero valent iron) or oxidizing agents (ex permanganate, hydrogen peroxide, ozone) to change contaminants into less toxic or less mobile forms.

Reactive agents may be directly injected in wells, or introduces as granules. Mobilization of pollutants in soil thanks to heat. Soil is heated and pollutants are directed towards wells for recovery and further treatment. Some types of pollutants may be directly degraded in situ.

Cleanup method Solidification and stabilization

Capping Excavation Thermal desorption

Soil washing Incineration

In situ chemical reduction

and oxidation

In situ thermal treatment

A wide range of physical and chemical remediation techniques exist to treat polluted soils. Most of them however require extensive logistic dispositions. Several of these techniques require complementary monitoring measures or treatments because the contaminants are not directly degraded. The in situ chemical cleanup techniques are efficient for the degradation of the pollutants but require the addition of chemical to the contaminated soil. One alternative to these physical and chemical techniques is to take advantage of the degradation capabilities displayed by a wide variety of living organisms.

I.1.b.ii Principles of bioremediation

Bioremediation can be defined as the use of biological entities for the degradation of contaminants. This apparently simple definition actually covers a wide range of processes since different living organisms (from bacteria and fungi to plants) may be involved in the remediation of various pollutants (hydrocarbons, metals, pesticides, dyes etc…) in a wide variety of environments (wastewaters, sediment, sludge, soil etc…). The term bioremediation also covers different approaches since the goal may simply be to remove the target contaminant from the considered ecosystem or to fully degrade the pollutant into nontoxic chemicals. Bioremediation approaches can be carried out with no or little involvement (e.g. natural in situ attenuation) or with fully engineered processes (e.g. ex situ bioaugmentation). This versatility may explain the increasing interest around bioremediation thematics in the last few decades [START_REF] Juwarkar | A comprehensive overview of elements in bioremediation[END_REF][START_REF] Megharaj | Bioremediation approaches for organic pollutants: a critical perspective[END_REF][START_REF] Hamer | Bioremediation: A response to gross environmental abuse[END_REF][START_REF] Iwamoto | Current bioremediation practice and perspective[END_REF] , as illustrated by the growing number of publications related to soil bioremediation (see Figure I.7). The idea of bioremediation is actually much older since it is the basic principle behind the formation of compost [START_REF] Kulcu | Determination of aeration rate and kinetics of composting some agricultural wastes[END_REF][START_REF] Fogarty | Microbiological degradation of pesticides in yard waste composting[END_REF] . Activated sludges have been used for wastewater treatment since the beginning of the 20 th century [START_REF] Shannon | Science and technology for water purification in the coming decades[END_REF][START_REF] Khan | Aerobic granulation for wastewater bioremediation: A review[END_REF] . Bioremediation in the modern acceptation of the term, that is to say as a way to degrade pollutants, was introduced in the late 60s by George Robinson who used microorganisms to remediate oil spill along the Santa Barbara coast [START_REF] Adams | Biostimulation and Bioaugmention: A Review[END_REF] . Bioremediation approaches have since been used for the depollution of a wide range of ecosystems (freshwater and marine environments, groundwater, sediment, sludge, soil) and with different types of contaminants. Different approaches, both in situ and ex situ [START_REF] Hatzinger | In-Situ and Ex-Situ Bioremediation Options for Treating Perchlorate in Groundwater[END_REF][START_REF] Azubuike | Bioremediation techniquesclassification based on site of application: principles, advantages, limitations and prospects[END_REF] can be used. The choice of the appropriate strategy must take in account the characteristics of the contaminated site but also the type of pollutant itself. Many reviews have been devoted to the bioremediation of specific classes of pollutants such as metals [START_REF] Yao | Review on Remediation Technologies of Soil Contaminated by Heavy Metals[END_REF][START_REF] Salt | Phytoremediation: a novel strategy for the removal of toxic metals from the environment using plants[END_REF] , PAH [START_REF] Cerniglia | Biodegradation of polycyclic aromatic hydrocarbons[END_REF][START_REF] Johnsen | Principles of microbial PAH-degradation in soil[END_REF][START_REF] Yu | Natural attenuation, biostimulation and bioaugmentation on biodegradation of polycyclic aromatic hydrocarbons (PAHs) in mangrove sediments[END_REF][START_REF] Haritash | Biodegradation aspects of polycyclic aromatic hydrocarbons (PAHs): a review[END_REF][START_REF] Samanta | Polycyclic aromatic hydrocarbons: Environmental pollution and bioremediation[END_REF][START_REF] Bamforth | Bioremediation of polycyclic aromatic hydrocarbons: current knowledge and future directions[END_REF] , oil derivatives [START_REF] Ron | Biosurfactants and oil bioremediation[END_REF][START_REF] Mazzeo | BTEX biodegradation by bacteria from effluents of petroleum refinery[END_REF] , pesticides [START_REF] Anjum | Environmental Protection Strategies for Sustainability[END_REF][START_REF] Odukkathil | Toxicity and bioremediation of pesticides in agricultural soil[END_REF] or dyes [START_REF] Kaushik | Fungal dye decolourization: Recent advances and future potential[END_REF][START_REF] Khan | Microbial decolorization and degradation of synthetic dyes: a review[END_REF][START_REF] Saratale | Bacterial decolorization and degradation of azo dyes: A review[END_REF] .

Another common way to classify bioremediation approaches is based on the type of organisms involved. This includes a wide variety of organisms from unicellular microorganisms to plants. Some definitions tend to limit the term bioremediation to the use of microorganisms and to consider phytoremediation, the use of plant, as a separate approach [START_REF] Juwarkar | A comprehensive overview of elements in bioremediation[END_REF][START_REF] Singh | Bioremediation: environmental clean-up through pathway engineering[END_REF] .

Plants are often favored for metal remediation [START_REF] Salt | Phytoremediation: a novel strategy for the removal of toxic metals from the environment using plants[END_REF][START_REF] Ali | Phytoremediation of heavy metals-Concepts and applications[END_REF][START_REF] Paz-Ferreiro | Use of phytoremediation and biochar to remediate heavy metal polluted soils: A review[END_REF] while microorganisms are often used for the degradation of organic chemicals. Phytoremediation strategies can actually be applied both for bioaccumulation of contaminants (including metals), as a way to immobilize or even extract contaminants [START_REF] Meagher | Phytoremediation of toxic elemental and organic pollutants[END_REF] , and as a way to fully mineralize organic pollutants into non-toxic compounds [START_REF] Cunningham | Phytoremediation of contaminated soils[END_REF] .

Animal biodegradation is very scarce compared to plant or microbial activity. Soil animals, especially earthworms, are however important as part as global remediation strategies, since they are in situ indicators of the ecosystem's health. Soil animal may also have a significant importance enhancing other bioremediation processes, especially microbial activity, by improvement of the soil fertility and aeration, as well as increase of pollutants bioavailability [START_REF] Hickman | Earthworm assisted bioremediation of organic contaminants[END_REF] .

The generic term microorganism is used to refer to a wide range of potential vectors of bioremediation [START_REF] Iranzo | The use of microorganisms in environmental remediation[END_REF][START_REF] Watanabe | Microorganisms relevant to bioremediation[END_REF] . The three main types of microorganisms relevant to bioremediation are microalgae [START_REF] Lim | Use of Chlorella vulgaris for bioremediation of textile wastewater[END_REF][START_REF] Perales-Vela | Heavy metal detoxification in eukaryotic microalgae[END_REF] , fungi [START_REF] Kaushik | Fungal dye decolourization: Recent advances and future potential[END_REF][START_REF] Perales-Vela | Heavy metal detoxification in eukaryotic microalgae[END_REF] (including yeast [START_REF] Wang | Biosorption of heavy metals by Saccharomyces cerevisiae: A review[END_REF] ) and bacteria [START_REF] Saratale | Bacterial decolorization and degradation of azo dyes: A review[END_REF][START_REF] Lu | Bacteria-mediated PAH degradation in soil and sediment[END_REF] . Bacteria are actually the most represented type of microorganisms used in bioremediation approaches. This might be explained by their versatility and adaptability to a wide range of ecosystems [START_REF] Brim | Engineering Deinococcus radiodurans for metal remediation in radioactive mixed waste environments[END_REF][START_REF] Hao | Crude-oil-degrading thermophilic bacterium isolated from an oil field[END_REF] . As is the case for higher plants, microbial remediation may occur as bioaccumulation and subsequent limitation of leaching phenomena or as transformation of the considered pollutants (modification into as less toxic forms or full break-down of the compounds).

Regardless of the organism used, bioremediation mechanisms are often complex and not fully understood due to the large number of parameters involved. These parameters are actually very close to the ones used to describe soil quality. They include pH of the soil, presence of nutrients, presence of electron donors or acceptors, temperature, salinity. Presence of oxygen may also condition the efficiency of bioremediation processes since certain types of organisms require specifically aerobic or anaerobic conditions. Models of degradation of one specific pollutant by one specific strain may be studied in laboratory, under closely controlled conditions, but in situ bioremediation is usually more complex. In the case of in situ bioremediation processes it is common to find multiple contaminants or nutrients as well as different organisms. These different actors may interact and influence each other to create synergetic effects. Consortia of bacteria [START_REF] Dojka | Microbial Diversity in a Hydrocarbon-and Chlorinated-Solvent-Contaminated Aquifer Undergoing Intrinsic Bioremediation[END_REF] , bacteria and fungi [START_REF] Silva | Bioremediation of a polyaromatic hydrocarbon contaminated soil by native soil microbiota and bioaugmentation with isolated microbial consortia[END_REF] , bacteria and algae [START_REF] Fu | Algae and Their Bacterial Consortia for Soil Bioremediation[END_REF] or microbes and animals [START_REF] Hickman | Earthworm assisted bioremediation of organic contaminants[END_REF] have for instance been identified in bioremediation processes [START_REF] Glick | Phytoremediation: Synergistic use of plants and bacteria to clean up the environment[END_REF] .

Even if specific degradation mechanisms cannot be fully resolved, a few general processes involved in bioremediation have been identified. A distinction may be applied between processes that occur within the organisms and externally. In the latter case, mechanisms are often enzyme based, where the contaminants are used as substrates or co-substrates.

For processes occurring within the organisms, the first step is the internalization of the considered pollutant. This implies bioavailability of the pollutant. Organisms may excrete specific chemical to enhance bioavailability and facilitate internalization of the chemicals. Plant may for instance excrete chelator to make metals more available 100 . Similarly, bacteria have been reported to produce surfactants which may help in desorbing hydrophobic pollutants (for instance hydrocarbons) from soil particles 101 . Chemicals within the various organisms may have different fates. They may be toxic compounds and therefore be sequestrated or degraded as defensive mechanisms. In certain cases, chemical compounds which are considered as toxic compounds from human health perspective can actually be used as part of the metabolic activity of organisms (as primary substrate or in cometabolism) in bioremediation processes 102 .

Figure I.8:

Various approaches can be devised for bioremediation. Bioattenuation relies on natural degradation of the contaminants, while biostimulation consists in adding various chemical compounds to enhance degradation by endogenous microorganisms. Bioaugmentation relies the addition of microorganisms or microbial consortia in the polluted soil for remediation.
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Understanding the mechanisms involved in bioremediation is essential to design organismbased soil depollution strategies. Three main approaches are generally distinguished regarding bioremediation, in particular microbial remediation: bioattenuation, biostimulation and bioaugmentation [START_REF] Adams | Biostimulation and Bioaugmention: A Review[END_REF][START_REF] Megharaj | Bioremediation approaches for organic pollutants: a critical perspective[END_REF]66 (see Figure I.8).

One gram of soil is estimated to contain about 100 000 000 bacteria (up to 7000 species) and around 10 000 fungal colonies [START_REF] Anjum | Environmental Protection Strategies for Sustainability[END_REF] . Such a rich biomass has a tremendous remediation potential and indeed one of the most common approach for soil remediation, bioattenuation, consists in exploiting the natural degradation capabilities of a given soil. In this case, the approach consists mainly in monitoring the evolution of the contaminant concentrations. This approach is often successful thanks to the adaptability of microorganisms which can use a wide variety of carbon sources but may also undergo selective evolution where most resistant strain prevail over strains which are not capable of degrading the considered contaminant. As a result efficient strains for the degradation of specific pollutants can often be isolated from the contaminated sites.

When the bioattenuation strategy is not efficient enough or too slow, various compound may be added to stimulate the natural metabolism of the endogenous microbial population. This general approach is called biostimulation and may consist in the addition of a wide range of compounds, including nutrients (carbon sources, nitrogen sources or electron donors and acceptors etc...) 103 . In some instances the initial pollutant may only be degraded as a cosubstrate. The soil may therefore need to be amended with a primary substrate to allow efficient remediation, which may itself be a contaminant such as toluene or phenol 104 . When considering aerobic degradation pathways, the oxygen content of the soil may be a limitation to the biodegradation efficiency. In this case, it is possible to inject oxygen in the soil. This specific type of biostimulation is called bioventing. As mentioned previously, bioavailability is essential for efficient biodegradation. Various chemical compounds may therefore be added to contaminated soils in order to enhance bioavailability, such as chelating agents for metals 105 or surfactants for hydrocarbons [START_REF] Mulligan | Surfactant-enhanced remediation of contaminated soil: A review[END_REF] .

Even with favorable soil composition, some sites cannot be efficiently depolluted by the endogenous soil microbial population, either because the microorganisms are not intrinsically capable of metabolizing the specific contaminant or because the microbial population is too limited in number. Bioaugmentation approaches aim at introducing microorganisms within the soil to perform bioremediation. The organisms may be strains isolated from the site and cultivated to reach sufficient number or exogenous microorganisms selected for their known efficiency regarding the considered contaminant. These strains may for instance have been isolated from other sites contaminated by similar pollutants, or be genetically engineered strains 106,107 . In some cases microbial consortia may be design to take advantage of cooperative effects. For instance one organism may be chosen to enhance bioavailability of the targeted pollutant, another may metabolize the pollutant in question and another may produce nutrient to promote the metabolic activity or surfactants to enhance bioavailability. Introduction of microbial consortia may also be interesting in the case of co-contaminated sites. Bioremediation is therefore a flexible and widely applicable strategy for depollution of contaminated soils. The approach has however some significant limitations.

I.1.b.iii Advantages and limitations of bioremediation approaches

As mentioned previously, one the main advantages of bioremediation is its versatility. The vast number of potentially degrading organisms and their uses in different consortia, as well as the possibility to add various nutrients and substrates makes bioremediation an option for the remediation of most contaminated sites. In addition, bioremediation approaches have been estimated to be competitive from the cost point of view, compared for instance to thermal or chemical treatments [START_REF] Juwarkar | A comprehensive overview of elements in bioremediation[END_REF] .

Most bioremediation strategies may be conducted both in situ and ex situ. In situ approaches are usually advantageous from the logistical and cost effectiveness perspective and may contribute to limit the environmental impact of the remediation process (no excavation, no destruction of fauna or flora). Ex situ approaches may however be favored when the soil must be amended with nutrients (biostimulation) or when parameters such as oxygen content or temperature must be controlled. The use of living organisms for depollution however presents some fundamental limitations. Bioremediation processes are often slow (from a few month to a few years) compared to physical methods for instance, and may therefore not be used when contamination must be rapidly contained to prevent health risks. While a wide variety of contaminants can be degraded into nontoxic compounds, in some instances the metabolic pathways result in the formation of more toxic by-products [START_REF] Juwarkar | A comprehensive overview of elements in bioremediation[END_REF]108 . Degradation mechanisms must therefore be studied in order to predict as accurately as possible the chemical intermediate likely to be produced during the degradation. Another possible limitation bioremediation is the fact that some types of chemical compounds cannot be degraded (see Table I.2). In the case of metal or radioactive compounds, this fact is inherent to the nature of the chemicals, and bioremediation suffers the same limitations as other remediation techniques. The compounds may be transformed into less toxic or less bioavailable forms and can be extracted from the contaminated sites (with phytoremediation for instance), but they cannot be fully degraded.

Another limitation of bioremediation processes is inherent to the use of living organisms. Contrary to chemical or physical processes, bioremediation phenomena are fragile equilibria. Some contaminants easily degraded when present in low concentration may be toxic to the microbial population at high levels. In other case, presence of co-contaminants may inhibit the metabolic activity of the considered metabolically active organisms. Living organisms may also be sensitive to other soil characteristics such as pH, temperature or salinity. One possible option to prevent such deleterious effects is to physically separate the microorganisms from the soil and high toxic compounds concentrations by encapsulating the cells within a compatible matrix [START_REF] Cassidy | Environmental applications of immobilized microbial cells: A review[END_REF]109 .

I.2 About encapsulation

Immobilization of microorganisms in a matrix could provide valuable protection against deleterious effects of high contaminant concentrations or non-compatible physico-chemical characteristics of the soil. This leads to consider remediation approaches not as the use of biologically species but rather as the use of a full device which is the combination of a functional unit (the metabolically active organism) and of a structural part (the encapsulating matrix). The design of a cellularized material however cannot be considered solely from the material science point of view but rather with an approach integrating both material processing and biology. The main limitation is that structural requirements (for instance in term of mechanical properties or stability) may involve choice of materials or processes which are not compatible with living organisms. When considering encapsulation in a matrix, several aspects must be addressed. The first aspect regards the composition of the matrix, which can be based on organic or inorganic compounds, but also be hybrid. The geometry and structure of the matrix must also be adapted to the targeted application. Whole cells (either eukaryotic or prokaryotic) have for instance been immobilized in different structures such as shells 110 , films 111 , beads [START_REF] Coradin | Silica-alginate composites for microencapsulation[END_REF] , fibers 112 or gels 113 (see Figure I.9). The choice of the composition of the matrices and the desired structure influences the requirements in terms of process, which in turn must be adapted to preserve the integrity of the encapsulate.

I.2.a What is encapsulation?

To understand the role of material processing in encapsulation approaches, it is first necessary to give a brief definition of the term encapsulation itself. Encapsulation is a type of immobilization, where the encapsulated species is entrapped within a matrix, as opposed to binding where the object is attached on the surface of the material. Binding approaches can be based on a wide range of interactions, either physical (hydrophobic, ionic, Van der Waals) or chemical (covalent bonds). However, species immobilized by encapsulation may be subjected
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to further binding (for instance covalent). The distinction between simple binding and encapsulation is therefore not always clear, for instance when objects are immobilized on the pores surface within a porous material. The distinction may however be made not based on the final location or interactions between the immobilized object and the matrix, but rather based on the processing and shaping of the material. Sheldon 114 defined immobilization as attachment on a prefabricated support, while encapsulation requires formation of the matrix itself in presence of the encapsulate (see Figure I.10). Immobilization and encapsulation techniques may be applied to a wide range of species, besides whole cells, with different goals, advantages and drawbacks. This includes encapsulation of simple molecules such as drugs or more complex ones (small polypeptide, DNA, various protein and enzymes), single cells (for instance animal cells or cells from higher plants) as well as whole organisms (microalgae, fungi, bacteria etc…). Immobilization technologies were initially developed for enzymes with potential in the chemical industry. The need for greener and less solvent-consuming processes highlighted the interest of enzyme-based chemical synthesis 115 . First commercial use of immobilized enzymes was reported in Japan in the late 60s for racemic resolution of L-methionine 116 . Initial goals were to design efficient enzyme-based reactions and immobilization of enzymes proved to be efficient for thermal stabilization 117 of enzymes and long term storage 118 . In addition immobilization provides advantages for handling as well as to separate enzymes from products, resulting in increased reusability 119 . The drawback to immobilization of enzymes is often a drop in intrinsic activity compared to free enzymes, either due to modification in the structure of the enzyme or to diffusion limitations 120 . This may however be compensated by the increase stability and reusability of immobilized enzymes 121 . Since these initial attempts, enzymes have been immobilized within a variety of materials (both organic and inorganic) and for a wide range of syntheses 122 . The knowledge about enzyme immobilization has been extended for encapsulation of a wide range of objects ranging from simple molecules or biomolecules to complex proteins and finally to whole cells and microorganisms. The variety in the type of encapsulates is due to the growing number of applications seeking to take advantage of Nature's efficiency while ensuring stability and reusability. But when considering encapsulation, especially for sensitive entities such as cells and microorganisms, there are also some limits. One key aspect when encapsulating living cells regards their long term viability. It is necessary to design matrices allowing the necessary substrates and nutrients to reach the encapsulated object [START_REF] Léonard | Whole-cell based hybrid materials for green energy production, environmental remediation and smart cell-therapy[END_REF] . When considering entrapped microorganisms, it may also be necessary to address the possibility of cell division since the cells are physically constrained within the matrix 123 . Encapsulation can actually be applied to very simple structures such as single molecules. In this prospect, the most relevant example of application is probably drug delivery 124 . In this case encapsulation in a well-chosen matrix may allow for the protection (for instance from pH variations in the digestive track) of the drug molecule until it reaches the intended delivery site. Another main advantage of drug encapsulation is the control it confers over delivery kinetics. Such delivery systems have also been used for more complex and also more sensitive molecules and biomolecules such as proteins 125,126 (for instance growth factors 127 ).

Encapsulation is now also regarded as a possible option for cell delivery 128,129 . In this case encapsulation may provide a valuable protection against immune response, since the encapsulating matrix can be tuned to act as a filtering membrane, allowing small molecules to go through while retaining larger molecules such as immunoglobulins 130,131 . Such approaches also lead to the design of artificial organs. Pancreatic islets have been entrapped in alginate as soon as 1980 [START_REF] Lim | Microencapsulated Islets as Bioartificial Endocrine Pancreas[END_REF] . Encapsulation also allowed the design of artificial single cells, for instance by entrapment of DNA and protein synthesis machinery in alginate-silica-beads 132 . Another aspect of encapsulation relevant to biomedical applications is the design of sensors, one prominent example being the encapsulation of glucose oxidase as glucose sensor 133 . The use of sensors is however not limited to medical applications. Horseradish peroxidase has for instance been use as the functional unit in hydrogen peroxide sensors 134,135 . This system has been widely used as model for enzyme encapsulation, but other enzymes have also been used, for instance as a way to detect potentially harmful chemicals such as phenolic compounds 136 . Encapsulated whole cells, such as photosensitive plant cells or microorganisms sensitive to specific pollutants, have also been used for sensing 137 . Similar as the design of sensors, enzymes have also been used to design electrodes for applications in the domain of sustainable energy 138 , but most popular encapsulates regarding the development of biological energy sources are whole cells. Both microalgae 139,140 and bacteria 141 have been extensively used as biocatalysts for fuel cells.

Various entities have also been encapsulated for applications in environmental science. Both enzyme 136 and cells (fungi 142 , algae 143 , bacteria 144,145 ) have been used as sensors due to their high sensitivity and specificity. More than simple pollution monitoring immobilization technology has been used for bioremediation. Materials containing enzymes such as peroxidase have also proven to be of use for remediation of contaminants 146 . But conventional bioremediation is usually performed through the use of living organisms and especially microorganisms. The different cell types may benefit from immobilization from viability and stability point of view. As a result, various cellularized materials have been studied for remediation purposes, using biofunctional units such as bacteria [START_REF] Chen | Decolorization of azo dye by immobilized Pseudomonas luteola entrapped in alginate-silicate sol-gel beads[END_REF]147,148 , fungi 149 , algae 150 . Encapsulation of biomolecules and cells is of use for a wide variety of applications from biomedicine to sustainable energy and environmental application. The main advantages of encapsulation are stabilization and protection of the encapsulated objects. Depending on the application, the matrix may also be tuned for permeability, to act as conductive material or be designed for controlled degradability for instance. Even if the encapsulated molecule or cell can be seen as the functional unit, as opposed to the matrix which is the structural part, both elements have significant influences on each other. As a result, the encapsulating matrix must be designed according to the targeted application and to the encapsulated entity. One key element of such designing process is the choice of the matrix composition.

I.2.b Encapsulation in biopolymers

Polymers and more specifically natural polymers (also called biopolymers) have been widely used for encapsulation of molecules, proteins (including enzymes) and cells (either eukaryotic or prokaryotic). Although biopolymers present some undeniable advantages from the encapsulation point of view, they also have some shortcomings from the material scientist's perspective.

I.2.b.i About biopolymers

Polymers are commonly referred to as biopolymer when they can be extracted or recovered from living organisms, whether they are animals (collagen) 151 , plants (cellulose) 152 , algae (agar) 151 and bacteria 153 (xanthan) or less commonly fungi (pullulan) 154 . Most of the commonly used biopolymers can be classified into the polysaccharide or protein categories. However it is worth mentioning that natural rubber (polyisoprene) or lignin (polyphenol) are also biopolymers.

The type of polymers present in an organism is dependent of the species, and even of the biological kingdom considered, even though they are no general and absolute rules. Plants and algae are generally composed of polysaccharides, although, as was mentioned earlier, lignin, one of the major components of wood is a polyphenol. On the other hand, most biopolymers in animals are proteins. One exception to this tendency is chitin which is a polysaccharide mainly found in crustacean shells. Table I.3 is an overview of the most common biopolymers, their main sources and applications. Contrary to synthetic polymers or proteins, polysaccharides (extracted from plants for instance) are often polydisperse. If the monomeric units corresponding to the various polysaccharides and the overall structures are generally well known, the fact that these polymers are extracted from natural sources induces variability in the structural composition.

In fact biopolymers are usually rather families of macromolecules 151,174 , with variabilities in structure or length depending on the source but also on the extraction methods and possible post treatments. This variability does not however impede the use of biopolymers for a large range of applications. Food industry is a major consumer of biopolymers, especially polysaccharides 175 , due to their wide availability and general low cost. Polysaccharides such as agar, alginate, pectin or xanthan are very widely used in the food industry either as stabilizing, emulsifying, gelling and thickening agents. Proteins are also of interest for the food industry. Gelatin is for instance one of the most commonly used gelling agents. But biopolymers have also been largely used for biomedical applications, from drug delivery to tissue engineering and surgery 168,176 . In this case, the intrinsic biocompatibility of natural polymers is a decisive advantage. Other industrial activities such as textile or paper are also important users of biopolymers such as cellulose and lignin 152,171 . Here the biopolymers are mainly used for their structural features. Use of biopolymers is a general trend in many domains due to the growing demand for alternatives to synthetic polymers (especially petrol based ones). The need for eco-friendly and sustainable alternatives is responsible for a renewed interest in biosourced and natural polymers.

I.2.b.ii Advantages and limitations of biopolymer encapsulation

Encapsulation technology has also taken advantage of the possibilities given by biopolymers [START_REF] Gasperini | Natural polymers for the microencapsulation of cells[END_REF] .

In nature, biopolymers are often found as structural materials 177 . Polysaccharides such as cellulose or pectin are found in plant cell walls and provide mechanical support 178 . In animals cells are usually comprised in an extracellular matrix composed of proteins (i.e. collagen). Biopolymers' initial function is therefore to be an encapsulating matrix. As a result, biopolymers appear as ideal candidates for encapsulation technologies, especially for medical applications, due to their wide availability, low cost as well as their intrinsic bio and cytocompatibility and biodegradability.

For several decades, alginate has been one of the most popular biopolymers for encapsulation [179][180][181][182] . In addition to the previously mentioned advantages, alginate can be crosslinked by divalent cations (including calcium) by forming "egg-box" structures 183 as a way to yield self-supporting gel materials. Encapsulation in crosslinked alginate was first reported in 1980 for immobilization of pancreatic islets 4 but has since been used to encapsulate drugs 184 , biomolecules 125 , enzymes 185 , mammalian cells 186 , fungi (including yeast 187 ), algae 188 and bacteria 186 . Even if alginate is by far the most commonly used biopolymer for encapsulation, it is however not the only one. Chitosan 189,190 or pectin 191,192 have for instance been considered for cells 193 or enzyme immobilization as well as drug delivery.

The common point to all biopolymers used for encapsulation is their gelling properties. Since the polymer is here intended to be used as a structural unit (most commonly as microcapsules), gelation is necessary to provide self-supporting matrices. The intrinsic softness and toughness of polymers are both an advantage and a drawback from the encapsulation point of view. It provides a suitable environment for living cell and may be advantageous for tissue engineering applications, but might be problematic for applications where the matrix should provide protection against mechanical solicitation. This issue is also linked to the question of degradability and especially biodegradability. For most medical applications biodegradability is a great advantage, especially for controlled delivery over long periods of drug or even cells. But this advantage becomes a drawback for applications in other domains such as energy or environment, where the stability of the matrix can be crucial. One approach to control and tune these aspects has been the use of polymer composites including two or more biopolymers with different properties 194 . From the processing point of view, several biopolymers have the great advantage of being hydrosoluble. This is invaluable for encapsulation processes since cells can be directly dispersed in polymer aqueous solutions prior to shaping of the material.

In short, biopolymers appear as ideal candidate for encapsulation due to their bio and cytocompatibility. They can be shaped through a wide variety of approaches, but they suffer from shortcomings in terms of stability and mechanical properties.

I.2.c Encapsulation in inorganic matrices

Another approach, quite opposite to the use of biopolymers, for the encapsulation of cells and biomolecules is the use of inorganic compounds. Cells and biomolecules have been encapsulated in a wide range of compounds including metal oxides 113,133,195 , carbonates 196 , or layered double hydroxides 148,197,198 . One of the most common medium for encapsulation in inorganic matrices however remains sol-gel silica.

I.2.c.i About sol-gel silica

Silica (silicon dioxide) is one of the most abundant oxides in soil, but can also be found in mineralized organisms such as diatoms. If silica (for instance fumed silica or fused quartz) can be obtained through high temperature processes, the possibility to obtain silica materials at low temperature from a solution of precursors has attracted attention for more than a century. In 1844 J.J. Ebelmen first reported the phenomenon of hydrolysis of alkoxides in presence of moisture 199 . It is only decades later, around 1930, that materials were actually made by sol gel techniques as thin film by Geffken 200 or aerogels by Kistler 201 . It is only at the end of the 60s that interest in sol-gel approaches actually grew significantly. Sol-gel chemistry has since been used in wide range applications and with several types of metal oxides (for instance based on titanium, zirconium or aluminum). Depending on the targeted application, various types of materials can be obtained through sol-gel. Sol-gel syntheses rely on polymerization of precursors (small molecules) to form a colloidal suspension of silica particle called "sol". The inorganic polymerization can be further controlled to yield precipitation of the silica particles (Stöber process 201 ) or to result in the formation of hydrated gels, where silica forms a percolating network. Such gels can be further processed to remove the solvent. Depending on the drying techniques it is possible to obtain aerogels which retain the initial porous structure of the gel (for instance using supercritical drying) or more condensed xerogels (see Figure I.11). Sol-gel processes are generally based on two main synthetic pathways: the alkoxide-based route and the silicate-based route. Synthesis of sol-gel based materials is commonly carried out using alkoxides, one of the most prominent examples being tetraethyl orthosilicate, also known as tetraethoxysilane (TEOS). Alkoxides can be functionalized by a wide range of reactive groups (including organic groups) as a way to tune the synthetic conditions and the final material properties. The formation of the inorganic polymer occurs in two steps (see Figure I.12). The monomers are first hydrolyzed. Total hydrolysis would result in formation of silicic acid, but in most sol-gel processes, hydrolysis is only partial. Hydrolysis may be catalyzed either by acidic or basic conditions. The hydrolysis is followed by condensation of the silicic acid to form oxygen bond resulting in the formation of oligomers and subsequently silica particles. Depending on the synthetic conditions, especially pH, nucleation or growth of the silica particles may be tuned resulting in different gel morphologies.

Another common synthetic pathway to obtain silica gels is the use of metal salts. One of the common precursors source for this approach are sodium silicates (waterglass) of general formula NaxSiyOz. Sodium silicates can be found as solids or basic aqueous solutions, often as a mixture of various silicic oligomers. Gelling is obtained by neutralization of the suspensions resulting in the formation of a percolating network. Both the alkoxide route and the aqueous route can be tuned in terms of gelling times, optical properties or mechanical behvior 137 . Parameters such as pH and temperature may have a significant influence regarding the gelation kinetics and the characteristics of the final material, but they are also of great importance for possible encapsulated biological entities.

I.2.c.ii Advantages and limitations of silica encapsulation

Given the mild conditions required for the formation of inorganic 
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Hydrolysis Even though it is mainly part of the mineral world, silica has been used in the world of living organisms as protective shell by diatoms, which can be seen as form of encapsulation. Silica gels can therefore be seen as good candidates in the search of matrices for hosting living organisms. Cytocompatibility of silica has been demonstrated for a wide range of organisms, but the encapsulation process itself must also be designed carefully to prevent any deleterious effect to the encapsulated entity. Sol-gel syntheses have the significant advantage of being conducted at low temperature (for instance at room temperature or 37°C, which is compatible with many cells). But depending on the chosen synthetic pathway, some other parameters are likely to induce toxicity. One of the most used precursors for sol-gel synthesis is TEOS. This precursor is widely available and can easily be hydrolyzed and condensed to form silica gels. However, ethanol is produced during the hydrolysis of TEOS, which is likely to be harmful to most cells. Use of alkoxides in general is subjected to the same limitation with production of the corresponding alcohols (methanol for tetramethyl orthosilicate, propanol for tetrapropyl orthosilicate etc…). Furthermore, hydrolysis of alkoxide is usually conducted under acid or basic condition, which can be highly deleterious for cell viaility.

+ H 2 O
One proposed way to deal with this issue is to resort to a two-step encapsulation. The chosen alkoxide is first hydrolyzed under conventional conditions. The formed alcohol is then removed and the sol is brought to neutral pH before addition of the considered cells 214,215 . Gelation takes then place to entrap the cells within the silica matrix. Alkoxide precursors themselves have also been modified to prevent release of harmful alcohol in order to ensure compatibility of the encapsulation process [216][217][218] . The use of the aqueous sol-gel route may be another alternative since gelation can be carried out at neutral pH and without production of alcohol 207,219,220 . This approach however implies the presence of high salt contents. Well-defined silica colloids (e.g. LUDOX®) have been added to silicates in order to form silica gels while maintaining low salinity. This however results in lower stability of the gels. Such colloidal particles have therefore been associated with silicates to combine stability and low salinity 113 . Immobilization within a silica matrix (gels, films or dry porous materials) of biomolecules 221 or cells 212 has proven to be of interest regarding protection of the encapsulated objects for various applications. This however requires careful design of the encapsulation process since harmful by-product or physico-chemical conditions may be encountered. Immobilization within hard and brittle materials is however not very common in nature, since cells are usually entrapped within polymeric extra cellular matrices, which are often soft and tough materials. One way to combine the durable protection provided by silica matrices with the enhanced compatibility of biopolymer matrices is the design of hybrid materials for encapsulation.

I.2.d Encapsulation in hybrid matrices

Both organic and inorganic compounds have been used for the encapsulation of cells and microorganisms. Each type of compound possesses its own advantages and drawbacks from the functional and structural points of view. Another approach for encapsulation consists in combining organic and inorganic moieties in order to design materials with tailor-made properties (for instance in terms of mechanical behavior or processing options).

I.2.d.i About hybrid materials

In general the term hybrid refers to the mixture of two components with different properties. It is used in biology (for instance in botanic) to refer to mixing of two different species, often as a way to yield new or enhanced characteristics. In recent years it has also been used in the automobile domain to refer to cars combining two different energy sources as a way to combine sustainability and performances. Hybridization can therefore been seen as a way to take advantages of two different moieties (in terms of physico-chemical properties for instance) in order to gain new properties or enhanced properties. The term hybrid is often implicitly used to refer to organic-inorganic hybrids. A distinction must be made between hybrid materials and composites materials. The most commonly accepted definition for composite materials is the association of a dispersed phase within a continuous phase (or matrix). The term hybrid is generally used to describe materials where the components are mixed at the nano or molecular scale. This may consist in a homogeneous blend or in a nano-scale dispersion. In this last case, hybrids are sometimes described as nanocomposites. Hybrid materials are commonly separated into class I and class II hybrids. In class I materials interactions between the two moieties are weak (hydrogen, Van der Waals, ionic etc..) while class II materials are characterized by covalent or ionocovalent bonds 222 . Creation of hybrid constructs can also be a way to finely tune physico-chemical properties of the final material such as mechanical and thermal behavior, stability, density, permeability, optical properties, hydrophobicity, biocompatibility etc… 223 .

One of the major advantages in the design of hybrid materials is the flexibility it offers through the choice of the components themselves, but also due to the wide range of possible processing techniques. As a result of such versatility, hybrid materials have now become ubiquitous. They have been used in domains as varied as energy, health, housing, microelectronics, micro-optics and environment. In the domains of environmental science and medicine, a type of hybrid in particular has attracted a lot of attention. Hybrid materials based on biopolymers as organic moiety, also called bionanocomposites 224 , present the advantages of conventional hybrids in terms of tunability and enhanced properties, but here the biocompatibility and biodegradability inherent to biopolymers may also be exploited. The addition of an inorganic moiety allows for control over the main limitations of biopolymers (low mechanical strength and low stability) 225 . From the processing point of view one type of inorganic compounds has been especially favored. Metal oxides in general and more specifically sol-gel processes seem especially relevant for controlled synthetic approaches of metal oxide-biopolymer hybrids 226 . Among this family of compounds, silica based materials are especially prominent. From a structural point of view, silica-biopolymer hybrids are distributed between two extreme organizations. On the one end of the spectrum are the materials composed of a biopolymer matrix in which the inorganic moiety is dispersed. On the opposite end of the spectrum are inorganic matrices containing a biopolymer phase. Core-shell particles (either biopolymer@silica or silica@biopolymer) can be seen as specific cases of hybrid compounds, although they do not constitute a material from the macroscopic point of view. Control over the gelation of both the inorganic and organic moieties is key to obtain the desired architecture (see Figure I.14). As was mentioned previously, one of the most widely used biopolymers is alginate, mainly due to its wide availability, non cyto-toxicity and gelling properties. This trend is also found in the design of silica-biopolymer where silica-alginate constructs have been used for numerous applications 228,229 . Silica has however also been associated otherbiopolymers including pectin 230 , chitosan 231 or collagen 232 . The nature of the biopolymer is of paramount importance since it has a direct influence on the interactions between the organic and inorganic moiety, which in turn is determinant for both the structure and function of the final hybrid material 233 . Since both composition and shaping of the hybrid materials have significant impact on their final properties and characteristics, these two aspects represent keys to design tailor-made materials for specific applications.

I.2.d.ii Use of hybrid matrices for encapsulation

Silica-biopolymer hybrids and nanocomposites are especially favored for applications in medicine or environmental science. The flexibility, tunability and biocompatibility of silicabiopolymer hybrids make them excellent scaffolds for cell growth 234 . In addition the use of nanocomposites is a good way to control the mechanical characteristics of the materials without significant changes of the surface chemistry, which is of great importance for cell growth 235 . Silica-biopolymer bionanocomposites have also been used in depollution applications as adsorbing materials 236 . The use of silica and biopolymers ensures good ecocompatibility since both components are present in nature. Hybrid biopolymer-silica matrices have also largely been used as encapsulation matrices for various biological entities. In this case the system become even more complex since they comprise an inorganic and an organic structural moieties, as well as the biological functional entity. Advantages of encapsulation in silica-biopolymer hybrids are similar to the ones mentioned for the individual moieties concerning stabilization and protection. However combination of the organic and inorganic moiety usually allows for a minimization of the shortcomings while preserving or enhancing the advantages. Such materials may for instance have the advantages of the biopolymers in terms of bio and cytocompatatibility, but with enhanced mechanical properties provided by the silica moiety. Parameters such as the stiffness or the biodegradability of the material, as well as the general geometry (beads, fibers, monoliths etc…) and morphology (porosity or architecture of the different phases) must be tailored depending on the targeted application. In addition to the tuning of the structural part, the functional entity (enzyme, animal cells, plant cells, microorganisms) must also be chosen according to the desired application. First encapsulations in hybrid matrices were performed using enzymes, immobilized within alginate bead and subsequently coated with silica 237 . Such encapsulation provided protection against thermal and chemical denaturation, while the presence of silica ensured mechanical robustness. This type of system has since been used for the encapsulation of various biomolecules and cells [START_REF] Coradin | Silica-alginate composites for microencapsulation[END_REF] . The synthetic pathway itself could be tuned using bioinspired silica deposition 131 . Alginate-silica bead have further been used for immobilization of bacteria 238 , mammalian cells 239 , fungi or microalgae 240 . However depending on the targeted application other biopolymers can be associated to silica as encapsulating matrices (including chitosan 117 , collagen 241 , xanthan 242 or pectin 243 ). Applications for silica-biopolymer-based biohybrids range from protein and cell delivery 241 , energy production 244 or biosensing 245 to environmental science [START_REF] Chen | Decolorization of azo dye by immobilized Pseudomonas luteola entrapped in alginate-silicate sol-gel beads[END_REF]246 . Despite the wide range of available biopolymers and the flexibility of the available processing techniques, most encapsulation routes require gelation of the biopolymer, often as micro beads 247 . The functional entities remain encapsulated within hydrated gels, which may be problematic from storage and handling point of view. In addition, in the case of immobilized cells, the porosity of the matrix is essential to provide the encapsulate with necessary nutrients. This is especially relevant for applications in environmental science, where it is essential that the substrates diffuse to the functional encapsulated species. For such devices, the micro and mesoporosity is important to allow molecular diffusion while preventing cell leaching.

I.2.e About encapsulation of living organisms in hybrid materials for soil bioremediation

As was demonstrated, encapsulation is a widely applicable strategy. Encapsulation processes can be characterized and classified depending on several criteria including the nature of the encapsulate, the nature of the matrix or the targeted application. These different interrelated aspects must be considered in the design of an encapsulation strategy. This work focuses on the elaboration of cellularized hybrid materials for soil bioremediation. The relevant domain of application (environmental science), the type of encapsulate (metabolically active microorganisms) and the class of matrix (hybrid materials) have all been separately addressed in various works. The combination of these three specific characteristics have however more rarely been reported. Encapsulation processes have been used for environmental science in two main ways: for the development of sensors 143 and for bioremediation strategies. The bioremediation approaches may rely on the encapsulation of enzymes 146 , but the use of encapsulated cells is most commonly reported. A wide variety of organisms (mostly bacteria and algae) relevant to bioremediation have been encapsulated in either organic (including gellan-gum 248 , polyethylene oxide/polycaprolactone/polyethylene glycol composites 147 or polyethylene glycol and poly(vinyl alcohol) fibers 249 ) or inorganic matrices (mainly silica 250,251 , but also layered double hydroxides 148 for instance). Encapsulation in hybrid materials has been widely developed for enzyme immobilization. Examples of microorganisms relevant to bioremediation encapsulated within hybrid materials are however scarce. The bacteria Pseudomonas luteola has been immobilized in alginate-silica beads for the remediation of Reactive Red 22 [START_REF] Chen | Decolorization of azo dye by immobilized Pseudomonas luteola entrapped in alginate-silicate sol-gel beads[END_REF] . Similarly, cyanobacteria Nostoc calcicola was entrapped in silica-coated alginate beads for metal adsorption 246 . An alginate-silica matrix was also used for the immobilization of Stereum hirsutum to remediate malachite green 149 . The efficiency of these functional materials was however assessed for water treatment. Pseudomonas fluorescens encapsulated within alginate-bentonite clay nanocomposite 109 was reported to have enhanced survival rates in soil, but the potential of the cellularized material for bioremediation was not assessed. One of the main difficulties regarding the use of encapsulated microorganisms for soil bioremediation is related to diffusion limitations and substrate transport. The use of a porous encapsulation matrix could be beneficial to favor such phenomena.

I.3 Encapsulation by freeze-casting

Freeze-casting has been used for a few years to design porous material and more specifically materials with an oriented porosity. Such a structure can be a way to favor capillary mass transport within the material. I.3.a Shaping using ice as a template

I.3.a.i About freeze-casting

Freeze-casting is a processing technique relying on the use of ice-crystals as templates for the shaping of porous materials. Due to the very low solubility of most compounds in ice, freezing of a solution, suspension or slurry usually results in a segregation phenomenon. As a result the particles or solutes are repelled and concentrated by the growing ice crystal. The phenomenon has for instance been described in the literature through the observation of freezing seawater 252 , but such behavior is actually ubiquitous in nature 253 . While the templating capabilities of growing ice may be deleterious in many cases (for instance damages caused to soils and roads in winter or freezing of cells 254 ), it represents an interesting tool from the material scientist's perspective. First reports of the use of ice crystals as a way to shape materials dates from 1954 255 , but the technique of freeze-casting (which has also been called ice-templating, freeze-gelation or even ice segregation induced self-assembly 254 ) has mainly attracted attention during the last decade (Figure I.15). Freeze-casting is indeed an easy-to-implement way to obtain porous materials. One of the specificities of freeze-casted materials is that oriented porosity can be obtained using the appropriate freezing-setup. Another advantage is that it can be used for processing of a wide variety of materials, from ceramics and metals to polymers. The principle is to freeze a solution, suspension or slurry in order to grow ice-crystals which are subsequently sublimated to free the desired porosity. Due to the low solubility of most compounds in frozen water, segregation occurs during freezing resulting in the formation of ice crystals on the one hand (which will become the pores after drying) and of the pore walls shaped by the growing ice crystals on the other hand (see Figure I.16). One of the major advantages of ice-templating is the control it confers over the pore morphology of the final material. The porous structure can be tuned through a wide variety of parameters which can depend on the setup used (control of the temperature gradient) but also on the composition of the frozen solution or suspension (solvent, particles size, additives etc…). The shape and orientation of the pores can be tuned by controlling the ice nucleation and growth. In order to obtain aligned and oriented porosity a temperature gradient must be established within the sample. A simple way to obtain such gradient is to plunge samples in a liquid nitrogen bath at a chosen speed. In this case however the cooling temperature is set to -196°C. A common freeze-casting setup is therefore composed of a heat conductive material (copper, aluminum etc…) in contact with a cold source (such as liquid nitrogen) 257 

Polymer

Ice crystals of a heating resistance allows for precise control of the heat-conductive element's temperature. The desired solution or suspension is poured in a mold and put in contact with the cold finger to establish a temperature gradient. As a result ice-crystals will nucleate at the interface with the cold element and grow along the temperature gradient (see Figure I.17).

Although such setup is commonly used, it is far from being the only possible configuration.

For instance systems with two cold sources have been used for better control of the temperature gradient 258,259 .

Figure I.17: Unidirectional porosity can be obtained by applying a chosen temperature gradient to the sample.

Use of such a setup allows for a precise control of the temperature both in time (a chosen temperature ramp can be applied) and space (the orientation of the gradient is well defined).

The temperature gradient has a direct influence on the freezing-front velocity which is key to the control of the size of the pores 260 . In addition to the influence of the temperature gradient, freezing-front velocity is also largely dependent on the thermal properties of the solidified phase, that is to say on the composition of the initial solution or suspension 257 . Formulation of the initial slurry is key to control the freezing front velocity, but may also influence a wide range of characteristics likely to modify the final porous structure.

As mentioned previously, ice-templating can be used with a wide variety of compounds since it mainly relies on physical interactions. It has for instance been used for shaping polymer solutions 261 , or more recently for metals 262 . The method has also been extensively used for shaping of porous ceramics, including silica 263 and alumina 260 . Depending on the interactions between the templated colloids, further sintering or densification may be required after sublimation of the ice-crystals to yield satisfying mechanical properties. Use of a binder (for instance polymer in ceramic slurries) may also be a way to obtain structural integrity of the materials 264 . All the components of such complex suspensions must be carefully selected in order to ensure control over the desired pore morphology. The first element to be selected is the compounds on which the material will be based (for instance the type of polymer or of ceramic). The chemical composition is relevant since it may affect interactions between the colloids, as well as the particle-solvent interactions. The chemical nature of the freeze-casted components is however far from being the only relevant parameter. Figure I.18 illustrates the variety of morphologies which can be obtained for ceramics by changing parameters such as solvent, binders or solid loading. The characteristics of the particles themselves are also critical in the morphology of the final material. Most commonly, such particles are hard (as is the case of ceramics), but it is also possible to apply freeze-casting to soft particles (such as polymer particles or even cells). In the case of ceramic processing, which has been one of the most studied materials, the properties of the slurry are very dependent on the size 266 , shape 254,267 and density of the particles. Usually these parameters are chosen in order to prevent sedimentation phenomena, although these can be taken advantage of to create gradients within the final porous material.

Regardless of the nature of the colloids, another crucial parameter is the concentration (or solid loading) within the initial slurry 268 . It may influence the final density (and mechanical properties) of the material, but is also relevant to the freezing process itself since it is likely to modify the viscosity or freezing point of the liquid sample.

Water is most often used as the solvent to disperse polymer or ceramic particles. Use of dispersant is often required to obtain stable suspensions. The nature of the solvent used is one of the most important parameter in the design of freeze-casting systems, since it largely influences the crystal nucleation and growth, which is the driving force of ice-templating. In the case of water, one of the most commonly observed morphology is composed of lamellar and well aligned pores, often organized in orientation domains 269 . In some cases, this can be linked to the hexagonal crystallographic structure of ice and to the fact that ice growth is favored along the a axis compared to grow along the c axis 256 (see Figure I.19), however depending on the composition of the initial suspension and freezing conditions, ice growth mechanisms are often much more complex. Depending on the ice growth, morphologies such as microhoneycombs can also be obtained 270 . The presence of additives 272 such as dispersants, common cryoprotectants (sucrose 273 , glycerol 274 ) or binders (such as polymers 275,276 ) is likely to modify the ice nucleation and growth and therefore the porous structure of the material. It is however difficult to predict the effect of such modifications 277 since the additives are likely to impact many parameters simultaneously (ice growth, viscosity, freezing point etc…). The use of a different solvent may also provide access to original shapes of pores. Camphene-based freeze-casting has for instance been used to obtain dendritic pore morphologies 278,279 . Fishbone-like structures have been obtained by freeze-casting in liquid carbon dioxide 280 . The ice growth can therefore be tuned through a variety of approaches, but ice nucleation and the initial stages of growth are also of tremendous importance for the final morphology. Ice undergoes a non-lamellar growth phase before attaining a steady-state growth regime. A transition from an initial planar ice front to a lamellar ice morphology results from destabilization of the solid-liquid interface due to the accumulation of solutes at this interface. As a result, areas with different pore morphologies can be observed close to the interface with the cooling element 260 . Such morphology heterogeneities have been minimized by modifying conventional freeze-casting setup by the introduction of a tilting angle of the cooling element 281 . Importance of the interface with the cooling element has also been demonstrated through modulation of the final pore morphology thanks to patterning of the cold finger 273 . In short, a large number of often interrelated parameters (both from the setup and formulation points of view) are susceptible to influence the porous morphology of the final materials. The comprehension of their influence is key 282 to gain control in the precise design and tuning of materials with a wide variety of structures.

I.3.a.ii Range of application

As mentioned previously, ice-templating processes can be applied to a wide range of compounds 283 to yield a great diversity of structures. Such versatility has opened the way for the use of freeze-casting in many applications. Each class of materials has its own specificities in terms of shaping even if the principle (use of ice crystals as templates) remains the same. One of the major uses of freeze-casting techniques is for shaping of ceramic compounds 256 (including alumina 260,284,285 , silica 271,286 , titania 287,288 , zirconia 289,290 , clays 291,292 , calcium phosphate 293 and hydroxyapatite [294][295][296] ). Polymers, and water soluble polymers in particular, have also extensively been shaped though ice-templating. In this case, instead of a suspension of hard particles, the frozen medium is a solution of dispersed macromolecules. The interest of the use of macromolecules is that the lyophilized materials are usually self-supporting and do not require further treatment. Examples of freeze-casted polymers include biopolymers (alginate 297 , cellulose 298,299 , chitosan 300 , collagen 301 , gelatin 302 or silk 303 ) but also synthetic polymers like poly(vinyl alcohol) 304,305 or poly(lactide-co-glycolide) 305 . Carbon-based materials have also been shaped by freeze-casting to yield ultralight aerogels with conductive properties, for instance using multi-walled carbon nanotubes 306,307 or graphene 308,309 . Metals have also been shaped through ice-templating, either from metal particles 262 or metal precursors 310 . As is the case for ceramic particles, the choice of the particles and dispersants is crucial for the control of the final porosity of the material in order to avoid sedimentation. In the case of metals however, the question of oxidation must also be considered for metals such as iron 311 , titanium 262 or copper 312 but can be avoided using stable metals (gold 313 , silver 314 or stainless steel 315 for instance). Some of these materials can be shaped individually, but in some cases it may prove interesting to combine them. Polymers have for instance been added to ceramic suspensions 264,275 (as binder or in order to modify the final morphology). But the combined use of different component can also be a strategy for the elaboration of composite materials (either by simultaneous ice-templating of the different moieties 292 or by freeze-casting of a structure and subsequent infiltration 314 ). Such composites may have original architectures 259 or properties 316 (for instance mechanical behavior 317 or conductivity 318 ). Such diversity opens the ways for uses in fields ranging from biomedical application to energy, environmental science or housing materials. Ceramic based materials are for instance of interest when high mechanical, thermic or chemical stability is required. This includes, among many other applications, thermal insulation 290,319 , catalytic supports 287 or biomaterials 296 . Biopolymer 304,320 or biopolymer-based composites 234,321 porous materials have been largely favored for applications in biomedicine. The use of scaffold with an aligned porosity is particularly interesting for cell oriented growth 322 . Ice-templated materials have also be used in the environmental domain, for instance as absorbents [323][324][325] .

Freeze-casting has proven to be a widely applicable technique for shaping numerous compounds. The process can be tuned through a variety of parameters (setup, freezing rate, composition, presence of additives, type of solvent etc…). The versatility of this technique which is both straightforward and highly tunable has allowed for the design of materials with tailor-made properties (chemical interactions, mechanical behavior, thermal stability etc…) for specific applications.

I.3.b Freezing and drying cells

Freeze-casting can be applied to many compounds, including polymers and inorganic moieties, commonly used for biomolecule or cell encapsulation (for instance alginate 297 or silica 326 ). The aligned porous structure of the materials has proven to be interesting for various applications since it may provide oriented support for cell growth or facilitate mass transport in adsorption mechanisms. Furthermore, most freeze-casting approaches use water as solvent which is an advantage from the cytocompatibility point of view.

Freeze-casting therefore appears as good candidate for original encapsulation procedures.

There are however only few examples of encapsulation of biological entities within freezecasted materials, which may partly be attributed to the challenge that is the freezing of biological entities.

I.3.b.i Encapsulating cells by freeze-casting

Requirements are different for encapsulation of simple molecules such as drugs, biomolecules (including proteins) or cells (animal cells, plants cells, microorganisms such as yeast or bacteria).

Polymer-based freeze-casted materials have been used for entrapment and release of drug 304,327,328 . Control of the porosity and morphology of such structures allows for good control of the release rates (by erosion of the matrix or swelling and dissolution of the drug), which is a key feature of most drug delivery devices. In the case of water soluble drugs entrapment can easily be achieved by dispersing the drug molecules in the initial suspension.

Freeze-casting has also been used for the encapsulation of more complex molecules such as enzymes 329 by ice-templating of a PVA-protease mixture. In this case the structure of the matrix can be tuned as a way to maximize mass transport which could be of great interest for the design of high-yield bioreactors. As is the case for drugs, the homogeneous encapsulation of enzymes is facilitated by the fact that the molecules can be efficiently dispersed in the aqueous carrier solution (often polymer) 330 . In the case of enzymes however, the molecules are much more sensitive to their environment and the composition of the matrix must be designed to preserve the structure and enzymatic activity (for instance by using a polymer moiety). The issue of preservation is even more essential when contemplating the encapsulation of more complex structures such as liposomes 331 or cells. Bacteria in particular have be entrapped in freeze-casted ceramic 332 , multiwalled carbon nanotubes 307 or polymer structures [START_REF] Gutiérrez | Hydrogel scaffolds with immobilized bacteria for 3D cultures[END_REF] . From a structural point of view entrapment of cells is not as straightforward as it may seem. Cells can be seen as soft and deformable particles to be entrapped between the growing ice lamellas. Mechanisms of sedimentation, entrapment or rejection by an advancing ice-front have mainly been studied in the case of ceramic particles 257 , but the general mechanisms can be extended to the case of soft particles such as cells or bubbles 333 . Such behavior strongly depends on various parameters such as the ice front velocity, the viscosity of the carrier solution, the size and density of the particles or the interaction between the particles and the ice front Growth of ice-crystals is responsible for shaping and formation of pore walls, but the counterpart to this templating effect is the application of non-negligible mechanical constraints on the cells 334 which may prove highly deleterious to their viability. As a result, cells have been pre-immobilized in alginate beads to ensure better cell survival through the encapsulation process [START_REF] Gutiérrez | Hydrogel scaffolds with immobilized bacteria for 3D cultures[END_REF]307 . Immobilization in such cytocompatible biopolymer may also be of use to prevent damages due to freezing and drying. From a microbiological point of view freezing and lyophilization of living cells is far from being free from consequences for the cells, as can be attested by the extensive efforts invested for several decades in understanding and optimization of cryopreservation 335 .

I.3.b.ii Freezing cells

Freezing is a highly deleterious phenomenon to most living organisms. Nature has devised strategies to deal with this issue in a few species exposed to extreme temperatures 336 such as insects, and some amphibians or reptiles 337 . If such behavior remains exceptional, the observation and understanding 338 of the underlying phenomena have open the way for the development of advanced cryopreservation strategies. Two main sources of damage have been identified as consequence of freezing: formation of intracellular ice, which induces structural cell damages and rise in extracellular solute concentrations during external ice formation which may result in cell dehydration, significant cell shrinkage and membrane changes. Common cellular protection strategies include the secretion of cryoprotective molecules such as glucose 339 or glycerol 340 . Sufficient concentration of such cryoprotectants in cells may prevent excessive cell shrinkage due to osmotic dehydration during the formation of extracellular ice. Another strategy consists in the limitation or control of ice crystals formation through to the use of proteins (antifreeze proteins 341 ). The action mechanism for these proteins is however not fully understood. In this case, the efficiency does not rely on high solute concentration but rather on specific interactions with ice. Several classes of freeze-protecting proteins have been identified with different behaviors. They may for instance induce controlled ice nucleation to prevent random ice crystal formation or be bound to ice crystals to tailor ice growth. Another effect observed was the presence of a thermal hysteresis, resulting in lower freezing point despite low protein concentrations.

The use of cryoprotective agents has been mimicked for the preservation of a whole variety of cells including mammalian cells 342,343 , plant cells 344,345 or microorganisms 346,347 . Even if cryopreservation protocols must be tailored the specific targeted species, the general principles and strategies are similar. A distinction can be made between two main routes 348 . In conventional cryopreservation, focus is put on the control of ice formation and growth. In vitrification approaches, the goals is to completely prevent the formation of ice crystals.

In conventional cryopreservation, the most common way to preserve the cells is through the use of cryoprotectants, from which glycerol is the most prominent example since its first use in 1949 349 . The action of glycerol (and other intracellular cryoprotective agents such as DMSO) relies mainly on two effects: the increase of intracellular solute concentration induces a freezing-point depression thus limiting the formation of intracellular ice, and these high concentrations prevent osmotic imbalance during concentration of extracellular solutes during ice formation and subsequent cell shrinkage. It has also been proposed that one possible cause for cell injury during freezing is related to the increase of intracellular salts concentrations up to toxic levels due to dehydration of cells 350 . By preventing excessive dehydration of the cells, glycerol could therefore limit the rise in salt concentration and subsequent toxic effects. The efficiency of such cryoprotective agents therefore relies both on their capacity to efficiently penetrate cells and on the control of their possible toxicity

In addition to the presence of cryoprotective agents, another key element in the control of survival in cryoprotective strategies is the freezing rate 351 . Since injuries are highly dependent on osmotic phenomenon, the kinetics of water diffusion through the cell membranes has a heavy influence on the cryoprotection efficiency. At high cooling rates, water cannot permeate through the membrane quickly enough to compensate osmotic unbalances. The remaining intracellular water has higher chemical potential and become increasingly supercooled, ultimately resulting in the formation of intracellular ice. On the other hand, at sufficiently low cooling rates, water diffuses out of the cells and freeze-externally 352 . However if dehydration of the cells is too important, the previously mentioned effects of cell shrinkage and increased salt concentration may result in cell damages (see Figure I.21). Due to these antagonistic effects, an optimal cooling rate must be found to minimize intracellular ice formation, while maintaining non-toxic intracellular solutes concentrations. Such optimum is usually dependent on the type of cells due to the diversity in intracellular composition but also in the nature of the cell membranes. Some cryoprotective agents such as sucrose, trehalose or polyethylene glycol (called nonpenetrating cryoprotectants) are able to protect cells from freezing damages through different mechanisms, since they are not capable of permeating through the cell membrane 346 . Their main pathway of action therefore relies on the control of external ice nucleation (for instance on the formation of smaller ice crystals) to minimize mechanical constraint. Another possible action of such compounds is the modification of water diffusion kinetics 353 which also modifies the ice crystals formation and may help in preventing high osmotic imbalances.

A different approach in cryopreservation consists in fully avoiding freezing by vitrification of the intracellular water. Condition for water vitrification are however not easy to obtain. Both high intracellular solute concentrations and very high cooling rates are required (see Figure I .22). A critical cooling rate, which depends on the total solute content of the solution, can be defined as the rate above which ice nucleation kinetics is too slow for freezing to occur 354 . Vitrification has the advantage of completely preventing the formation of intracellular ice crystals which could be damaging to the cells, without need for dehydration and subsequent elevation of the intracellular solutes concentrations 356 . As a result, there is no need to find an optimal cooling rate, which is of great interest for the preservation of multicellular units or whole organs. The downside is however the necessity to use high initial cryoprotectant concentrations which may be concerning both in terms of toxicity and of osmotic pressure.

Since freezing is generally used as a tool for long term preservation for further use, it is essential to consider not only the freezing process but also the return of the cells to their initial state. This includes thawing and removal of the cryoprotectants. In both cases the conditions must be carefully chosen. Thawing rate has proven to be just as important as the freezing rate 357 . Cryoprotectant removal is usually performed by washing with a solution with lower concentration in the considered cryoprotective agents. Concentrations must be adjusted carefully in order to prevent osmotic shock.

Another approach for the preservation of cell is not the inhibition of cellular activity through the use of very low temperature, but rather by the completed cell dehydration.

I.3.b.iii Drying cells

Freeze-drying has also been used a way to preserve and store proteins 358 and cells (animals 359 , plants or microorganisms 360,361 ) as well as virus (vaccines 362 ). The main advantage of this approach is the cost efficient storage and facility in transport and handling, since dry cells do not need to be kept at very low temperature such as frozen cells.

Freeze-drying consist in the freezing of a cell suspension and subsequent lyophilization under high vacuum. As a result the cells and organisms subjected to freeze-drying must actually face two types of stress: freezing and subsequent drying. The drying step itself is usually composed of primary drying, which is the sublimation of ice crystals under high vacuum and secondary drying which consists in the removal of bound water 363 . Optimization of processes for freeze-drying must therefore take in account both sources of damage. Effects of freezing have been extensively studied for conventional cryopreservation.

It is however much more difficult to assess the effects of the drying step alone, since it is always preceded by a freezing step. In addition these effects can be interrelated which means that survival and damages must be considered across the whole process 364 . Optimization of the freeze-drying process however usually consists largely in optimization of the freezing conditions (formulation of the suspension and freezing rate). As a result, cells are usually dispersed in solutions containing common cryoprotective agents. However some compounds also display specific lyoprotective features. Formulations may contain both cryo and lyopreservatives or single compounds which present protective effect during both freezing and drying. Common protective agents used in freeze-drying include trehalose, sucrose or glycerol as well as skim milk. As mentioned previously, some cryoprotectants are capable of permeating through the cell membranes and accumulate in the intracellular medium. Most of these compounds are highly hydrophilic. Such capability to retain water may provide advantages during the drying process 346 . As is the case for conventional cryopreservation, the freeze-dried species must be returned to their original hydration state prior to use. Even if only water has been removed from the cells during ice sublimation, better results are usually obtained with more elaborate rehydration media (for instance saline) 365 .

Conclusion

Living organisms and microorganisms in particular have proven to be interesting tools for the depollution of soils. Bioremediation approaches have been investigated for the treatment of soils containing various common pollutants such as PAH, pesticides or even heavy metals.

The limitation of such strategies is usually the intrinsic sensitivity of living organisms. Encapsulation of cells and microorganisms in various matrices has proved to be an efficient way to design functional materials. Entrapment of metabolically active species usually allows for enhanced stability, reusability or recovery of the cells. Entrapment matrices and encapsulation protocols must be designed in order to satisfy imperatives from a structural as well as structural point of view. These requirements can be met by tuning the composition of the material, as well as the shaping processes. Use of hybrid or composite materials is a good way to combine the cytocompatibility of materials such as biopolymers with the stability of inorganic materials such as silica.

Freeze-casting is a shaping process relying on the formation of ice crystals to act as template for the design of porous materials with complex and controlled architectural features. This technique has been of great interest to the material scientists' community due to its versatility and tunability. Morphological control can be gained throughout control of compositional parameters (nature of the compounds, shape of the particles, type of solvent used, presence of additive etc…) or by modifying processing parameters (type of setup, freezing rate etc…). Controlled freeze-casting techniques have been used for the design of complex composites architecture, in particular including various particles in a well-structured matrix.

In order to apply such a method to the encapsulation metabolically active microorganisms, the challenge of living organisms must be addressed. Conventional strategies include the addition of cryoprotectants but also tuning of the freezing-rate, which can easily be controlled in icetemplating approaches.

As a result freeze-casting could prove to be a valuable tool in for the encapsulation of cells in biopolymer macroporous materials with an oriented porosity and in hybrid macroporous materials. This processing approach could be used both as a way to control the structural features of the material and as way to control the functional aspects of cell encapsulation. Cellularized hybrid materials with an oriented porosity could be of great interest for environmental applications. Entrapment of microorganisms with bioremediation capabilities could be a decisive advantage in depollution strategies of contaminated soils, as a way to introduce efficient exogenous microorganisms while ensuring stability and preservation against potentially harmful conditions for the metabolically active microorganisms, as well as preventing their dispersion.

Introduction

As mentioned before, the conception of a hybrid material containing microorganisms was considered as a two-step process: formation of a biopolymer scaffold containing the targeted cells and coating with a silica layer. The structural properties of the material were first investigated in absence of cells, while keeping in mind the fact that the designed material is intended to be used as cell-host matrix and that the shaping process must be adapted to cellular encapsulation. The first objective was the elaboration of a dry macroporous biopolymer-base material. The characteristics of the biopolymer structure were investigated using ice-templating techniques.

Both the formulation of the initial polymer solution and the freezing setup were explored as possible levers on the pore morphology. The influence of the porous structure was in turn assessed over the macroscopic properties of the material such as mechanical wetting behavior.

II.1 A few words about pectin

First and foremost, the material must be compatible with living microorganism, which implies the use of a non-toxic compounds, solvent and shaping process. This points towards the use of natural polymers (also known as biopolymers) [START_REF] Gasperini | Natural polymers for the microencapsulation of cells[END_REF] such as polysaccharides (for instance alginate [START_REF] Lim | Microencapsulated Islets as Bioartificial Endocrine Pancreas[END_REF] , chitosan 190 , starch 366 , or pectin 192 ), or proteins 367 (collagen and its derivative gelatin, silk fibroin, keratin ). These types of polymers are especially widely used in the medical domain for applications as varied as drug delivery, wound dressing, scaffolds 156 . The food industry is also one of the main consumers of biopolymers 175 as stabilizing, gelling or thickening agents, but they are actually used in almost every domain including packing, textile or paper industry 368 .

Pectin is a polysaccharide found mainly in the plant cell primary wall, especially in young tissues and fruits 369 . The best known, and most commonly used pectin sources are apple pomace and citrus peels 370,371 , but pectin can actually be found in a wide variety of plants including tomato, carrots, beet root, apricots mango or even sunflower 174 . Pectin plays a role in the mechanical behavior of the cell wall 178 and more largely in the texture of the plant or fruit 372 which implies the presence of various pectic substances depending on the location, type and maturity of the cells within the plant. Even in single cells, a distribution of structural domain can be observed 373 . As a result pectin, or rather pectins, are very complex to characterize and no simple or general structure can be given. Oligosaccharide side chains of different length may also be present, containing the following residues : Galacturonic acid ( ), rhamnose ( ), apiose ( ), fucose ( ), aceric acid ( ), galactose ( ), arabinose( ), xylose ( ), glucuronic acid ( ), ketodeoxymanno-octulopyranosylonic acid ( ).

Depending on the pectin source different levels of methylation ( ) and acetylation ( ) can be observed. Reproduce from Willats et al. 160 Galacturonic acid

Rhamnose

HG is a linear polymer composed of a chain of 1,4-linked α-D-galacturonic acid (GalA). This chain may be partially esterified of acetylated depending on the source, extraction method and subsequent treatment. RG-I consists in alternating residues of rhamnose (Rha) and galacturonic acid (GalA) (α-D-GalA-1,2-α-L-Rha-1,4). Neutral side chains can be attached on the Rha residues, most often 1,4-β-D-galactan or 1,5-α-L-arabinan. RG-II, also called substituted homogalacturonan, is the most complex and variable of these three structures 174 .

Contrary to what the name rhamnogalacturonan II suggests, the backbone of this structure is made of homogalacturonan 160 but is substituted with a wide variety of side chains. In reality, most pectins present several of these well identified structures 376 and as a results the polymers are commonly accepted as heterogeneous sequence of simple HG regions ("smooth" regions) and more substituted regions 377,378 ("hairy" regions). It has however be proposed that the HG regions might themselves be side chain to the RG-I regions 379 . Since pectin is mainly used in the food industry 371 , especially as a gelling or thickening agent, structural characteristics influencing the gelling properties of the pectin are of great importance. There are however some applications in other domains, which may call upon various other properties of the pectin chains. As mentioned, food industry 380 and medicine or pharmaceutical industry 381,382 are the most prominent users of pectin based materials, but there are also reports in environmental science, for instance as adsorption materials 383,384 . The pectin based materials may adopt various forms such as gel bead 385 , films 386 , three dimensional scaffolds 387 and dry porous materials 388 . Regardless of the targeted application, it is necessary to understand the relationship between the structure of the pectin and its physical properties, in order to choose to best candidate for desired function.

The chains of HG or RG may be methylated and/or acetylated which may have and influence on interchain interactions. For this reason, pectin are commonly separated according to their degree of methylation (DM) into highly methoxylated pectins (HM) with a DM above 50% and low methoxy pectins (LM) with DM inferior to 50%. HM pectins are able to form gel in acidic conditions in presence of high sucrose content 389 . This is typically what happens in the confection of jams. LM pectin can also form gels but under different conditions. In this last case, the presence of divalent cations such as Ca 2+ is required. A proposed explanation is the formation of an "egg-box" structure 390 , similar to the one observed upon crosslinking of alginate 183 . It is however necessary to remember that pectins are complex and heterogeneous polymers, which results in complex molecular interactions and macroscopic behaviors. For this reason the two previously cited gelation mechanisms are not completely independent and calcium proved to be able to modulate gelation of HM pectins 391 . In addition, several parameters can influence the gelling properties of pectins, including pH, chain length, temperature and type of divalent cation 392 . The degree of acetylation also plays a major role in the gelling properties of pectin 393 , since the presence of the functions may sterically hinder formation of the gels. This is one of the proposed explanations for the limited gelation capabilities of pectin extracted from beet root compared to citrus or apple pectins 394 . The properties of pectins extracted from beet root pulp 395,396 can be modified depending on the extraction conditions 397 and post-treatments 398 in order to make it compatible with conventional gelling conditions. This however makes the beet root pectin less competitive than citrus or apple pectins. As a result, this type of pectin is not commonly used in the food industry and it largely remains an unexploited by product of the sugar industry. Beet root pectin has however its own specificity, namely the presence of ferulic residues 399 which may confer a possibility to crosslink the pectin 400 in order to obtain gels.

In this work we chose to use a shaping technique that does not rely on the gelling properties of pectin, but takes advantage of its polymeric nature and of its solubility in water.

II.2 Ice-templating or the use of water to shape materials

II.2.a Comparison of different freezing-conditions

Ice templating is a simple way to obtain dry porous materials. Besides its simplicity, one of the main advantage of the technique is its versatility since it can be applied to components ranging from polymers 304,320 to ceramics 256 and metal 262 , as well as various composites 234,319,321 . The general idea is to freeze a solution (or suspension) in order to form ice crystals which will serve as templates for the final porosity. As ice crystals grow, solutes are segregated from the solvent (often water), which results in the formation of the future pore walls around the newly grown ice crystals. The latter are then removed by sublimation to free the porosity. This method can be used to shape many different raw materials, since the vast majority of solutes have a very low solubility in ice. The limit then resides in the capacity of the material to retain its shape after removal of the ice crystals. One possibility is to add a sintering step as is the case for the shaping of ceramics. In the case of pectin freeze-casting, the dry foam obtained after lyophilization is self-supporting, but it is important to highlight the fact that this network is not crosslinked, and that any contact with liquid water results in the dissolution of the polymer structure.

The method for the formation of a macroporous pectin foams may seem straightforward: freezing of an aqueous solution of the polymer and freeze-drying of the sample. However, many parameters must be taken in account including the formulation of the initial solution (concentration, possible additives), the freezing conditions (freezing-rate, geometry) and the drying conditions. In order to link the processing parameters to the final foam morphology 297 , four different freezing conditions were explored. As a first approach, 4 mL samples were placed in polyethylene cylindrical molds of 19 mm in diameter and subsequently frozen in conventional -20°C and -80°C laboratory freezers. Samples of the same size were obtained by plunging the molds containing the pectin solution into a liquid nitrogen bath. These three approaches were compared with the freeze-casting technique, where a chosen temperature ramp was applied to the sample in contact with a heat conductive element (copper) at a precisely set temperature. Copper rod

Material and methods

Influence of the freezing conditions was assessed on aqueous solutions of pectin
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To understand the influence of the freezing method over the morphology and properties of the final material, it was necessary to pinpoint the differences between these methods. To characterize each freezing condition, the temperature at the core of the samples were monitored by a thermocouple during the whole freezing process (from a few minutes to four hours). Figure II.3 displays theses temperatures (full line) as well as the target temperature (dotted line), which was either the temperature of the freezer, liquid nitrogen bath, or the temperature at the top of the copper rod (in the case of freeze-casted samples).

The first three conditions (freezers at -20°C, -80°C and liquid nitrogen bath) can easily be compared due to the very similar setups (one fixed target temperature, same type of mold and anisotropic source of cold). The main changing parameter is the targeted temperature (-20°C, -80°C or -196°C), but the geometry of the setup was the same. In this last case, the temperature follows a linear gradient along the axis of the cylindrical mold. In addition, the targeted temperature is not fixed, but is a ramp with a chosen slope (in this case 10°C/min). In other terms the temperature can be controlled both spatially and in time. For the samples frozen in laboratory freezer the temperature profiles are similar. After an initial cooling period, the temperature remains constant. This corresponds to the actual phase transition in the sample, and the growth of the ice crystals throughout the sample. After complete freezing of the sample, the temperature at the core of the sample decreases down to the target temperature. At lower temperature (-80°C) the initial cooling rate increases (3,6 °C/min in the -80°C freezer vs 1,2 °C/min in the -20°C freezer) and the phase transition time decreases (around 10 min at -80°C vs 50 min at -20°C). When the samples are plunged in liquid nitrogen, a delay is observed before initial cooling (at 243°C/min). With the freezecasting technique, the temperature at mid height of the sample follows the imposed temperature ramp, but with a slight shift (5 minutes). In this case, the cooling rate is 7.2 °C/min (theoretical ramp was of 5°C/min). To explain these variations, it is necessary to link them to the final morphology of the material, as a way to understand the relation between these temperature profiles and the ice growth.

II.2.b Influence on the pores morphology

Different morphologies can be observed at the macroscopic scale (see Figure II.4). The sample obtained at -20°C has a homogeneous aspect and no significant difference can be observed between the longitudinal and transversal views. The sample obtained at -80°C looks less homogeneous, with small striations visible on both the longitudinal and transversal views, but no clear orientation is noticeable. Slight iridescence can be seen in samples obtained in a liquid nitrogen bath (oriented in a radial fashion) and by freeze-casting (in the longitudinal direction). It is however noticeable that the pores in the material obtained at -80°C, so presumably with a higher temperature gradient, are slightly elongated.

To investigate the influence of a temperature gradient, samples were prepared by immersion in a liquid nitrogen bath. In this case, the temperature at the core of the sample remains stable before dropping sharply (see Figure II.3 c). This might be due to the presence of an important temperature gradient between the core and the sides of the sample. It is probable that ice crystals nucleate almost immediately when the sample is plunged into liquid nitrogen, but only in the outer regions of the sample. Due to the radial temperature gradient, the ice crystals then grow in a radial fashion inside the sample (Figure II.7 b). This organization of the ice crystals results in the observed orientation of the pores. The absence of a plateau at the transition temperature supports the idea that when the center of the sample freezes, the rest of the sample is already frozen. It might be noted that the actual gradient is not strictly radial, since the sample is plunged entirely in liquid nitrogen. A vertical component to the gradient must therefore be present at the top and bottom of the sample, resulting in a slight tilting of the pores. The presence of a temperature gradient inside the liquid sample is responsible for the orientation of the final porosity, however, in the case of freezing with a liquid nitrogen bath, there is no control over this gradient which strongly depends on the mold geometry. To gain better control over the pore morphology, samples were prepared by freeze-casting. This method confers control over the orientation of the temperature gradient, as well the kinetics of the ice growth. By placing the sample in contact with a cooling element at the basis of the cylindrical mold, it is possible to induce a longitudinal temperature gradient. The temperature in the region directly in contact with the cooling element closely follows the imposed temperature ramp. The temperature in the middle region of the sample (where the thermocouple was placed) however follows the cooling ramp with a certain delay (see Figure Both the temperature profiles and morphology observations allowed for the identification of three different types of ice growth, which are summed-up in Figure II.7. The presence of a temperature gradient, as is the case for samples obtained by dipping in liquid nitrogen or freeze-casting, induces the oriented growth of ice crystals and therefore the formation oriented pores. Freeze-casting presents the further advantage of precisely controlling the direction and amplitude of this temperature gradient.

II.2.c Influence on mechanical behavior

The control of the freezing conditions influences the morphology of the material, which in turn has an influence on the physical properties of the foam. The mechanical behavior of the samples obtained by the four different freezing methods was assessed under compression. [START_REF] Cassidy | Environmental applications of immobilized microbial cells: A review[END_REF] were cut in the different samples. Samples were compressed up to a 50% strain, at a constant displacement rate of 1 mm/min. Charge was measured in function of displacement and corresponding stress and strain were calculated. Five replicates were used for each measurement.

Material and methods

Mechanical behavior under compression was assessed using an Instron 5965 traction and compression device. Cubes of 1 cm

Two orthogonal compression directions were used on 1 cm 3 samples: along the cylinders axes (axial compression) and perpendicularly to the cylinder axes (radial compression). When applicable, these directions were specifically chosen along or orthogonally to the pores of the material. For the -20°C and -80°C samples axial compression (Figure II II.1. An anisotropy ratio was calculated by comparing the Young's modulus measured in the direction of the pores (//) and perpendicularly to the pores (⊥).

𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 𝑟𝑎𝑡𝑖𝑜 = 𝐸 ⊥ -𝐸 // 𝐸 ⊥

Compared to the other materials, the sample prepared by freeze-casting displayed a highly anisotropic behavior. When compressed in the direction of the pores, this material has a Young's modulus of 2,8 MPa, which is typical for polymer foams of this density 402 . However under compression orthogonal to the pores, the Young's modulus drops to 125 kPa. This strong mechanical anisotropy is the direct consequence of the structure anisotropy described earlier.

Figure II.9: Samples obtained with conventional freezing at -20°C (a) or at -80°C (b) present no significant mechanical anisotropy. Foams obtained with liquid nitrogen (c) present an oriented porosity, but the mechanical behavior is quite similar in both directions. The sample obtained by freeze-casting (d) show both higher Young's modulus and compressive strength when compressed along the pores.

The cellular materials with no specific orientation have no or little mechanical anisotropy (see Figure II.9 a and b and Table II.1). The Young's modulus in both directions are in the same order of magnitude (between 1,1 and 1,5 Mpa for the -20°C freezing vs 0,3 Mpa for the -80°C freezing). The observed difference may be attributed to the slightly elongated shape and more lamellar structure of the material prepared at -80°C.

The radial structure (sample obtained using a liquid nitrogen bath), despite having a specific pore orientation, displays no mechanical anisotropy. This might be attributed to the fact that the compressive tests are not really performed directly along the pores but rather on a distribution of orientations, due to the radial organization. The apparent mechanical behavior therefore results from a mean over several orientation including compression along the pores but also orthogonal compression (see Figure The morphology can be linked to the mechanical behavior which is a good indication to assess the physical properties of the material. Another relevant information regarding the considered application is the wetting behavior, where oriented or channel like pores seem to be a definitive advantage.

II.2.d Influence on the wetting behavior

By the use of a controlled version of the ice-templating process, a unidirectional cellular pectin-based material was obtained. This oriented porosity could be useful in soil depollution applications as a way to maximize substrate transport via capillary phenomena.

Material and methods

Wetting behavior of the foams was assessed by impregnation of the foams with a solution of

Disperse Red 1 at 0.2 g/L in absolute ethanol. The impregnation was recorded on camera and images were analyzed the ImageJ software. Wetting profiles were obtained by separating the impregnated regions from the dry ones by the "Threshold" function. The images were then assembled thanks to the "Reslice" function and the profiles were extracted by the "Find Edges" and "Save XY Coordinates" functions. Initial wetting rates were measured from the slope of the profile during the first 1.5 sec of impregnation.

To highlight the influence of the porosity orientation, cellular pectin materials with a radial structure (obtained in a liquid nitrogen bath) and with a longitudinal porosity (obtained by freeze-casting) were subjected to the capillary ascension of a solution of Disperse Red 1 in absolute ethanol. The analysis of the images provided the corresponding wetting profiles (Figure II.10). The materials were impregnated both along and orthogonally to the pore orientation as was the case for compression. In the case of radial foams, alignment of the impregnation direction with the porosity could not really be obtained due to the distribution of orientations. Table II.2 compiles the initial wetting rates for radial and freeze-casted foams. As expected, the capillary ascension was much faster along the material's pores. However it is interesting to notice that the radial foam is quickly impregnated up to 50% of its total height, but then the impregnation is drastically reduced. Due to the distribution of orientations, the wetting cannot occur along the porosity throughout the whole sample, and as a result the full wetting of the foam is a combination of longitudinal and orthogonal wetting regimes.

In the case of freeze-casted samples, further control of the wetting properties may be gained by taking advantage of the slight pore size gradient usually observed in samples 403 .

Table II.2: Initial wetting rates are higher when impregnation occurs along the pores of the foam. Freeze-casted foams have higher initial wetting rate both along and perpendicular to the pores

Type of pores Impregnation along the pores

Impregnation perpendicular to the pores

Axial porosity (a) 2.3 1.4

Radial porosity (b) 1.6 0.8

Both the foams obtained by plunging into liquid nitrogen (radial foams) and the freeze-casted materials (with a longitudinal porosity) may have significant interest from an application point of view based on their mechanical and wetting behavior. They were further investigated in terms of fine tuning of the morphology.

II.3 Variations around foams obtain with a liquid nitrogen bath

The freezing method has a direct influence on the morphology of the foams and macroscopic properties, but it is also possible to tune these by formulation of the initial solution and variations of the processing parameters.

II.3.a Influence of the polymer concentration

The morphology of radially oriented foams obtained by plunging polymers solutions into a liquid nitrogen bath can be modified by changing the composition of the initial solution. This may refer to the nature of the polymer itself, to the presence of various additives but also more simply to variations in the concentration of the polymer. Samples were prepared from pectin solutions at various concentrations, which proved to have a direct influence on the pore morphology, as can be seen in SEM cross sections (see Figure II.11).

Material and methods

Solutions of various pectin concentration (40, 45, 50, 55 The most direct way to characterize the morphology of the pore walls is the measure the pores width, or in other term, the space between two pectin layers. (Figure II.12 a). It is also possible to measure the pore walls thickness (Figure II.12 b). It must however be noted that these values are less statically relevant that pore width due to the limited number of measurement performed. In addition both pore width and pore wall thickness measurements may be subjected to slight perspective errors since SEM pictures are never taken perfectly orthogonally to the sections. They can however give a good order of magnitude for these dimensions and information about general tendencies in size variations. Pore wall thickness and pore width are linked but it is difficult to highlight a simple relation between these two dimensions, because there are many other parameters to take in account, including the pore length, the total polymer content, the pore wall density as well as the total number of pores. Assuming similar pore walls densities and a constant polymer concentration, smaller pores (i.e. smaller ice crystals) would mean more pore and therefore more pore walls, resulting in thinner pore walls. On the other hand, if a constant number of pores is assumed, as well as a constant pore wall density, thicker pore walls may be expected at higher pectin concentration. But in reality it is difficult to modify one of these parameters without changing the others. As a result, there is not clear variation over the concentration range considered (40 to 60 g/L in pectin) for the pore width or pore wall thickness. This may be due to the fact that several parameters are changing at the same time, possibly compensating each other. For a more comprehensive evaluation of the influence of the pectin concentration, it would be interesting to study foams prepared at lower concentrations. However, for too low concentrations (below about 10 g/L), it might be difficult to obtain self-supporting materials due to the lack of a dense polymer network to form the pore walls. Higher pectin concentrations induce higher solution viscosity, which may involve the presence of higher mechanical constraints during the ice growth, thus limiting the formation of ice-crystals. Direct interactions between the polymer and the ice surface may also influence the ice growth. For considered range of concentrations however, no significant pore width change was monitored (see Figure II.12 a). No significant pore wall thickness variation can be observed (see Figure II.12 b). As mentioned earlier, higher concentrations may be expected to result in thicker pore walls. But smaller, and therefore more numerous, pores implies more pore walls, which may therefore be thinner.

If the width of the pores or the pore wall thickness does no change dramatically when the concentration changes, the organization of the pores is modified, as can be seen at higher magnification (Figure II.11 a', b', c' and d'). Higher pectin content seem to result in more ordered and more regular pores. Although cutting of the samples for observation in SEM may slightly alter the aspect of the pores, it is clear that the pores are better aligned in the foams obtained at 50 and 60 g/L than the foam at 40 g/L.

II.3.b Influence of the addition of a reheating step

Beside the pore size, another important aspect of the pore morphology is their interconnectivity. It has been reported that the solvent nature may be able to tune this aspect 280 . In this case however, the aimed application must be taken in account. Since the material is to be used as a host for microorganisms, it is essential to use nontoxic solvent such as water. Instead of modifying the formulation of the initial solution, the tuning of the pore morphology was investigated through processing parameters.

Material and methods

Foams were prepared in the same way as previously described by dissolving 40 g/L of pectin in deionized water, and stirring overnight at room temperature. 1.8 mL of the solution was poured into 2 mL cryotubes, which were plunged into liquid nitrogen for a few minutes.

Half the samples were immediately put to dry in the freeze-drier, and the other half was left 5 minutes in a 0°C bath and subsequently freeze-dried.

Transversal slices were cut and sputtered with 20 nm of gold for observation in SEM microscopy. Pore interconnections have been reported in materials obtained by ice templating, but they generally result from the use of solvents yielding highly dendritic structures upon freezing. In presence of specific composition 404 or additive 274,405 , or with different solvents 280 a large array of pore morphologies may be obtained. They result in pore interconnections which are generally finely controlled and well organized. In this case however, ice-formation is strictly similar between the two samples. The protocol only differs after complete freezing of the sample. Some level of reorganization in the ice network upon reheating may occur and the formation of interconnections might be due to the partial thawing of the ice crystal and subsequent local dissolution of the pectin walls. Samples are however put under vacuum before complete melting of the sample.

Figure II.14:

In samples dried directly after freezing (blue arrow) pressure drops below the triple point and the ice undergoes sublimation which results in lamellar pore walls. When the initial temperature of the sample is higher (red arrow), the sample crosses the melting line. However, since the pressure quickly drop, only small regions have time to melt and dissolve the pectin walls.

When samples are placed in the freeze-drier directly after freezing, pressure drops to 0.05 mbar in a few minutes, which is below the pressure of water triple point (6.1 mbar). Although the sample temperature slowly rises again, the phase transition that the sample undergoes is sublimation ( interconnections may be attributed to locally higher solutes concentrations at the surface of the pectin wall, resulting in the local lowering of the ice melting point and subsequent dissolution of small regions of the pectin wall. The change in pore width may however suggests complete thawing and re-freezing of the ice lamellas, resulting in a rearrangements of the pore walls.

Other variations of this drying step may be designed. For instance drying of the sample inside the original mold or in a larger container also has an influence on the pore interconnectivity. Such interconnections may present a significant interest regarding the targeted application as a way to ensure good substrate exchanges all throughout the samples. The method however presents the serious drawback of being difficult to precisely control. It relies on a fragile equilibrium between partial thawing of the pore walls and preservation of the general structure. This implies the necessity to control the temperature in the sample, which may prove extremely versatile depending on the sample size and geometry, and results in very low reproducibility. A more controlled way to tune the pore morphology would therefore be to control not the fate of the ice crystal before sublimation, but the growth of ice crystal themselves.

II.4 Tuning of freeze-casting conditions

Although the method of ice-templating by plunging into liquid nitrogen has the great advantage of being very easy to implement, it does not provide sufficient control over the ice growth itself. As mentioned earlier, the freeze-casting technique confers control over the geometry of the temperature gradient, and therefore over the pore orientation, but it also allows for a control of the freezing-rate as a way to modulate the ice growth, and therefore the pore size and morphology 273 .

II.4.a Influence of the solution concentration

In order to gain control over the material morphology, key parameters must be identified all along the synthetic path. The first step of the material preparation is the formulation of the aqueous pectin solution. As a result, it may seem logical to start tuning the material properties through the composition of the initial solution. Depending of the type of polymer used, the morphology of the pores may vary significantly 187,261,300,304,320,322 . However, even a change of concentration for a given polymer may have an influence on the aspect of the pores as can be seen in Figure II.15.

Material and methods

Solutions at different concentrations (20, 30, 40 

Cubes of 1x1x1 cm were cut to assess the mechanical behavior under longitudinal compression (compression in the direction of the pores). Each measurement was repeated on 5 different samples.

To assess the efficiency of liquid transport within the foams, samples obtained from different concentrations were put in contact with a 0.2 g/L solution of Disperse Red 1 in ethanol. Impregnation was recorded and the images were analyzed using Fiji software to extract the wetting profiles. The orientation domains of well-aligned pore can only be seen for higher polymer content. Increase in polymer concentration induces an increase in the order of the porosity. This might be due to higher mechanical constraints in highly concentrated solutions. The preferential growth of ice in certain directions has a direct influence on the aspect ratio of the pores (see Figure II.16 d). Analysis of the SEM cross section also revealed a significant modification of the pore sizes (see Figure II.16 a and b). Lower pectin densities are responsible for wider (pores range from 8.5 to 15.3 µm) and shorter pores (from 104 to 245 µm). Pore walls are also thinner (from 39 to 208 nm) when the initial concentration in polymer is low. The larger pores, which also means a reduce number of pores since the overall size of the sample does not change, as well as the thinning of pore walls can be linked to the lower amount of polymer available for the formation of the walls when the initial solution has low pectin content. But variation in solutes concentrations also influence the liquid/solid interface, since both the viscosity and freezing points are modified by the solute concentrations. Another parameter to consider is the variation in viscosity of the polymer solution according to concentration (see Figure II.17). Low concentration solutions exhibit lower viscosity, as a result, ice growth is less mechanically constrained which results in larger ice crystals and therefore larger pores.

Once again, the tuning of the cellular structure can be directly linked to the control of mechanical behavior. As may be expected, the materials prepared from higher concentration solutions exhibit higher Young's modulus, compressive strength and toughness (see Figure II.18 and Table II.3). The changes in the initial solution concentrations correspond to the variation in the porous materials final density. As was documented by Ashby and coworkers 402 , Young's modulus tends to increase with apparent density, regardless of the type of material. Young's modulus measured for these materials (between 1 and 5 MPa) are typical for polymer foams with density ranging from 20 kg/m 3 to 50 kg/m 3 . The stress-strain profiles show typical behavior for polymer foams, with an initial elastic behavior (up to about 7% strain), followed by a plastic deformation plateau (between 7 and 40% strain). The material then undergoes a densification, which translate in a strain increase beyond 40% deformation. Materials with different densities follow the same general profile, however the yield strength changes significantly (variation between 20 and 186 kPa). This might be linked to the changes in pore walls thickness mentioned previously. The wetting behavior of the foams was assessed by impregnation of 1 cm high foams using a solution of Disperse Red 1 in ethanol (see Annex p 213). Despite differences in the pore size, the wetting profiles were similar for the samples prepared from pectin solutions at different concentrations. All samples were impregnated in less than 0.5 s.

As mentioned previously, both the initial solution and the actual processing parameters can be tuned to modulate the pores morphology. One of the major advantages of the freeze-casting technique compared to simple dipping in liquid nitrogen is the possibility to control the cooling rate of the sample as a way to control the structure of the foam.

II.4.b Influence of the freezing-rate

The freeze-casting technique provides a control of the temperature gradient in terms of kinetics thanks to the use of a controller to set a specific cooling rates. This parameter has a direct influence on the pore morphology (see Figure II.19).

Material and methods

A solution of pectin at 40 g/L was prepared from beet root pectin and deionized water and stirred overnight at room temperature. Samples of 3 mL were prepared in 15 mm diameter molds. Three cooling rates were used: 1, 5 and 10°C/min. The samples were then lyophilized for 48h.

SEM observations were performed on transversal and longitudinal slices, sputtered with a 20 nm gold layer. Mechanical behavior was assessed under longitudinal compression on 5 replicates of 1 cm 3 cubes.

Wetting behavior was assessed by impregnation of the foams by a solution of Disperse Red 1 in absolute ethanol. The capillary ascension was filmed and the images were analyzed thanks to Fiji software to recover the wetting profiles. Figure II.21 presents the variations in pore width and length, as well a as pore wall thickness, in function of the freezing-rate. Mean pore length varies from 309 µm to 428 µm when the cooling rate decreases. The large standard deviations for these values must however be underlined. This may be explained by the length variations observed in each orientation domain. A more significant parameter to describe the cellular material's morphology might therefore be the pore width which presents smaller deviations. Young's modulus values are around 3 MPa and compressive strength are about 0,1 MPa while are typical values for polymer foams 402 . A slight drop in Young's modulus can be observed at 10°C/min, but remains within the standard deviations of the measurements at 1°C/min and 5°C/min. The wetting behavior of the foams was assessed with foams prepared at different freezing rates (see Annex p 213). No significant change in the wetting profile could be observed, all the samples were fully impregnated in less than 0.5 s.

Modifications of the freezing-rate had a significant influence on the pore morphology and size (smaller and better-organized pores at higher freezing rates). The macroscopic properties of the foam such as the mechanical behavior or the wetting properties were however not impacted.

Conclusion

Ice templating proved to be an efficient way to shape beet root pectin. Pectin solutions were processed into porous dry foams thank to freeze-drying. Various freezing methods were compared and proved to yield various pores morphology which has a direct influence on the macroscopic properties of the foam such as mechanical or wetting behavior, which are of great importance from the application point of view.

Freezing in conventional freezers yielded anisotropic pores, but freezing in liquid nitrogen and freeze-casting resulted in the formation of oriented porosity, respectively organized in a radial or longitudinal fashion.

The freeze-casting technique confers control over processing parameters such as the freezing rate. Other parameters like the polymer concentration may also be modified in order to tune the pores morphology. Characteristics such as pore width or pore wall thickness can be modified in order to control the macroscopic properties of the foam. The oriented porosity, which is the key feature of this pectin-based cellular material is however preserved. The shaping of the polymer is the first step toward the elaboration of a hybrid material destined to host living organisms (see Figure II.23). Good comprehension of the various processing parameters which may also have an influence on the viability of the encapsulated species will be essential in the design of the encapsulation protocol in order to accurately evaluate and predict their influence on the foam morphology. 

Introduction

Pectin foams with unidirectional porosity may represent an interesting asset in the design of a device for soil depollution, since they should favor mass transport of the targeted pollutant through capillary phenomenon. Pectin was chosen in particular for its non-cytotoxicity and water solubility, which are essential for hosting living organisms. The water solubility of pectin, though being an advantage from the encapsulation perspective, may be problematic from the structural point of view, since the material is destined to be implanted in soils. The water content of the considered soils is likely to dissolve the pectin structure rendering the device inefficient. One option to prevent such dissolution of the foam is to coat the polymer with an inorganic material capable of ensuring its structural integrity in a hydrated state. Silica appears as a good candidate to play the part of the inorganic moiety in such a hybrid foam. It is both eco-friendly (silica is a major component of soils) and non-cytotoxic to the considered microorganisms (silica gels have been used for bacteria encapsulation 113 ). Another advantage of silica is the fact that it can easily be obtained through sol-gel processes, which can be performed at low temperature and under mild conditions. Such considerations are essential, since the silica coating is meant to be applied on pectin foams containing living bacteria. A vapor phase sol-gel silica deposition method to coat macroporous pectin foam with a silica layer was developed and optimized, as a way to prevent dissolution of the structure upon contact with water.

III.1 Silica coating using vapor deposition

III.1.a About sol-gel and gas phase deposition This developed vapor phase silica deposition technique is based on sol-gel chemistry of tetraethyl orthosilicate (TEOS) (see paragraph I.2.c.i, p30). TEOS is one of most commonly used sol-gel silica precursors. Alkoxides in general have been used for applications ranging from industrial coatings 406,407 to encapsulation matrix for sensitive biomaterials 111,408 . Typically, TEOS can be hydrolyzed with water in a liquid phase, and can then be condensed to form the inorganic polymer network. Both acidic and basic conditions may be used to catalyze hydrolysis, resulting in different morphologies and properties 409 .

In several applications, formation of thin and homogeneous layers of silica is crucial. One way to obtain such materials is to use vapors of silica precursors as a way to precisely control the amount of reactive species involved. Early gas phase deposition techniques have been developed for microelectronic devices 410 and involved use of high temperatures 411 under oxidizing conditions. Alternative methods including use of plasma or ozone 412 have been used to gain better control over the silica layer properties and characteristics. These methods are commonly referred to as chemical vapor deposition (CVD), but many variations have been described regarding deposition conditions (including temperature, pressure, precursors or activating species). However for specific applications such conditions were not suitable, especially when living cells were involved 413 . Classical sol-gel techniques, which have the great advantage of being usable at low temperatures, were therefore adapted to gas phase deposition techniques 414 . Such methods have been especially efficiently used for immobilization of various structures (from lipids 415 to various cells 210,416,417 ) with thin silica layers. Silica precursors (most commonly TEOS or TMOS) have also been deposited on a wide variety of substrates, including polysaccharide hydrogels, in order to yield hybrid matrices for cell encapsulation 418,419 . This approach was therefore chosen for the coating of the pectin-based foams.

Materials and methods

In a typical coating experiment, pectin macroporous foams were prepared as previously described. 40 As a first approach, mass gain was assumed to correspond to the addition of silica. Weighing was therefore used as a straightforward way to assess silica content of the foams (noted %SiO2).

% 𝑆𝑖𝑂2 = 𝑚 𝑓 -𝑚 𝑖 𝑚 𝑓 × 100
where %SiO2 is the weight mass percentage of silica, mi the initial polymer mass, mf the final mass.

Pectin foams were put in contact with an atmosphere containing TEOS vapors, HCl and water to ensure hydrolysis and condensation. At 30 °C NaCl saturated aqueous solutions are expected to yield 75.6 % of relative humidity 420 . Presence of HCl at 5 % may however slightly modify this value. Azeotropic point for HCl/H2O mixture is for a 20 % HCl content, which means that solution and atmosphere composition might vary slightly over time. Direct pre-hydrolysis of the liquid TEOS in the initial vials may confer better control over the stoichiometry of TEOS and water, as well as a precise pH control. This would however lead to the rapid condensation or at least formation of oligomers in the vials. The resulting mixture would not be volatile enough to ensure vapor phase deposition of the reactive species on the surface of the foams. In this setup, hydrolysis and condensation occur directly on the polymer surface, resulting in the progressive and controlled formation of a silica layer. The drawback to this precise control is that small amounts of precursors are reacting, resulting in a slow formation of the silica layer. It might be argued that higher processing temperatures may be of interest in speeding the process up (all depositions were performed at 30°C). Use of higher temperatures may allow for higher saturation vapor pressure of TEOS, resulting in larger amounts of available molecules on the pectin pore walls. In addition kinetics of hydrolysis and condensation are temperature dependent. Higher temperatures may however not be compatible with cell survival. Furthermore part of the water and acid contained in the atmosphere of the deposition chamber will eventually be dissolved directly in the liquid TEOS vials, resulting in slow hydrolysis of the liquid precursor. Higher processing temperature would likely result in quicker gelation of the precursor solution.

Other parameters may be of importance in the coating kinetics, such as the volume of precursor available, but also the geometry of the vials and more specifically the surface of exchange between the atmosphere of the container and the liquid. A large volume of TEOS with a very small exchange surface would likely not be efficiently deposited. For this reason it was preferred to divide the volume in several vials, to maximize the liquid/gas interface.

Similarly, composition of the aqueous acid solution may have a significant influence on the deposition kinetics, just as pH control is essential in classic liquid sol-gel chemistry.

In short this silica deposition technique which seems simple and straightforward is in fact very sensitive to a wide range of parameters and must therefore be carefully optimized in order to yield reproducible and controlled silica coating. Several sets of coating conditions were therefore applied to different models of foams.

III.1.b Deposition on radial foams

Efficiency of the vapor phase deposition process was first assessed on pectin foams prepared by dipping in liquid nitrogen. For these samples the pore morphology was organized in a radial fashion and pores were interconnected. This type of sample has the advantage of being quickly and easily prepared, and could therefore be produced in large batches which allowed for the screening of various processing parameters.

III.1.b.i Observation of the silica layer

The first step in the validation and optimization of the described coating technique was to assess and characterize the presence of silica in the samples exposed to vapors of TEOS.

Material and methods

Radial foams were prepared as previously described in Chapter II. An aqueous solution of pectin at 40 g/l was prepared under magnetic stirring at room temperature overnight. About 1.8 mL of solution was poured in cryotubes, which were immerged in liquid nitrogen for a few minutes. The samples were slightly reheated to ensure pore interconnection and subsequently vacuum dried for 24h. Samples were then placed for 14 days in the deposition chamber described in paragraph III.1.a . The samples were left 24 h at 30°C and 24 h at room temperature in a desiccated atmosphere before final weighing. Slices were cut and sputtered with 20 nm of gold for SEM observation. Slices were sputtered with 20 nm of carbon before EDX analysis. Samples were crushed for FT-IR spectroscopy observations on Perkin Elmer Spectrum 400 FT-IR/FT-NIR Spectrometer equipped with Universal ATR sampling accessory.

The first and most direct ways to assess the presence of silica after contact with vapors of TEOS was to weigh the samples before and after the treatment. Mass gain may be attributed to the formation of silica species on the surface of the sample. Weighing of the samples confirmed the presence of a mass increase up to about 50 % of the total mass after 14 days.

A simple method to identify the nature of the added material is the use of FT-IR spectroscopy (see Figure III.1). Spectra were measured for samples with various mass additions (samples were left for different times in the deposition chamber). A sample of pectin not exposed to vapors of TEOS was used as control.

Figure III.1:

After foams were exposed to TEOS vapors for 7 days (b) or 14 days (c), new peaks appear in the low wavenumber region compared to samples of pectin alone (a). These peaks are characteristic of silica. An offset was applied to the transmittance curves for clarity and the curves were normalized to the νC=O = 1740 cm -1 peak.

The wide but not very intense peak observed in all samples around νO-H = 3400 cm -1 can be attributed to stretching of O-H bonds. Such functions may be present in both pectin and silica and can therefore not be used as a mean of identification of the material corresponding to the mass increase. Two small peaks are common to the three samples (at 1740 cm -1 and 1630 cm -1 ). The peak at νC=O = 1740 cm -1 could be due to the stretching vibration of the C=O bond of acetyl esters in pectin 421 .

Since the pectin scaffold is common to the various samples, this peak is likely to remain unchanged after silica deposition. As a result νC=O = 1740 cm -1 was used as reference for normalization of the spectra. Interestingly three defined peaks appear at lower wavenumbers after the deposition step. These peaks can be correlated with typical silica signals. Peaks around ν a Si-O = 1070 cm -1 and ν s

Si-O-Si = 800 cm -1 have been attributed to stretching of Si-O-Si bonds, as the asymmetric stretching and symmetric stretching of the oxygen atoms respectively 422 . A peak around νSi-OH = 930-950 cm -1 may be attributed to stretching of Si-OH bonds. The literature values are slightly shifted but small variations have previously been reported depending on the density of the silica network 423 and condensation state of the TEOS silica precursor 424 . Additional shift may be attributed to the type IR spectroscopy detection method (use of an ATR module). This series of bands are nonetheless representative of the presence of silica within the foams exposed to TEOS vapors. The intensities of these specific peaks increased with prolonged deposition time, which is consistent with the measured mass increases. The presence of silica within the samples after the deposition process was confirmed. This analysis was not quantitative, but supported the hypothesis that the mass increase is due to the presence of silica. In further experiments, mass gains were considered as the silica content of the samples. The silica coating was further characterized by SEM. As can be seen in Figure III.2 a and b, the general structure of the materials is not altered by exposition to TEOS vapors, despite acid conditions and about 75% of humidity. At higher magnification (Figure III.2 a' and b') a significant difference between the two samples can be observed. After silica deposition a smooth layer can be seen on both sides of the initial pectin wall, which is likely to correspond to the mass increase previously mentioned.

To confirm the composition of the deposited layer, energy dispersive X-Ray spectroscopy (EDX) was performed on a samples exposed 14 days to silica vapors (see Figure III.3). Element analysis showed the presence of silicon and oxygen. The presence of oxygen may not entirely be attributed to the formation of a silica layer since it is present in large amounts in the pectin itself. Silicon is however likely representative of the presence of silica.

The homogeneity of the silica layer was confirmed by mapping of the oxygen and silica.

The proposed method for addition of silica to pectin foams was therefore validated. This method may however be optimized through various parameters (deposition time, temperature, geometry of the deposition chamber etc…) in order to tune the silica layer itself. 

III.1.b.ii Tuning of the silica layer

To gain further control over the deposition of the inorganic moiety on the polymer foam, samples were exposed for various times to vapors of TEOS as a way to yield various silica contents.

O mapping Si mapping

SEM observation

Material and methods

The deposition conditions used were the same as previously described. 1.8 mL freeze-dried pectin foams were prepared and weighted. The samples (about 59 ± 2 mg) were placed in the deposition chamber described in paragraph III.1.a . Samples were removed after various deposition times (between 1 and 15 days). Samples were dried 24h at 30°C and 24h at room temperature in a desiccated atmosphere before final weighing. Samples were cut and sputtered with 20 nm of gold for SEM observation. These thickness values must however be considered with caution. The statistical relevance is questionable since only 5 measurements were taken on only two different pore walls. As a result the values do not take in account possible heterogeneities within the samples. It must also be noted that pictures cannot always be taken strictly perpendicularly to the exposed edge of the pore walls, which may result in some perspective bias in the measurements. The vapor phase deposition method proved efficient in adding the desired inorganic moiety to the pectinbased foams. Various deposition times allowed for tuning of the silica content and thickness of the silica layer. Several other parameters are however likely to influence the deposition process.

HCl concentration, presence of NaCl and the volume of introduced TEOS were modified in order to assess the robustness of the addition of silica (see Annex p 214). Silica contents were polydisperse after only 7 days of deposition, but the dispersion was reduced after 14 days of silica deposition. Modification of parameters such as HCl concentration, the presence of NaCl or the modification the TEOS volume did not significantly modify the deposition kinetics. As a result, chemical vapor deposition of TEOS proved to be an efficient way to add silica to pectin foams. The polymer porous scaffolds were coated with a tunable and homogeneous layer of silica and the process proved to be efficiently reproducible and robust.

III.1.c Coating of unidirectional foams

Preparation of macroporous pectin foams by dipping in liquid nitrogen has the advantage of being quick and adapted to large batches of samples. However, as mentioned in Chapter II, this method implies very high cooling rates, which, as will be discussed in Chapter IV, might be problematic from the encapsulation perspective. As a result the vapor phase was also applied to freeze-casted pectin foams.

Material and methods

Freeze-casted foams were prepared from 3 mL of 40 g/L pectin solutions, frozen unidirectionally at 10°C/min and subsequently vacuum dried at 0.05 mbar for 24h. The resulting samples were cut to 1.5 cm high cylinders and placed in the deposition chamber previously described. A 5 wt% aqueous solution of HCl, with 400 g/L of NaCl was used to ensure hydrolysis. Four vials containing 10 ml of TEOS were introduced in the closed vessel.

Coating was performed up to 16 days at 30 °C/min. After removal from the deposition chamber samples were left 24 h at 30 °C and 24 h at room temperature in a desiccated atmosphere to remove excess humidity before weighing.

Silica content on pectin foams with unidirectional porosity (obtained by freeze-casting) was first assessed based on the mass gain. Freeze-casted foams were exposed for various times to TEOS vapors and Figure III.5 present the deposition profile compared to silica coating of radial foams (obtained by dipping in liquid nitrogen). In both cases a plateau can be observed after about a week. In the case of unidirectional foams however the maximum silica content appears much lower (about 15 %SiO2) compared to radial foams (about 40 %SiO2). The maximal mass increases were about 23 mg and 40 mg for freeze-casted and radial foams respectively.

Beside the structural differences between the two types of samples (unidirectional porosity vs radial porosity), the considered foams also have different volumes. Since two parameters (morphology of the porosity and mass of the samples) are changed simultaneously, it is however difficult to identify their respective influence. In order to discriminate between these two effects, another series of silica deposition was performed on samples prepared with a single technique (freeze-casting) but cut to different sizes (and therefore different volumes).

Material and methods

Pectin foams were prepared by freeze-casting at 10°C/min, from a 40 g/L polymer solution.

The samples were vacuum-dried and kept under desiccated atmosphere until further use. Samples were cut to 8.2 mm, 4.3 mm or 1.7 mm (mean value on triplicate samples). They were placed in the deposition chamber previously described (see Annex p 210) and left 10 days at 30°C in presence of 4x10 mL of TEOS and 150 mL of 5 wt% HCl with 400 g/L of NaCl. After removal from the closed vessel samples were left 24 h at 30 °C and 24 h at room temperature in a desiccated atmosphere. Final weight of the samples was used to determine the silica content.

Silica deposition in vapor phase on freeze-casted foams seemed less efficient in yielding high silica content, or thick silica layers. Thin layers or incomplete layers of silica may not be able to protect efficiently the pectin scaffold against dissolution. In order to investigate the reason of this low efficiency, the influence of the mass of the samples was evaluated.

As can be seen from All the samples were prepared with the same method (freeze-casting). As a result all samples have the same diameters and densities. As a consequence the volume of the samples, their mass and their thickness are proportional. The thickness of the foam appears as an especially relevant criterion in the understanding of the silica deposition phenomena due to the oriented porosity of the foams. The concentration in silica precursors (and other reactive species such as water) is assumed to be homogeneous throughout the deposition chamber. The flow of reactive species from the chamber to the inside of the foam is also assumed to be constant and is assumed to occur only through the cross section of the samples. Since the diameter of the foams is independent of their volume (or thickness), the exchange surface is also independent of the volume of the foams (assumed to be equal to the sum of the top and bottom surfaces of the cylinders, which is about 3.5 cm²). With similar flows and exchange surfaces, the total mass of precursors within the foams for a given time is therefore independent of the sample's thickness, which is consistent with the measured silica masses (see Figure III.7).

Figure III.7:

Silica precursor flow is assumed to be independent of the foam volume. Since all foams have the same diameter, similar masses enter the foams in a given time. As a result the added masses are similar, but the relative mass content (or thickness of the silica layer varies. Silica layer is likely to be more homogeneous in thin foams (b) than in thick samples (a) due to diffusion limitations.

In addition, the use of thicker samples is likely to result in less homogeneous silica layer due to diffusion limitations. If a constant free mean path is assumed for precursors within the foams, the probability of presence of precursors diminishes at the center of the foams. As a result, silica layers may be thicker in the upper and lower regions of the foams. In the case of thinner samples, the variations in this probability are likely to be limited resulting in more homogeneous silica layers. It seems that the volume of the sample is also a way to tune the final silica content of the hybrid foam (or in other terms the thickness of the deposited silica layer). In the case of foams with an oriented porosity however, more than the total volume, the diameter of the foams (rather than the total volume) appear to be determinant in setting to total introduced silica mass.

III.1.d Characterizations

Once the deposition conditions were set, the resulting hybrid pectin-silica foams were characterized with various methods. Samples about 5 mm thick with silica contents between 11 %SiO2 and 52%SiO2 were compressed along the pore direction to 50% of strain at a constant displacement rate of 1 mm/min using Instron 5965 traction and compression device.

The silica layers were first observed in microscopy. SEM-FEG images of freeze-casted pectin foams coated with 48 %SiO2 and 60 %SiO2 are presented in Figure III.8 a. Two thin silica layers can be observed on the sides of the pectin pore walls. The measured thicknesses are 23 nm for the sample containing 48%SiO2 and 32 nm for the sample with 60 %SiO2. These values can only give an order of magnitude for the thickness of the silica layer due to the previously mentioned bias of perspective and limited statistical relevance. The aspect of the layers themselves appears slightly different compared to observation made on gold coated samples. Initial observations on gold coated samples revealed very smooth layers. Here however the silica layers appear granular. This difference may be due to the fact that sputtered gold particle are bigger than sputtered platinum particle and may therefore hide some of the topological details of the observed layer.

TEM observations were performed on samples embedded in resin. 10 measurements of the thickness of the silica layer where performed on 5 separate pore wall images for each sample. For a 47 %SiO2 silica content, pore walls had a mean thickness of 18 ± 12 nm, while at 34 %SiO2 the silica layers were 8 ± 3 nm thick. The high standard deviations for these values illustrate the inhomogeneities within a single sample. Despite these wide distribution, values are statistically different (at p < 0.05) which is consitant with the layer thickness-silica content dependance described in III.1.b.ii. In presence of silica, this mass loss also starts at 200°C but occurs up to 510°C, which may correspond to a partial stabilization of the pectin structure. After calcination, the residual masses were 3%, 23% and 36% respectively for samples with 0%SiO2, 15%SiO2 and 43%SiO2 apparent silica content. These values were normalized to remove the contribution of water mass. As a result the non-calcined fractions of the dry samples are 3%, 25% and 41% respectively. It seems therefore that the silica contents determined by simple weighing of the samples are slightly shifted compared to the actual inorganic contents. They remain however indicative of the variations between different samples and of the order of magnitude of the inorganic fraction. Even if weighing does not allow for precise determination of the actual silica content, it remains a direct and widely applicable, as well as non-destructive technique. It was therefore kept as a further reference to compare silica content between samples, keeping in mind that the actual mass values might be shifted. Silica was added to the pectin foams primarily to ensure protection against dissolution of the structure. However addition of inorganic material to the polymer foam is likely to modify other properties of the material, including its mechanical behavior. Figure III.10 presents the stress/strain curves as well as Young's modulus and compressive strength depending on the silica content. Up to about 20 %SiO2 the mechanical properties of the material appear similar to the characteristics of the pectin alone samples. As expected, higher mass percentages of the inorganic moiety result in stiffer inorganic material. The addition of silica also results in higher compressive strengths (see Table III.1). The general aspect of the stress/strain curves is also modified by the presence of silica. At low silica content (less than 20%SiO2) the curves are similar to pectin alone foams. This corresponds to the limit silica content necessary for SEM observation of the silica layer and could be attributed to the limit to the formation of a fully percolated silica layer. At higher silica content small irregularities appear. They may be attributed to localized failures of the silica layer, as they strongly resemble the behavior described for porous inorganic materials 316,425 . The samples can be seen as a series of pores walls composed of several layers of materials (silica-pectin-silica) with different mechanical behaviors (see Figure III.11). This corresponds the structure of a lamellar composite, in which case a rule of mixture can be applied 426 . Due to variations in chemical composition in the pectin chains, the surface of the polymer walls is likely to present slight heterogeneities, in particular in terms of hydrophobicity and charge. As a result, silica deposition mechanism may be assumed to start by preferential deposition of the silica where interaction with the pectin substrate is more favorable and then be extended across the durface. At low silica content, the silica is likely to be organized as localized patches rather than a fully percolating layer. As a result the mechanical behavior is governed by the pectin structure. At higher silica content, the applied stress is distributed on materials with different Young's modulus, but same strain is applied. Since Esilica > Epectin most of the stress will be sustained by the silica layers, and the mechanical behavior will strongly resemble behavior of a fully inorganic material.

Figure III.11:

In samples with no percolating silica layers (a) the applied stress is mainly supported by polymer (Epectin). At higher silica content (b) the same strain is applied to both components. Since Esilica > Epectin the overall stress is mainly representative of the silica layers.

This simple model may explain the general differences observed both on the typical mechanical values (Young's modulus and compressive strength) as well as the aspect of the stress/strain curves. By using vapors of silica precursor (TEOS), it was possible to efficiently cover the polymer pore walls of the previously described foams with a homogeneous silica layer. The method proved efficient and reproducible and silica layers could easily be observed and characterized. The thickness of the layer could be tuned either by changing the deposition time, or the geometry of the samples. The goal of this addition of an inorganic moiety to the polymer scaffold was to ensure that the initial pore structure is retained and that the material does not dissolve when used in the conditions of the targeted application. The behavior of the material was therefore assessed in different model conditions. The hybrid porous material is meant to be used in polluted soils as a host matrix for metabolically active bacteria. Non-negligible water contents are expected in such environments, which is likely to result in rapid dissolution of a material solely composed of pectin. The presence of a silica layer all across the polymer pore walls should however limit this phenomenon.

III.2.a.i In liquid medium

The behavior of the hybrid material was initially assessed in liquid medium, as this represents the "worst case scenario" if the targeted environment is a highly hydrated soil.

Material and method

Macroporous foams were prepared by freeze-casting at 10°C/min from an aqueous solution of pectin grafted with rhodamine isothiocyanate (RITC) (see Annex p 208). The samples were vacuum dried and various contents of silica (0 %SiO2, 22 %SiO2 and 37 %SiO2) were added to the polymer foams. The samples were plunged in 15 mL of water and left under elliptic agitation at room temperature. Supernatants were regularly sampled and centrifuged to remove any material debris. Pectin content was deduced from UV-vis spectrometry at 558 nm (see calibration in Annex p 208). Silica concentration was assessed by the silico-molybdic method 427 (see Annex p 208). Visual aspect of the supernatants was also monitored. All assays were performed in triplicate.

Figure III.12 hybrid foams displaying very different behaviors depending on the silica content. When samples were made of pectin alone (Figure III.12 a), the material rapidly swelled and appeared to be fully dissolved after only 24h. In presence of about 22 %SiO2 (see Figure III.12 b) the material retained its general shape up to 13 days but signs of partial dissolution could be observed after 22 days. Finally the sample containing 37 %SiO2 (see Figure III.12 c) appeared to retain its structure even after 22 days in water. As might be expected, it seemed that higher silica contents are more efficient in preventing pectin dissolution.

To characterize more precisely the kinetics of foam ageing in water, the composition of the supernatant was followed over 3 weeks. As can be seen in Figure III.13 a, the pectin content of the supernatant increased sharply for the pectin only sample within the first few hours. Over longer periods (see Figure III.13 a') the pectin concentration in the supernatant appeared to drop slightly, which might be due to sedimentation or aggregation phenomena. It is also possible that some rhodamine bleaching occurred over the 3 weeks considered period.

Immersion of hybrid materials (22 %SiO2 and 37 %SiO2) resulted in a small increase of pectin concentration in the supernatant which remains stable over 3 weeks. Higher silica content resulted in lower pectin content in the supernatant. Trace of silica could be detected in the supernatant of the foams composed of pectin alone. This may be explained by the fact that the assay were conducted in glass vials and should therefore be considered as a baseline signal. Another possible explanation could be the presence of a small silica amounts in pectin. In a counter intuitive manner, silica concentrations were higher in the supernatant of samples with lower silica content. The different silica contents were obtained by exposing the samples to vapors of TEOS and HCl for various times. These different deposition times have an influence on the overall silica content but might also be responsible for variations in the condensation state of the silica layer (confirmation might be obtained by solid state NMR). Higher condensation of the silica network may limit the dissolution rate of the layer, which might explain the difference observed between the two ageing profiles for hybrid foams. The considered silicon concentration values must however be considered with caution. The silicomolybdic method used for titration is indeed only efficient for detection of monomeric units of silicic acid. To minimize bias due to this limitation, all supernatant samples were diluted to fit the observation range and kept under stirring for 24h before titration was performed, but it cannot be excluded that part of the silica content may not have been detected. Addition of silica seems efficient in preventing dissolution of the pectin foams. As mentioned previously, it is likely that under a critical silica content (around 20%SiO2) the silica does not form a fully percolating, resulting in exposed pectin areas which can directly be dissolved. In addition thin silica layers are likely to be more prone to defects than thicker layers, possibly resulting in leaching of the pectin core of the walls (see Figure III.14). On the contrary thick silica layers are likely to efficiently protect the pectin structure against dissolution. Thickness of the silica layer is in addition susceptible to modulate the diffusion of water and therefore the rehydration kinetics of the pectin foams. Effects of rehydration may however not be the only possible source of material ageing in soil.

For instance, these assays do not take in account possible degradation by endogenous microorganisms, which is likely to occur in soil. To assess such behavior, hybrid foams were introduced in reference soil samples and monitored over several weeks.

III.2.a.ii In soil

Behavior of pectin-silica hybrid foams was assessed in a reference soil (upper horizon silt loam Luvisol, see details in Annex p 204) over 5 weeks in order to identify possible biodegradation mechanisms.

Material and methods

Samples were prepared as previously described by freeze-casting and lyophilization of a pectin solution and subsequent deposition of silica by exposition to vapors of TEOS. After only 24h, the sample appears much smaller and after one week it can barely be distinguished from the surrounding soil. Addition of 25 %SiO2 seems to slow down the degradation process, however significant contractions can be observed after 20 days and 37 days. Higher silica content (34 %SiO2) seems to protect slightly more efficiently the structure, but the general evolution of the material is similar to the one observed for samples at 25 %SiO2. For 39 %SiO2, the sample appears to remain stable over more than 5 weeks. From the application point of view, preservation of the macroscopic structure is important to prevent leaching of the encapsulated bacteria. However preservation of the pore morphology may also be necessary in order to insure capillary mass transport of the pollutant within the material. Evolution of the porous structure was therefore followed through SEM observation (see Figure III.16). As might be expected, changes in the porous structure follow the macroscopic features described previously. Foams with no silica rapidly lose their porous structure. No significant morphology can be observed, even after only one day in soil. This might be due to rapid rehydration and subsequent dissolution of the pectin pore walls. With 20 %SiO2, the shape of the foam can still be distinguished, but the porous pattern seems however largely disrupted. At higher silica contents (34 %SiO2 and 39 %SiO2) the oriented and aligned pores can still clearly be observed, even after 5 weeks in soil. Assays in both liquid medium and in soil seem to indicate that a minimal silica content or thickness of the silica layer is necessary for efficient protection of the pectin structure. This might be linked to the fact that no clear silica layer could be observed in SEM below 20%SiO2.

Similarly no significant changes of mechanical properties were observed for samples containing less than 20%SiO2. This may indicate that at low silica content, silica does not form a full layer, which is not sufficient to prevent the dissolution of the pectin pore walls. The hybrid materials obtained through a two-step process (freeze-casting to obtain a pectin scaffold and silica deposition) appear to be able to sustain prolonged stays in soil. The targeted application is the use of these materials as host matrix for metabolically active microorganisms as a way to degrade pollutants in soil. Interactions between the soil, the contaminants and the matrix, as well as diffusion aspects are keys to the efficiency of the functional material. Foams were therefore introduced in soil containing dye as model pollutant.

III.2.b Behavior in polluted soil

The final goal is to introduce metabolically active species within the pectin pore walls as functional units. The matrix itself may however have a contribution to the depollution process though adsorption of the pollutant. Pectin has been widely used for adsorption of metallic species. In this case however the targeted pollutants are rather organic species such as hydrocarbons, pesticides or dyes. Dyes represent a good laboratory scale model due to the fact that they are both easy to handle and easy to detect and characterize. In addition some dyes species have been proven to be efficiently adsorbed on both pectin-based 428,429 and silicabased 430,431 materials.

III.2.b.i In liquid medium

Adsorption properties of the hybrid foams were first assessed in aqueous solution and compared to the adsorption properties of soil. Reactive Black 5 (hereafter noted RB5), an anionic dye mostly used in textile industry, was used as a model pollutant. and 62 ± 5 % of discoloration for foams with 10 %SiO2 and 20 %SiO2 respectively). Dye concentrations for assays with the foams at 10 %SiO2 and 20 %SiO2 were not statistically different. The silica content of the hybrid foam does therefore not seem to have a significant effect on the adsorption properties of the foam. Both samples have however relatively low silica contents due to their thickness (which limits the maximal relative silica content as was demonstrated in III.1.c p 100. Higher silica contents may have more pronounced effect. It might be assumed that the discoloration can entirely be attributed to adsorption phenomena. Since the assays were performed at 25°C, in deionized water and over 24h only, degradation of the dye by microorganisms from the soil or water may be neglected. Dye mass loading on the foams was therefore directly calculated from the concentration difference between the initial and final supernatants:

Material and methods

𝑞 = ([𝑅𝐵5] 𝑖 -[𝑅𝐵5] 𝑓 ) * 𝑉 𝑅𝐵5 𝑚 𝑠𝑎𝑚𝑝𝑙𝑒
Where q is the dye loading, [RB5]i the initial RB5 concentration, [RB5]f the final RB5 concentration, VRB5 the added volume of aqueous RB5 solution and msample the mass of the foam sample. Dye loadings were found to be 1.2 ± 0.1 mgdye/gfoam for both hybrid samples Soil itself is likely to have some adsorption properties toward the RB5. However in this case, both use of low dye concentrations and of small quantities of soil for adsorption may have prevented detection of this phenomenon. It is however likely that bigger amounts of soil may adsorb significant dye masses.

III.2.b.ii In soil

Efficiency of the pectin-silica porous material for discoloration of a RB5 loaded soil was assessed by introducing 10 %SiO2 foams in 5 g of soil saturated by a RB5 solution.

Material and methods

Hybrid foams (about 35 mg) were prepared accordingly to the previously described process (freeze-casting and drying of pectin and silica deposition). Mean silica content on the triplicate samples was 12 ± 1 %SiO2. Samples were placed in 5 g soil saturated by 3.5 mL of 0.1 g/L of RB5 aqueous solution. The total mass of dye represents about 1 % of the foam mass and 0.007 % of the soil mass. Controls were performed in triplicate with an aqueous solution of RB5 at the same concentration without soil and with soil saturated by the same solution but with no foam. Soil was also put in contact with water containing no dye to establish a baseline. After 24h at 25°C under static conditions, 3.5 mL of PBS 2X were added to each sample to simulate rinsing water and 2 mL of supernatant were centrifuged 10 min at 5000 rpm and UV-vis spectra were measured. Concentration variations were assessed by UV-vis spectroscopy. Absorbance was measured at 598 nm. Contribution of the yellow coloration due to the soil was removed based on the control sample. Both concentrations in rinsing water from soil with and without foam where significantly lower than the initial concentration. Discoloration rates were found to be 82 ± 1 % and 57 ± 1 % respectively. Dye adsorption was therefore significantly more efficient in presence of pectin-silica hybrid foams. In this case, due the presence of larger amounts of soil, it was possible to measure the absorbed mass of dye on the soil, which was found to be 0.038 mgdye/gsoil. In comparison the dye loading of the foam, which weighed only about 0.35 mg, was estimated to be 2.28 mgdye/gfoam. This value was calculated assuming that the amount of dye adsorbed on soil was the same in presence and in absence of the hybrid foams. The pectin-silica material seems in itself to be efficient in depolluting a real soil-based system. A large amount of pollutant is adsorbed on the foam which results in a diminution of the apparent concentration in the rinsing water. Even if it is difficult to assess with this set-up, the foam is also likely to diminished the amount of dye adsorb on the soil particles by displacement of equilibrium.

Conclusion

Macroporous pectin foams were coated with silica through sol-gel chemistry. The specificity of the process relied on the use of vapors phase silica. This method allowed for efficient and controlled deposition of a silica layer, without any modification of the porous structure of the pectin scaffold. The silica appeared homogeneously distributed on the pectin pore wall surface and silica thickness could be controlled through two main processing parameters (deposition time and sample morphology). Such a pectin-silica core shell structure could be of interest for various applications besides soil depollution. Fine control over the silica layer could prove useful in tuning the diffusion properties of the material. This could for instance be useful for the design of controlled drug delivery vehicles (control of the diffusion of drugs encapsulated within the pectin structure through the silica layer). The resulting hybrid foam proved to have enhanced stability both in liquid medium and in a typical soil example, which is crucial from the application perspective (see Figure More importantly the material proved efficient in adsorbing a model pollutant (Reactive Black 5 dye) up to about 2 mgdye/gfoam. These values are low compared to materials conventionally used for adsorption processes such as activated carbon 432,433 . The hybrid pectin-silica materials are however not meant to be used as simple adsorption devices, but as host matrix for microorganisms with pollutant-degrading capabilities. The fact that the dye could efficiently diffuse from a model environment and be adsorbed within the porous material is very encouraging regarding the depollution capabilities of this hybrid structure.

Introduction

Microorganisms [START_REF] Adams | Biostimulation and Bioaugmention: A Review[END_REF][START_REF] Watanabe | Microorganisms relevant to bioremediation[END_REF] such as yeast [START_REF] Wang | Biosorption of heavy metals by Saccharomyces cerevisiae: A review[END_REF] , but also and more significantly bacteria [START_REF] Saratale | Bacterial decolorization and degradation of azo dyes: A review[END_REF][START_REF] Lu | Bacteria-mediated PAH degradation in soil and sediment[END_REF] , have been successfully used for the degradation of various types of pollutants [START_REF] Anjum | Environmental Protection Strategies for Sustainability[END_REF][START_REF] Haritash | Biodegradation aspects of polycyclic aromatic hydrocarbons (PAHs): a review[END_REF][START_REF] Valls | Exploiting the genetic and biochemical capacities of bacteria for the remediation of heavy metal pollution[END_REF] . One of the main limitations to the use of microorganisms in soils is their sensitivity to various parameters such as temperature, pH or ionic strength, which are much more difficult to control in soil than in a liquid suspension. In addition introduction and dispersion of exogenous microorganisms in a given ecosystem may result in significant disturbance of the local biodiversity. Immobilization and more specifically encapsulation of the considered microorganisms within a solid have been contemplated as efficient ways to limit these possible drawbacks. Such matrix must be designed as a way to allow and facilitate diffusion and mass transport of the targeted contaminants while preventing leaching of the exogenous microorganisms within the soil (for instance by designing appropriate macro, meso and micro porosities). As a result the encapsulation process should allow for efficient entrapment of the living cells, preservation of their metabolic activity from the functional point of view, but also for shaping of the matrix itself from the structural point of view.

Freeze-casting has proven to be an efficient way to elaborate macroporous polymer-based materials and to gain control over their oriented porous structure. Freeze-casting of a suspension of microorganisms in the same biopolymer could be used as an encapsulation process to prepare cellularized porous bioactive materials. Ice-templating parameters such as the freezing rate are usually considered as levers from the structural point of view, for instance to control the final pore size. In this case they could also prove valuable in order to control physical entrapment and viability of functional units within the porous material.

In order to evaluate the feasibility of cell encapsulation in the previously described macroporous pectin foams, Saccharomyces cerevisiae was used as a model. This proof of concept was then extended by using Pseudomonas aeruginosa, which is a more relevant model from the point of view of bioremediation.

IV.1 Saccharomyces cerevisiae as a proof of concept

IV.1.a About Saccharomyces cerevisiae

Saccharomyces cerevisiae is part of everyday life for many people, since it is commonly used in the bakery and brewing industry. Besides these applications, S. cerevisiae is also part of the life of many microbiologists. It is often referred as the eukaryotic equivalent to Escherichia coli 434 , being widely used as cell model. This yeast has the advantage of growing in various media, both in aerobic and anaerobic conditions, with rapid doubling time (90 min in rich medium) 435 .

A common culture medium is yeast peptone dextrose (YPD), but cells suspensions can also be obtained by simple rehydration of lyophilized cells in water. In order to evaluate the viability of yeasts in suspension several techniques can be used. Plate counting on LB-agar gel is an option, though not very commonly used for yeasts. Metabolic activity assays are generally preferred, though the information obtained by that way is not exactly the same. Indeed the notion of cell viability can be difficult to define since some cells may still have a metabolic activity without being capable of replication (viable but nonculturable state) 436 . It is for instance possible to take advantage of the degrading capabilities of S. cerevisiae toward glucose, which is key in the brewing industry 437 . As a result, titration of the evolution of the glucose concentration, for instance by mean of a hexokinase assay kit, may provide information on the metabolic activity of the cells. Another possible way to investigate the metabolic activity of S. cerevisiae is to take advantage of its enzymatic reducing properties. Methylene blue has been used to monitor cell metabolic activity thanks to the Methylene Blue dye Reduction Test (MBRT). It has been used both for prokaryotic 438 and eukaryotic 439 cells. Under oxidizing conditions, methylene blue exhibits a characteristic blue color, but its reduced form is colorless, which makes it an easy-to-use visual probe for reducing activity Material and methods S. cerevisiae type II was obtained from Sigma-Aldrich under dry form. Yeasts were rehydrated in water at 35 °C with chosen mass loadings and added to pectin solutions (final pectin concentration is 40 g/L and final yeast concentration ranged from 0 to 133.3 g/L). About 1.8 mL of suspension was poured into 2 mL cryotubes and the samples were plunged into liquid nitrogen for 5 minutes. The samples were then vacuum-dried overnight. Dry foams similar to those, obtained in absence of cells were prepared as controls.

For SEM observation, transversal slices were cut with a scalpel and sputtered with 20 nm of gold. It is also possible to include higher cell contents in the initial suspension. This still results in a self-supporting macroporous material after drying, but the pores morphology is modified (see Figure Assuming a similar density for the pectin powder and dry cells, an initial 33.3 g/L of cell content and 40 g/L of pectin concentration would account for a cell volume percentage of about 45% of the total dry wall volume. For a higher initial cell content (133.3 g/L) the cell volume fraction goes up to 77% of the pore walls. The cellularized materials with highest cell loadings could therefore be compared to ice-templated ceramic materials where solid particles can be structured into porous materials. The structural integrity can be obtained through sintering (which is not applicable in the case of heat sensitive cells) or by using a polymer as a binder. In this case the cells could be considered as soft and deformable particle and pectin as the binder. For the targeted application, physical encapsulation of the cell is however not sufficient. The metabolic activity of the entrapped microorganism must be preserved in order to produce a depolluting device.

Material and methods

Yeast-containing foams were prepared as previously described and dispersed in water. Methylene blue was added. Volumes were adjusted to yield 33.3 g/l of yeast, 40 g/L in pectin Even though discoloration is slightly quicker with suspensions containing fresh yeasts, the samples obtained from the yeast-containing foams are efficiently discolored after 72h. This suggests a drop in the amount of metabolic active cells due to the freezing and drying but a portion of the cells seem to remain active. One must however be careful in analyzing these results, since the discoloration mechanism is enzymatic. As a result enzymes may be trapped in the foams even though cells are dead, resulting in discoloration of the methylene blue. These result should therefore be correlated with other analytic methods, for instance fluorescence microscopy to confirm the cell viability. S. cerevisiae is a common laboratory model since it is an easily cultivated, non-pathogenic, easy-to-observe and robust microorganism. It has been used for biosorption in bioremediation processes. It is however not commonly used for biodegradation, contrary to bacteria. Encapsulation of cells in ice-templated pectin matrices was therefore extended to P. aeruginosa. Such an organism is more relevant from a bioremediation point of view, but represents new challenges regarding encapsulation due to its sensitivity. 

IV.2 Encapsulation of Pseudomonas aeruginosa in freeze-casted pectin foams

IV.2.a About Pseudomonas aeruginosa

Pseudomonas aeruginosa is gram-negative bacteria, capable of growing various environments (including water, soil, sediments) or hosts (plants, animals and humans). As a result of this adaptability, P. aeruginosa can be grown in a wide variety of conditions, in different media and at various temperatures. A commonly used growth medium is LB broth at 37°C 441 , but this species can also be grow in minimal medium, in order to pinpoint the effect of specific carbon or nitrogen sources for instance. The versatility of Pseudomonas genus in general, and of P. aeruginosa in particular, regarding nutrient sources make them ideal candidates for bioremediation applications. These bacteria have been used for the degradation of a wide range of organic compounds (see Table IV.1). In brief, P. aeruginosa is a bacteria commonly used in microbiology laboratories. It is easy to handle due to its adaptability to various growth conditions and this same adaptability results in the common use of these bacteria in different bioremediation processes. Both these advantages make P. aeruginosa a good candidate for encapsulation in a soil depollution device.

IV.2.a.i Growth curves

Before any encapsulation attempt can be made, it is crucial to precisely characterize the growth of the specific considered strain. Growth of P. aeruginosa was monitored in LB medium at 30°C to identify its different growth stages. Figure IV.4 presents the evolution of OD for a culture of P. aeruginosa in LB medium at 30°C and 150 rpm. A lag time of about 2h can be observed. The bacteria then enter the exponential growth phase. After about 12 h the OD reaches a plateau around 2, which corresponds to the stationary phase of the bacterial culture. OD was correlated to the number of colony forming units (CFU) in the suspension. Similar cell concentrations were observed at 9h30 and 24h despite different OD. This might be explained by the presence non culturable cells in in the stationary phase suspension which may contribute to the OD. Once culture conditions for P. aeruginosa were set, assays could be designed towards the encapsulation in the hybrid macroporous foams.

Material and methods

IV.2.a.ii Viability in pectin solutions

Before freezing, it is necessary to obtain a stable suspension of bacteria in the polymer solution. For practical and efficiency reasons, bacteria were not cultivated directly in the polymer solution, but rather grown separately and added to a pre-mixed polymer solution.

Material and methods P. aeruginosa was cultivated as previously described in 75 cm² culture flasks at 30°C and 150 rpm, from a 1/50 dilution in LB medium of a pre-culture, itself inoculated from a single colony of P. aeruginosa.

In typical experiments, culture was maintained for 5h until 0.5 OD was reached. The 60 mL of culture medium were then centrifuged for 10 min at 5000 rpm and 20°C. The bacteria were then suspended in 3 mL of 0.22 µm filtered water (one twentieth of the original volume). The 3 mL of concentrated suspension were then added to 12 mL of a 50 g/L pectin solution. Solutions of pectin were prepared in advance at 50 g/L to accommodate the addition of a small volume of cell suspension (one fifth of the final volume) and result in a final concentration of 40 g/L. Typically 12 mL of 50 g/L pectin solution were prepared and 3 ml of cell suspension were added to yield 15 mL of bacterial suspension in 40 g/L of pectin. Solutions were prepared by adding a chosen mass of dry pectin powder in 0.22 µm filtered water. The mixture was left 24h at room temperature under elliptic agitation, but with not magnetic stirring. Alternatively, pectin was dispersed in a 125 mM piperazine-N,N′-bis (2-ethanesulfonic acid) buffer (hereafter called PIPES) to stabilize pH closer to 7.. This yielded after addition of the cell suspensions a solution at 40 g/L in pectin and 100 mM in PIPES. The PIPES buffer solution was prepared by dissolving the desired amount of PIPES in a small volume of deionized water (typically 3.78 g for 100 mL of final solution), adjusting pH to 7 with 1M NaOH and adding water to reach desired volume and concentration (typically 125 mM).

In order to evaluate the cytocompatibility of pectin solutions towards P. aeruginosa, the number of colony forming units (CFU/mL) was compared for cells dispersed in water, in a 40g/l solution of pectin, in a 100 mM aqueous solution of PIPES and in a solution containing both 40g/L of pectin and 100 mM of PIPES. Plate counting was performed after 5 min and 24 h of contact (solutions were kept at 4°C in meantime) (see Figure IV.5). The pH of the solutions was measured in all solutions and was stable over 24 hours (pH = 5). A significant difference between the pectin samples with and without PIPES buffer could be observed. The drop in the number of CFU in pectin solutions might be attributed to the low pH of the pectin solution (around pH 3), which is due to the acidic properties of the pectin, including carboxylic acid residues. The addition of PIPES buffer at 100 mM stabilizes the pH around 5. Increase of pH up to 7 might be beneficial for cell survival, but it would require addition of more concentrated buffer solutions. High solute contents may be problematic due to the sensitivity of bacteria to high osmotic pressures. It is all the more concerning, since the solutes introduced in the suspension tend to be concentrated by the freezing step of the shaping process. Since no significant changes in viable cell concentrations were monitored between the suspension in pH 5 pectin solution and pH 7 PIPES solution, compared to controls in water and aqueous solution of PIPES, the 100 mM buffer concentration was used in all further experiments. As a result slight modification in the composition of the initial solution was efficient in preserving the viability of the cells in suspension. It was however mentioned in Chapter II, that a modification of the formulation of the initial solution has a direct influence on the morphology of the encapsulating matrix. Samples with no cells but in presence of PIPES buffer were prepared for SEM observation. IV.2). In presence of PIPES, the pore width almost doubles. The pore length is however smaller, which results in a large change in the pore aspect ratio. Another significant change is noticeable in the pore wall thickness. The addition of the solute at high concentration significantly modifies the pore morphology, which may be due to interaction with ice crystals thus modifying ice growth 273 . A 100 mM concentration in PIPES corresponds to a mass concentration about 30 g/L, which must be compared to the 40 g/L concentration in pectin. Added solutes may indeed modify the ice growth by adsorbing preferentially on specific crystallographic surfaces and hinder the growth in one direction. But the PIPES also modify the pH of the initial solution, which changes from about 3 to 5. This has a direct influence on the pectin chains themselves, and is especially likely to influence the carboxylic acid functions which may be at least partially deprotonated. As a result the interaction between the pectin chains could be modified which may result in variations in the physico-chemical properties of the initial solution such as viscosity. As a consequence the ice growth during the freezing step can be modified, resulting in changes in the pore morphology, but also the pectin wall density and thickness.

A stable bacteria suspension in pectin is only the first step toward the encapsulation of living organisms in macroporous foams. This suspension must then be shaped, by the use of icetemplating as previously described. The resulting material must then be coated by silica in order to obtain a suitable material for the targeted use in soils.

IV.2.b Encapsulation of Pseudomonas aeruginosa in freeze-casted pectin foams

Bacteria cells can be entrapped in macroporous pectin foams by freezing of a cells suspension in 40 g/L of pectin. The ice growth results in the formation of pores after vacuum drying. The bacteria cells are incorporated within the cell walls during the formation of the ice crystals. This encapsulation is only possible due to a combination of various factors. Phenomena of particles sedimentation, rejection or entrapment have mainly been studied regarding solid ceramic particles. Such consideration can however be adapted and extended to soft particles such as bubbles or cells 333 . The fate of a particle in front of a freezing front is influenced by a wide variety of parameters. The first risk is sedimentation in the initial suspension. In the case of cells, such phenomenon is prevented by the fact that the cell density is close to the density of the suspending medium (the polymer solution). During the progression of the ice front, the fate of the particles (or cells) is mainly governed by two phenomena : the repulsive force due the different interactions energies between the particle, the solid and the liquid and the viscous drag exerted by the liquid displaced by the advancing front that pushes the particle towards the ice front 257 . As a result any parameter modifying one of these two aspects is likely to influence the encapsulation efficiency. For instance the chemical nature of the particle or the presence of additives in the liquid phase may significantly modify the surface interactions. On the other hand modifications of the solution viscosity or of the speed of the ice-front are likely to modify the regime and characteristics of the flow around the particles.

In the case of cell encapsulation, the particles (i.e. the cells) are about 1 µm in size and are dispersed in a pectin solution at 40 g/L, which has a viscosity around 1 Pa.s. These conditions are compatible with the immobilization of the cells directly inside the pectin walls. The shape of the cells under the pectin layer may be observed in SEM (see Figure IV.7), providing that the pore walls are thin enough. In some instances, the bacteria may be directly seen within the pore wall section, depending on the way the samples are cut. As pointed out earlier, physical encapsulation of the cell is essential but in order to be efficient, the shaping process must be compatible with the survival of the bacteria.

IV.2.b.i Influence of the freezing-rate

The ice-templating shaping process involves freezing of living cells. If freezing of living cells as a mean of encapsulation in a polymeric matrix has not been widely documented, there are extensive studies both regarding freezing of cells for preservation in the frozen state and freeze-drying of cells for preservation in a dry state 335 (see I. 3.b , p45). Two main deleterious effects of freezing on living cells have been identified. Formation of intracellular ice may result in disruption or destruction of the cellular membranes. The formation of extracellular ice is usually deemed as less deleterious to the cells 348 , but may however induce significant mechanical stress on the cells 334 . The formation of extracellular ice also results in the concentration of the extracellular solutes, which in turn may induce dehydration of the cells. This may result in strong shrinking and deformation of the cells, but also in a rise of intracellular solutes to toxic levels. Common cryopreservation strategies include the use of cryoprotectants such as glycerol and control of the applied cooling rates. In both cases the goal is to adjust the osmotic balance between the intra and extracellular medium in order to prevent formation of intracellular ice while maintaining non-toxic solutes concentrations. Introduction of molecules (such as glycerol) capable of penetrating the cell membrane may indeed help to balance the rise in external solute concentration. Influence of the freezing rate has also proven to be crucial. High cooling rate limit the diffusion of water through the membrane and may result in supercooling of the internal wall which is responsible for the formation of intracellular ice. On the other hand if cooling rates are too low, water permeation may result in high intracellular solutes concentration which could be damaging to the cells 352 . As a result an optimal cooling rate can usually be found to maximize cell survival. Such optimum is however cell dependent since it may be influenced by different types of membrane or intracellular solutes concentrations. It is also likely to be modified by the composition of the freezing medium 348 .

a) b)

In this work however the freezing conditions are quite different from conventional cryopreservation. It must first be pointed out that no common cryopreservative is used during freezing. The freezing medium however contain a polysaccharide, which may act in a similar way as non-penetrating cryoprotective agents by tuning the formation of extracellular ice 346 . The presence of the polymer as an encapsulating layer may also provide protection against mechanical solicitation during freezing.

In addition to the stress of the freezing step, the encapsulated cells are also exposed to high vacuum (0.05 mbar) during lyophilization. A few studies 360 have been published regarding the freeze-drying of microorganisms, but generally they are freeze-dried from concentrated cell suspensions in order to obtain a powder for cell storage and not for encapsulation in a matrix, which may induce significantly behavior, particularly in terms of mechanical solicitation. In order to assess and optimize survival rates during encapsulation in pectin through freezecasting, P. aeruginosa cells were frozen at various speeds and the numbers of CFU were compared.

Material and methods P. aeruginosa was cultivated in LB medium up to 0.5 OD (about mid exponential phase) at 150 rpm and 30°C. The cell culture (typically 60 mL) was centrifuged 10 min at 5000 rpm and dispersed in one twentieth of the initial culture volume in water (typically 3 mL). This suspension was introduced in a pectin and PIPES solution to yield a 40 g/L concentration in pectin, 100 mM in PIPES, and a cell concentration equivalent to 4 times the initial culture (about 2.10 8 CFU/mL). The suspension was then frozen and subsequently vacuum dried. Part of the samples were directly thawed after freezing (30 mins at 30°C) in order to dissociate the effect of the freezing step from the drying step.

Cooling rates of 1°C/min, 5°C/min and 10°C/min were applied by freeze-casting. As a comparison point, samples were prepared by direct dipping in liquid nitrogen to yield a 250°C/min cooling rate. The survival rates were compared between the samples frozen and thawed and the sample frozen and dried overnight. Thawed samples were diluted and spread on LB-agar plates and incubated at 37°C for 24h. Dry samples were dispersed in five times their volume of water and successive dilutions were prepared. Three samples were prepared for each cooling-rate and each dilution was plated in triplicate. The initial number of cells introduced was measured and slight variations were measured (between 1.10 8 and 1.10 9 CFU/mL). To facilitate comparison between the cooling rates the number of CFU in frozen and thawed samples, and frozen and dried samples, the number of surviving cells were normalized to an initial number of cells of 1.10 9 CFU/mL.

Figure IV.8 presents the number of CFU in samples frozen at different cooling rates. The number of CFU is only one type of indication regarding the viability of the encapsulated bacteria. The notion of survival regarding single cell organisms is complex 436 , since some cells may be incapable of multiplying while retaining a metabolic activity. Other complementary technique may be applied to investigate the viability of encapsulated cells, but plate counting remains a simple and widely applicable technique which will further be used as reference. As a result, the expressions survival rate or viability will be used as the number of CFU.

The samples obtained at 1°C/min, 5°C/min and 10°C/min were all processed by freezecasting, with the same setup and are therefore strictly comparable. The device used is however unable to yield higher cooling rates and in order to assess the effect of very high cooling rates (around 250°C/min) samples were prepared by dipping in liquid nitrogen. These samples are therefore only an indication of the survival rates at theses freezing rates, but it must be kept in mind that the geometries are not strictly comparable, which might also have an influence on the survival of the cells since the mechanical constraints are different. Samples frozen and thawed were compared to samples frozen and dried, as way to dissociate the effects of freezing and drying. However it is impossible to fully separate these two effects, or rather, it is impossible to assess the effects of freezing alone, since samples must necessarily be thawed before counting the number of CFU. As a result it is only possible to compare the combined effects of freezing and thawing to the combined effects of freezing, drying and rehydration.

Figure IV.8:

Freezing and thawing of the sample result in higher survival rates than freezing and subsequent vacuum drying. Optimal cell survival is obtained for a 5°C/min freezing-rate, which is slow enough to allow cell dehydration and prevent formation of intracellular ice, but fast enough to prevent limit high solutes concentration.

Freezing and thawing results in viability losses between 1 and 3 logarithmic units. Survival rates are similar at 5°C/min and 10°C/min (drop of 1 logarithmic unit). At 1°C/min a loss about 2 logarithmic units can be observed. At very high cooling rate, the lowest survival rate was observed (3 logarithmic units). As a result it seems that intermediary cooling rates yield higher survival rate which is in agreement with observations performed on cells suspension. It is however difficult to predict this optimal cooling rate, since there are large variations depending on the type of cell 352 .The survival rate after freezing and thawing represents only an indication of the influence of the freezing rate, but the most relevant information is the number of viable cells encapsulated in the dry macroporous matrix. Regardless of the cooling rate, freezing and drying resulted in lower survival rates than freezing and thawing. After vacuum drying, the effects of the freezing rate are even more noticeable. Here again, the viability loss cannot be strictly attributed to the freezing and drying steps, but also to the rehydration conditions. It has indeed been shown that the medium used for cell rehydration has a significant influence on survival rates 365 . At 1°C/min about 10 5 cells are capable of forming colonies per milliliter of the initial suspension; at 5°C/min this value increases to 10 7 CFU/mL, but decreases to 10 6 CFU/mL at 10°C/min and even down to less than 10 3 CFU/mL at very high cooling rate. After drying, the presence of an optimal freezing rate is clearly visible. The highest number of CFU is observed for freezing at 5°C/min. Even if the drying conditions are strictly identical, the prior freezing conditions have an influence on the survival during the drying phase. As the temperature rises again, presence of internal ice created during freezing at high cooling rate may induce further cell damage. Another source of possible damages is the fact that cells are subjected to mechanical constrains, both during freezing 334 and under a 0.05 mbar vacuum, which is likely to induce sharp drops in survival rates. The applied vacuum is identical for all freezing-rates, but the cells might have different sensitivities due to the different freezing conditions. In addition, freezing rates have an influence of the pore walls themselves, including their thickness. These structural variations may have a direct influence on the cell survival since the pectin wall provides a protection against mechanical damage. In all further encapsulations assays, cooling rate was set at 5°C/min even though changing other parameter, such as the bacterial growth phase, may in turn slightly shift the optimal cooling rate due to possible changes in the cells properties. It was however assumed that this variation was limited. Once this critical processing parameter was set, the state of the cells themselves was modified to evaluate the growth conditions best suited to the encapsulation process.

IV.2.b.ii Influence of the cell growth phase and concentration

The physiological state of the cells (and therefore the growth phase considered) has a significant influence on their resilience to the encapsulation process. The effect of the growth phase must however be distinguished from the influence of the initial cell concentration. In order to assess the influence of these two different parameters, cells were grown up to exponential and stationary phase and concentrated or diluted to different levels prior to encapsulation.

Material and methods

A culture of P. aeruginosa was grown in LB medium at 150 rpm and 30°C. Bacteria were cultivated either for 5 h (up to a 0.5 OD, exponential growth phase) or 24 h (up to a 2 OD, stationary growth phase). The culture media were centrifuged and dispersed in water in order to yield suspensions at two distinct concentrations for each growth phase. The cells were then suspended in previously prepared pectin and PIPES solutions (final concentrations of 40 g/L and 100 mM respectively). 3 mL of each bacteria suspension in pectin were then freeze-casted at 5°C/min and vacuum dried at 0.05 mbar for 24 h. The dry foams were then dispersed in five times their volume of water, and successive dilutions were prepared for plate counting. Three samples were prepared for each growth stage and concentration, and each dilution was plated in triplicate. Figure IV.9 shows survival rates for encapsulated P. aeruginosa at different growth stages and different initial concentrations. At similar initial concentration (5.10 8 CFU/mL), cells encapsulated in stationary phase (Figure IV.9 c) have higher survival rates (5.10 7 CFU/mL) than cells encapsulated in exponential growth phase (5.10 4 CFU/mL, see Figure IV.9 a). This observation is consistent with previous studies performed on other bacterial and yeast species 347,464 . In order to ensure the highest efficiency for the final biomaterial, high initial cell concentrations may be of help. Cell cultures were concentrated to various levels to investigate the influence of cell concentration on survival. When larger concentrations of cell were introduced in the pectin solution, the final number of CFU (after freeze-casting and drying) were actually similar or lower than sample prepared from lower initial concentrations (see Figure IV.9 b compared to a and d compared to c). As a result introduction of less cells in the initial suspension actually yield higher rates of viable encapsulated cells. 

IV.2.b.iii Long term survival

For encapsulated cells to be used in soil depolluting applications, the macroporous pectin foams must be coated with silica (see Chapter III). The silica coating provides protection against rapid degradation of the foam. The deposition process however requires contact with acidic atmosphere at 30°C for several days. In order to ensure complete encapsulation in the hybrid matrix, long term survival of the encapsulated cells must be assessed.

Material and methods

P. aeruginosa-loaded pectin foams were prepared as previously described. Bacteria were cultivated in LB medium and centrifuged, suspended in water and added to a pectin and PIPES solution. 3 mL of suspension were then freeze-casted at 5 °C/min and vacuum dried for 24 h. Cell loaded foams were cut into 4 equal parts and maintained 24 h in various conditions: at 4 °C and room humidity, 30 °C and room humidity and 30°C and a controlled 75 % humidity. One fourth of the foams were dispersed in water directly after drying and plated. Foams were also prepared and dried for 48h instead of 24 h.

As observed previously, several logarithmic units are lost in the encapsulation process (see Figure IV.10). After 24 h of drying the number of CFU drops from 10 9 CFU/mL to 10 6 CFU/mL. After only 24 h at 30 °C, regardless of the humidity level, no colonies could be observed after redissolution of the foams and plating. Slightly better results were obtained when the cell-loaded foams were kept at 4°C, but the number of CFU still dropped down to 10 4 CFU/mL after 24 h. However when the samples were left for 24 h supplementary hours under vacuum about 10 6 CFU/mL were counted, which is similar to the cell concentrations after only 24 h of drying. These observations highlight the crucial role of cell hydration in the long term survival. It seems that partial rehydration due to room humidity results in loss of viability, while complete rehydrated (when foams are immediately dispersed in water) present better survival rates. When cells are maintained under vacuum (completely dehydrated state) for 48h, the survival rates are similar to those obtained for shorter lyophilization times, which seems to indicate that once the initial drop in pressure has occurred, cells remain in a stable state. Higher survival rates were obtained when cells were maintained at 4 °C in a conventional fridge. This may be explained by a slowing of the cells metabolism, and maybe by a variation of humidity levels between the interior of the fridge and the 30 °C oven.

Regardless of the storage conditions, survival rates in pectin foams at long terms were not satisfactory. This is problematic regarding the global encapsulation strategy which includes silica deposition. The silica deposition method using TEOS vapors previously developed allowed for the formation of a homogeneous and well controlled silica layer on the pectin pore walls. This proved efficient in preventing the foam dissolution. The technique however required prolonged (several weeks) exposition of the foam to TEOS vapors at 30°C, which is not compatible with the survival of the encapsulated bacteria.

IV.2.c Influence of the presence of cryoprotective additives

A common strategy for optimization of cell survival in the frozen or dry state is the addition of cryoprotective 346 and lyoprotective agents 360 . These types of additive may be of help in the preservation of encapsulated cells over several days.

IV.2.c.i Influence on the encapsulation efficiency

Glycerol and trehalose were selected as possible protective agents during the freeze-casting and drying process. Influence of the presence of each additive or a combination of both was assessed regarding the survival rate of encapsulated P. aeruginosa, directly after drying and after 24h in a desiccated atmosphere. Glycerol was chosen as a typical cryoprotective agent, while trehalose has been used as protectant for preservation of bacteria during vacuum drying.

Even if glycerol is expected to be especially efficient for protection during the freezing and trehalose might have a more significant action regarding lyophilization, it should not be excluded that each of these component may have an effect during the different stages of encapsulation. Additives were used separately and in combination in order to uncover potential synergic effects. Figure IV.12 shows the number of CFU encapsulated cells at different stages of the shaping process. After freezing at 5°C/min and thawing, only a small loss of viability was monitored (less than 1 LU). After freezing and drying however, the presence of glycerol proved efficient in enhancing the cell survival rate. Samples prepared with only pectin or pectin and trehalose (Figure IV.12 a and b) contained both around 7.10 5 CFU/mL, while samples with glycerol or a combination of glycerol and trehalose (Figure IV.12 c and d) were loaded with 4.10 6 CFU/mL and 2.10 6 CFU/mL respectively. The effect was even more noticeable after 24 h of storage. The samples were kept at room temperature in a desiccated atmosphere to prevent partial rehydration of the samples. Sample with no additives presented no detectable viable encapsulated cells after 24h. The presence of trehalose resulted in the survival of 2.10 3 CFU/mL, while addition of glycerol resulted in the presence of 6.10 4 CFU/mL after 24h. The combined effect of trehalose and glycerol yielded a 4.10 5 CFU/mL cell concentration.

Material and methods

a) b)

Figure IV.12: The number of CFU was assessed in various samples in presence of additives at different stages of the shaping process. No significant effect of the additives could be observed after freezing and thawing. After drying, similar survival rates were observed for samples containing no additives (a) and only trehalose (b). In the presence of glycerol the number of CFU was higher (c and d). After 24h at room temperature in a desiccated atmosphere, no cells capable of multiplying were observed in foams only composed of pectin. However the presence of additives greatly enhanced the survival rate, the best results being obtained in presence of both glycerol and trehalose. Values marked with different sets of symbols were compared for statistical significance.

Values with the same number and type of symbol are not statistically different (at p<0.05).

After freezing and thawing, the addition of common cryoprotectants did not seem to modify the survival rate for encapsulate P. aeruginosa. The presence of pectin may be sufficient to provide protection against the main deleterious effects of freezing. After drying however, the presence of additives greatly enhanced the long term survival. Highest survival rates are observed for samples containing glycerol or glycerol and trehalose. Vacuum drying is usually composed of two separate steps: sublimation of the ice crystals and desorption of bound water. This second step usually requires gentle heating of the samples (up the about 20°C) 364 , which was not performed in this case. In addition, intracellular water of cells immobilized within the pectin matrix is likely to be harder to desorb due to diffusion limitations. As a result, bound water might not be removed after the vacuum drying step. The presence of hydrophilic cryoprotectants (glycerol and trehalose) within the cells may be responsible for the protective effect towards drying 346 , since higher amounts of bound water are retained. This could prove decisive to maintain viable cells within the pectin foams throughout the silica coating process by exposure to vapors of TEOS, which requires long deposition times.

IV.2.c.ii Influence on the foam morphology

The presence of additives provides protection against viability loss, especially on the long run. These solutes are therefore beneficial to the functional part of the targeted depolluting device. Their influence on the structural part of the device must however not be overlooked, since presence of additives during freeze-casting usually results in morphological changes 272 .

Material and methods

Foams with various additive contents (no additive, trehalose, glycerol or both glycerol and trehalose) were prepared as previously described, but with no addition of bacteria.

Longitudinal and transversal slices were cut and sputtered with 20 nm of gold for SEM observation. Samples were maintained in a desiccated atmosphere between the end of drying and any further use.

Addition In both cases, some level of anisotropy can still be observed. Longitudinal slices show a lamellar pore wall arrangement, with well aligned pores. Transversal sections show a change in the pore aspect, which are not elongated but rather rounded. Pores are larger compared to samples with no glycerol, and more polydisperse in size. Foams prepared in presence of glycerol tend to be easily deformed during cutting of the samples. As a result the morphology observed in SEM may be slightly modified compared to bulk foams. In addition, foams containing glycerol tend to partly lose their structure when aged at ambient humidity. The pore walls tend to aggregate, resulting in a loss of porosity. This may be explained by a rapid adsorption of air humidity resulting in the rehydration of pore walls and subsequent loss of mechanical stability. As a result samples were maintained in a desiccated atmosphere until observation to prevent loss of structural features.

Trehalose and glycerol are both used as cryoprotective agents. Despite non negligible trehalose contents, no significant effect on the morphology could be seen. This might be attributed to the nature of trehalose which is a disaccharide (see Figure IV.11 a), and may therefore present common chemical properties with pectin which is a polysaccharide. Addition of glycerol however significantly changes the foam morphology. Glycerol presents high water affinity, which may explain the modification of the pore aspect. Pore present no specific elongation, but are rather rounded, which could be cause by interactions with glycerol preventing ice growth in specific directions. The pore walls themselves undergo changes in aspect and apparent mechanical behavior, which may be attributed to the presence of glycerol. Due to the high affinity of water and glycerol, dehydration of the polymer and glycerol mixture may be more difficult both during the formation of ice crystals and the vacuum drying. The resulting pore walls might have higher water content which may explain their tendency toward easy deformation and wrinkled aspect under SEM observation. Addition of trehalose has no significant impact on the structure of the matrix, but used alone it has a limited impact on viability preservation. The best survival rates were observed in presence of glycerol, but this additive completely changed the structure and properties of the encapsulating matrix.

Conclusion

Encapsulation of cells in pectin foams may at first seem easy, as freezing and subsequent lyophilization of a simple cell suspension in a pectin solution results in the formation of a macroporous foam, with cells clearly visible within the pore walls. But this apparent simplicity uncovers a wide range of crucial parameters in order to yield a viable biohybrid material. Physical entrapment is only possible due to a combination of cells and suspending solution characteristics This encapsulation of cells is however not meant as a structural feature, but rather as the incorporation of functional units. This means that maintaining the cell metabolic activity is crucial. Assays with a robust and easy to handle model such as S. cerevisiae yielded encouraging results. This model was an efficient proof of concept, but regarding the targeted application, that is to say soil depollution, bacterial model are more relevant. Unfortunately, bacteria are also more sensitive. For this reason each step of the encapsulation process must be tailored to ensure optimal survival rate of the encapsulated species, in order to yield the highest possible metabolic rates in the final device. The initial formulation of the suspension media was composed of pectin and PIPES in order to efficiently control the pH and prevent cytotoxic effects after suspension of the cells in the biopolymer solution. During the freezing step, the cooling rate proved to have a significant influence on the survival rate. Damages caused by freezing have been observed in the domain of cell cryopreservation and are commonly attributed to two main effects: the formation of intracellular ice and the increase in solutes concentrations. The cooling rate has an influence on both these phenomena, since slow cooling yields dehydration of the cells, thus limiting the formation of intracellular ice. The counterpart of the dehydration is an elevation of the solute concentrations, sometimes up to toxic levels. As a result, an optimal freezing rate may be found, in order to prevent formation of intracellular ice, while maintaining reasonable solute concentrations. In the case of the encapsulation of P. aeruginosa in a 40 g/L solution of pectin in presence of PIPES the optimal freezing-rate was 5°C/min. But encapsulation in a biopolymer foam is only the first step toward the design of a depolluting device. As previously stated, foams need to be coated with a silica layer in order to withstand a prolonged stay in soil. The silica deposition process in vapor phase requires several days to obtain a coating thick enough to prevent the material degradation. It is therefore necessary to ensure survival at long term in the desiccated state. Unfortunately, cells entrapped in a simple pectin foam were not able to withstand a 24h storage. Addition of a common cryoprotective agent (glycerol) and of trehalose, which is known to preserve cells during lyophiliation, proved effective in enhancing the cell survival after 24h of storage. But this significant gain from the functional point of view was accompanied by major drawbacks from the structural point of view, since the porous structure was altered, and more importantly, foams became sensitive to aging at room humidity. As a result, even though the encapsulation in a biopolymer foam was successful, obtaining a hybrid pectin-silica foam containing living cells of P. aeruginosa proved difficult (see Figure IV.14). The crucial role of water regarding cell survival was however demonstrated. Use of pectin alone resulted in interesting structural features, but poor water binding properties, and therefore in low survival rates at long term. Addition of cryoprotective agents was efficient from a functional point of view since it enhanced cell viability, but resulted in unwanted structural changes. In order to combine, water binding and structural properties, encapsulation was attempted in another biopolymer.

Introduction

Encapsulation in pectin-based porous materials was achieved by means of ice-templating. Storage of the cell-loaded materials however resulted in cellular death after short periods of time, which was incompatible with further processing of the foams into hybrid materials. The addition of cryoprotective agents was efficient from a functional point of view, since viable cells could be recovered after storage. From a structural point of view however, foams were significantly modified. Both structural and functional aspects are essential for the targeted application. The material must retain its integrity and oriented porosity to ensure mass transport of the pollutants while preventing dissemination of exogenous microorganisms in the soil. However if the encapsulated species are not metabolically active, the device will have limited remediation efficiency. In order to combine long-term cell survival and structural properties, encapsulation in another type of polymer was investigated. Alginate was chosen as an alternative to pectin. It is also a polysaccharide, commonly extracted from brown algae. It has however also been reported as part of bacterial biofilms, including in P. aeruginosa 465 , which could be an indication of possible cytocompatibility. Alginate has the advantage of being easily crosslinked in presence of divalent cations, which has made this biopolymer a very popular option for many encapsulation approaches [START_REF] Lim | Microencapsulated Islets as Bioartificial Endocrine Pancreas[END_REF]181 .

Crosslinking of freeze-casted alginate foams may be a great advantage for depositionof silica through aqueous solution while preventing dissolution of the alginate structure. The optimization of the encapsulation in a biopolymer foam and subsequent silica deposition should result in a bionanocomposite where both the structure of the matrix and the encapsulated functional units are supporting the depolluting activity of the device. Such activity must be assessed on a model of pollutant. Investigations in the domain of bioremediation have highlighted a wide range of pollutants susceptible of being degraded by given microorganism species and specific strains [START_REF] Adams | Biostimulation and Bioaugmention: A Review[END_REF]466 . Application of the device for remediation of actual polluted sites would require in depth analysis and characterization of the site to determine the best suited organism or consortium for optimal remediation 467 . In this work the approach is however reversed since one specific microorganism was chosen to assess feasibility and efficiency of encapsulation. A model pollutant should therefore be chosen according to the encapsulated microorganism. The first and most crucial criteria to choose such model should be the capacity of P. aeruginosa to degrade it, but other parameters such as the methods of detection, availability or solubility of the pollutant for instance, should be taken in account. This pollutant is meant to work as a proof of concept for the targeted application. It should therefore be relevant in the context of bioremediation, but it must be remembered that laboratory conditions cannot fully represent natural polluted sites, and some experimental conditions may be chosen as a way to highlight remediation phenomena rather than to fully reproduce field conditions.

V.1 Alginate as an alternative biopolymer

V.1.a About alginate Alginate is a polysaccharide usually extracted from brown algae (Phaeophyceae) 175 , but a few bacterial species have been found to produce alginate polymers, including P. aeruginosa 468,469 . The vast majority of world production is used in food industry as stabilizers, emulsifiers and thickening or gelling agents 470 . However alginate has also been widely used in biomedical and pharmaceutical application for encapsulation of a wide range of molecules and biological species from drugs and enzymes to whole cells 125,179,184,188,419,[471][472][473] . The high biocompatibility of alginate-based materials also make them ideal biomaterials 156,474 . It As is the case for many biosourced polymers, the structure of the alginate may vary considerably depending on the source and extraction conditions. This results in a wide range of possible physical and chemical properties. One of the most interesting and exploited properties of alginate is its capability to form gels in presence of divalent cations. The commonly accepted model regarding the ion binding properties of alginate is the so called "eggbox" structure proposed in 1973 183 (see the formation beads or capsules by crosslinking of alginate in a CaCl2 bath 247 . But alginate gels have also been used as films or coating [476][477][478] , sponges 479 and even fibers 480 , sometimes in combination with other polymer. As mentioned earlier, use of alginate is very widely spread for many applications. Depending on the targeted application some of its properties, including the mechanical behavior or rheological properties, may not be entirely adapted. For this reason alginate has been associated with all sorts of materials from other natural 366,[481][482][483][484] or synthetic polymers 485 to various inorganic compounds 228,229,238,486 . If gelling properties of alginate are extensively exploited for processing of this biopolymer, the material can also be shaped without gelation. Alginate has for instance been shaped thanks to ice templating processes in order to form porous materials 234,297,322 .

V.1.b Freeze-casted alginate foams

Similarly to the approach used for the design of pectin-based foams, the structural aspects of alginate-based materials were first explored. Some parameters were however directly set according to the observations made in the case of pectin. Polymer concentration was set at 40 g/L and the materials were shaped exclusively using freeze-casting.

Material and methods

A solution at 40 g/L was prepared by dissolution of alginic acid sodium salt (15-25 cP at 1% in water, procured by Sigma-Aldrich) in deionized water. The viscous solution was then freeze-casted at different cooling rates. The resulting samples were vacuum dried at 0.05 mbar for 24h. Cross sections and longitudinal slices were sputtered with 20 nm of gold for SEM observation.

Freeze-casted alginate foams appeared very similar at the macroscopic scale to pectin-based foams (see Figure V.2). These similarities can also be found in the morphology of the pores (see Figure V.3). As is the case for pectin (see Chapter II), freeze-casting of an aqueous alginate solution results in the formation of a macroporous material, with oriented and well aligned pores. Such similarities a) Pectin b) Alginate may be expected from the fact that both pectin and alginate are polysaccharide, with close chemical structures and functions. In both cases, polymers were used as 4 wt% aqueous solutions and the freezing setup and freezing rate were the same. The pore width is of the same order of magnitude as for pectin foams (mainly between 10 µm and 50 µm). Like in pectin foams, the pore morphology can be modified thanks to processing parameters such as the freezing rate. As can be seen from Figure V.4, higher cooling rates result in smaller pores in alginate foams. This variation is consistent with observations made on pectin foams (see Chapter II). In the case of alginate, the pores obtained at low freezingrates also appear less ordered. In other terms, the orientation domains observed in cross sections seem less extended. As expected, alginate-based freeze-casted materials strongly resemble pectin-based foams. This confirms that alginate may be used as a suitable replacement for pectin in the design of a bionanocomposite for soil depollution.

V.1.c Encapsulation of Saccharomyces cerevisiae

Prior to encapsulation of P. aeruginosa, alginate was used as a matrix for encapsulation of S. cerevisiae 187 . The large size of the yeast cells allows for easy observation in microscopy and the robustness of the species makes for a good first step in the evaluation the functional aspects of encapsulation in alginate foams.

Material and methods

S. cerevisiae Type II was procured in the dry state from Sigma-Aldrich. Cells were dispersed in PBS (typically 1 mL) and added to Yeast extract Peptone Dextrose (YPD) medium (typically 20 mL). S. cerevisiae was grown 24h at 32°C under static conditions. The culture medium was then centrifuged (5 min at 1000 rpm) and the pellets were dispersed in PBS (typically 2 mL) and added to a 40 g/L alginate solution. The suspension was the freezecasted at chosen cooling rates (1°C/min, 2°C/min and 5°C/min). Viability was monitored by means of a glucose hexokinase assay kit. Briefly dry foams or thawed samples were dispersed in YPD and incubated 48h under static conditions at 32°C. Glucose concentration was then measured by means of glucose hexokinase assay kit and UVvis spectroscopy. Positive controls were performed for suspensions of S. cerevisiae in PBS, alginate solution and negative control with blank alginate foams. Each assay was made in triplicate.

From the structural point of view, S cerevisiae cells were easily entrapped in freeze-casted alginate foams (see Figure V.5). The general structure of the foam was not altered by introduction of the cells, but at higher magnification, cells can clearly be seen within the polymer pore walls. The structural integrity of the cells themselves seems to be efficiently preserved. The cell viability was not monitored by plate counting as is common for bacteria, but rather by a metabolic assay. S. cerevisiae is capable of metabolizing glucose as is the case the fermentation process of beer 437 . As a result monitoring glucose content is indicative of cellular activity. Initial glucose concentration in YPD medium was 20 g/L. The negative control indicates that this concentration remains stable after 48 h of incubation. Positive controls for cells suspensions in PBS and alginate are not significantly different (2.6 g/L and 2.5 g/L respectively which represent degradation of 87% of the initial glucose content). This illustrates the fact that alginate presents no cytotoxic effects towards S. cerevisiae. Glucose concentrations, after incubation of cells dispersed from freeze-casted and vacuum dried foams, are higher than the ones obtained with positive controls, but are lower than the initial 20 g/L, which denotes significant metabolic activity after encapsulation in alginate. Samples prepared at 1 °C/min, 2 °C/min and 5 °C/min cooling rates resulting in degradation of 62 %, 53 % and 72 % of the initial glucose content respectively. However due to large standard deviations on the triplicate assays, these values are not statistically different from each other. This may indicate that freezing-rates in the considered range, which remains limited, have no significant influence on viability of encapsulated S. cerevisiae in alginate. Encapsulation of S. cerevisiae confirmed that alginate could be used as a suitable material for encapsulation of microorganisms in a self-supporting, no cytotoxic, porous matrix. Encapsulation of microorganisms more relevant from the bioremediation point of view was then investigated, using P. aeruginosa as a model.

V.1.d Encapsulation of Pseudomonas aeruginosa P. aeruginosa was successfully encapsulated in pectin biopolymer, however no viable encapsulated cell could be observed after 24 h of storage (see Chapter IV). Addition of common cryoprotective agents was efficient in preserving the viability of encapsulated cells, but the structural features of the matrix were greatly degraded. In order to prevent these issues encapsulation efficiency was assessed in different polymers.

V.1.d.i Encapsulation in various polymers

Material and methods P. aeruginosa was cultivated as previously described. One colony was pre-cultivated in 10 ml of LB medium 24h at 30°C and 150 rpm. This pre-culture was then diluted by a factor 50 in LB medium and cultivated for 5h30 up to a 0.5 OD. The culture medium was centrifuged and pellets were dispersed in water. This suspension was then added to various polymer solutions in presence PIPES buffer. The final concentrations were 40 g/l in polymer and 100 mM in PIPES buffer. The polymer solutions were prepared in advance by dispersion of a chosen mass in 125mM aqueous solution of PIPES buffer and magnetic stirring overnight at room temperature (except for gelatin which was heated at 35°C). The following polymers were used: beet root pectin, sodium alginate, bovine gelatin and PVA Solutions were maintained at 35°C to prevent thickening and gelling of the gelatin solution.

3 mL of cell suspension were freeze-casted at 5°C/min and vacuum dried for 24h. The resulting dry foams were immediately dispersed in water and successive dilutions were prepared and plated on LB-agar gels. The plates were incubated 24h at 37°C and the number of developed colonies was counted. Three foams were prepared for each polymer and each dilution was plated in triplicate. Longitudinal and transversal slices were prepared and sputtered with 20 nm of gold for SEM observation.

Different polymers were chosen as possible alternatives to beet root pectin. Sodium alginate, like pectin, is a polysaccharide. Its structure and reactive functions are however different from pectin since it is composed of mannuronic acid and guluronic acid (while pectin is mainly composed of galacturonic acid and rhamnose). Gelatin was chose as another bio-sourced polymer, however it is not a polysaccharide like pectin and alginate, but a protein derived from collagen. PVA was chosen as a synthetic polymer, with known properties of biodegradability 487,488 and biocompatibility 489,490 . Solutions of these polymers at a concentration of 40 g/L in presence of 100 mM of PIPES were prepared and freeze-casted at the same rate (5°C/min) and subsequently lyophilized. Regardless of the polymer, selfsupporting macroporous materials were obtained, but the pore morphology varied depending on the polymer as can be seen in Figure V.7. Morphology of beet root pectin based sample was described in Chapter II. Pores are oriented according to the applied temperature gradient. Pore walls have a lamellar aspect and are organized in orientation domains. Samples obtained from an alginate solution have a very similar morphology, but the pores are much shorter, or in other words more transversal bridges may be observed between the lamellar pore walls. All these samples were obtained in solutions containing PIPES buffer, which is likely to modify the ice growth. Non-polysaccharide based foams displayed different morphologies. Materials obtained from bovine gelatin also displayed some level of anisotropy, however the pore alignment and order was greatly diminished compared to pectin or alginate based materials. Some higher level of Material and method 10 9 CFU/mL were introduced in initial solutions of pectin and alginate matrices, in presence of PIPES buffer to prepared cellularized biopolymer foams as previously described. Cell were cultivated up to a 0.5 OD, centrifuged and dispersed in solution of 40 g/L in polymer and 10 mM in PIPES buffer. 3 mL of the suspensions were freeze-dried at 5 °C/min and vacuum dried. The cell suspensions in polymers were maintained 24 h at 4 °C to assess possible cytotoxicity. After 24 h of lyophilization the samples were cut in two along the ice growth direction. One half was immediately dispersed in water, diluted and plated. The second half was maintained 24 h at room temperature in a desiccated atmosphere. The stored samples were then dispersed in water and plated. All LB-agar plates were incubated 24 h at room temperature before counting the number of colonies. Cells were encapsulated in three separates samples of pectin and alginate and each dilution was plated in triplicate.

The number of CFU/mL was similar in both pectin and alginate solution (with PIPES buffer) after 24 h of contact, which confirms that neither polymer have a cytotoxic effect at the considered pH. After encapsulation by freeze-drying at 5°C/min and vacuum drying, the number of viable cells encapsulated in the alginate matrix is significantly superior to the number of CFU/mL in pectin (6.10 6 CFU/mL and 2.10 6 CFU/mL respectively). The difference was even more noticeable after 24 h of storage under a dry atmosphere and room temperature. In pectin only about 500 CFU/mL were counted, with high variability between the triplicates, while alginate foam still contained around 4.10 5 CFU/mL.

Figure V.9: Survival rates are similar for P. aeruginosa after 24h in suspension in solutions of 40 g/L of alginate or pectin in presence of 100 mM of PIPES buffer (b). After encapsulation in dry foams (c) survival was slightly higher when alginate was used as the encapsulating matrix. After 24h of storage in a desiccated atmosphere, the survival rate was very low in pectin (d). In alginate however, as much as 4.10 5 CFU/mL were still encapsulated after 24h of storage. Values marked by the same number of symbols are not significantly different (at p < 0.05).

* *

A comparison of the survival rates in pectin and alginate highlighted the interest of the latter polymer for long term encapsulation, which could be an advantage during the silica deposition process. In order to further increase the potential final number of viable cells, several parameters were investigated in order to optimize the encapsulation process.

V.1.d.ii Optimization of the encapsulation conditions

In order to compare encapsulation in pectin and alginate, both polymers were dissolved in 100 mM PIPES. The presence of buffer is mandatory in the case of pectin (as was demonstrated in chapter IV, p130) due to the acidic properties of the pectin solution. An aqueous solution of alginate has however a pH close to 7 which should not be deleterious to P. aeruginosa viability. The influence of the growth phase was also highlighted during encapsulation in pectin (see chapter IV, p137). The influence of these two parameters (presence of PIPES and growth phase) on the encapsulation efficiency in alginate was therefore investigated.

Material and methods P. aeruginosa was grown in LB medium up to 0.5 OD (exponential growth phase) and 1.9 OD (stationary growth phase). Cultures were centrifuged and pellets were suspended in appropriate amounts of water to yield about 5.10 9 CFU/mL. These suspensions were then added to solutions of alginate (final concentration 40 g/L) with or without PIPES buffer (final concentration100 mM). The introduced amount of cells was therefore 10 9 CFU/mL. 3 mL samples were prepared by freeze-casting at 5°C/min and subsequently lyophilized 24h at 0.05 mbar. Dry foams were immediately dispersed in water. The suspension were diluted and plated on LB-agar gels.

As can be seen in Figure V.10, successful encapsulation rates are higher for cells in stationary phase than for cells in exponential phase in alginate, regardless of the presence of PIPES. This is consistent with the observation made for this strain of P. aeruginosa encapsulated in pectin, as well as observations made for various bacteria species during freezing for preservation 347,464 . PIPES buffer was added to pectin solutions to regulate pH, since acidic conditions resulted in cell loss even before freezing. In the case alginate the aqueous polymer solution is neutral, which should render the use of buffer useless. Plate counting however reveals higher survival rates when cells are encapsulated in the presence of PIPES. PIPES is not used as a common cyoprotectant. Part of the efficiency of cryoprotective agents is however based on modification of the osmotic equilibrium between the intra and extracellular medium 348 . In this propect, introduction of PIPES could help in balancing osmotic pressures to prevent cell damages during freezing. As a result the best encapsulation conditions for P. aeruginosa in alginate seem to be the use of stationary phase cells in an alginate/PIPES solution. Figure V.11 shows the amount of viable cells encapsulated in these conditions at various stages. No cytotoxicity of the solution can be observed after 24h of contact at 4°C. Freezing and thawing result in about 2.10 8 CFU/mL (with 1.10 9 CFU/mL introduced in the initial polymer solution), which is similar to the combined effects of freezing, drying and rehydration in water. When samples are maintained at room temperature in a desiccated atmosphere over 3 days, the number of viable cells drops to 5.10 6 CFU/mL. It is difficult to evaluate a minimal cell loading to predict functional efficiency of a cellularized material. Maintaining the highest number of viable cells throughout the various steps of the encapsulation however appears a good strategy to ensure maximal efficiency.

Figure V.11: 10 9 CFU/mL were dispersed in the initial alginate and PIPES solution (a). After 24h of contact (at 4°C) no loss of viability could be observed (b). After freezing and thawing (30 min at 30°C), about 20% of the cell were still capable of replicating (c). Similar survival rates were observed after freezing, drying and rehydration (d). Even after 3 days of storage, the alginate foam still contained about 5.10 6 CFU/mL (e).

The silica deposition through vapors of TEOS requires several days (up to two weeks) to yield a thick enough silica layer (see chapter III, p100), in the case of pectin foams. Deposition kinetics on alginate may however be modified, at least in the early stages, due to different interactions between the silica precursors and the polymer.

V.2 Encapsulation in a hybrid material

In order to yield fully functional bio-hybrid materials, usable in soils, the alginate foams must be modified to prevent dissolution in contact with water. As mentioned earlier, one possible way to ensure the durability of the material in soil is to coat the polymer scaffold with a thin layer of silica.

V.2.a Alginate-silica hybrid materials

V.2.a.i Vapor phase deposition

Pectin foams were coated by silica through a vapor phase deposition of TEOS. This method proved to be efficient in obtaining a thin and homogeneous controlled layer of silica (see Chapter III, p100). Vapor phase deposition has also been reported as a way to coat alginate beads 418 . The same technique was therefore assessed for silica coating of alginate porous scaffolds.

Material and methods

Polymer foams were obtained by freeze-casting of 40 g/L solutions of biopolymers (either beet root pectin or sodium alginate). The solutions were prepared by dispersing the polymer powder into deionized water and left under magnetic stirring overnight to yield homogeneous viscous solutions. 3 mL of solutions were then freeze-casted at 10 °C/min and vacuum dried 24 h at 0.05 mbar. Dry foams were cut to 1 mm thick discs and maintained 24 h in a desiccated atmosphere before weighting of the initial mass. The samples were then placed in a silica deposition chamber (see scheme in Chapter III) in presence of a 5 wt% HCl in water mixture saturated by NaCl and four vials containing 10 mL of tetraethoxysilane (also known as tetraethyl orthosilicate or TEOS). The deposition chamber was maintained at 30 °C and samples were removed after 4 or 10 days. The samples were left 24h at 30 °C and ambient humidity and 24 h at room temperature in a desiccated atmosphere. The samples were then weighted again and the relative mass gain was obtained by the following equation.

𝑤𝑡% 𝑔𝑎𝑖𝑛𝑒𝑑 = 𝑚 𝑓 -𝑚 𝑖 𝑚 𝑓
where mi is the initial polymer mass and mf is the final mass after various deposition times. For SEM observations, samples were sputtered with 20 nm of gold. For energy-dispersive X-Ray spectroscopy (EDX) samples were sputtered with 20 nm of carbon.

Silica deposition was compared on alginate and pectin foams. The samples were placed simultaneously in the same deposition chamber. As was demonstrated in Chapter III, silica deposition tends to be faster on thinner discs. Deposition was therefore compared on 1 mm thick discs of pectin and alginate.

As can be observed in Figure V.12, mass gain was much higher on pectin-based foams, after the same deposition time. After 4 days, the amount of mass gained in the case of pectin was around 72 % of the final mass, while in the case of alginate it was only 12 %. After 10 days the mass gains were 82 % and 31 % for pectin and alginate respectively. This may indicate that in the case of pectin an almost saturated phase was already attained after 4 days, contrary to the alginate samples. The foams were observed in SEM after silica deposition. In the case of pectin a homogeneous and smooth layer of silica could be observed (see Figure V.13 a and a'). In the case of alginate however, heterogeneous square-like structures could be observed across the surface (see Figure V.13 b and b'). The shape of these structures points towards a crystalline material.

In this case however we expect to obtain amorphous silica. In order to characterize the coatings on both pectin and alginate foams, EDX analysis was performed (see Annex p 219). The observed structures were sodium chloride, which was likely formed by interaction of the sodium contained in the alginate and the chlorine from the acidified atmosphere. While a stay in an atmosphere saturated in silica precursors in presence of water and acid resulted in the rapid formation of a homogeneous layer of silica on pectin foam, the same process yielded very different result for alginate-based material. The mass gain was much slower in the case of alginate, which may be problematic with the view of coating a material containing living cells. Furthermore the added mass cannot be solely attributed to formation of a silica layer. These differences may be attributed to different interactions between the polymer and the silica precursors. The constitutive monomers of pectin and alginate have similar pKa values (3.5 for galacturonic acid 491 , 3.4 for mannuronic acid and 3.7 for guluronic acid 491 ). pH values of both aqueous polymer solutions are different (about 3 for pectin and 7 for alginate), which may result in higher negative charge in alginate. Assuming the ionization state does not significantly change after drying, ionic interactions with the negatively charged silica and the polymer surfaces may therefore be different between pectin and alginate. The presence of sodium cations in alginate might be expected to have a screening effect on the negative charges of alginate, but as was mentioned previously at least part of this sodium is associated to chlorine in surface crystals of sodium chloride. Repulsive electrostatic interactions may explain the slower deposition rate of silica on the surface of alginate. Longer exposure time would therefore be required for the formation of a percolating silica layer on the alginate scaffolds. Amounts of viable encapsulated P. aeruginosa tend to sharply decrease during long storage, especially in non-desiccated atmospheres. The addition of hydrochloric acid to the atmosphere may present further challenges, even though the fact that the cells are embedded within the polymer wall may provide some degree of protection. As a result, it seems that vapor phase silica deposition is not the best suited technique for coating of alginate based material. Other sol-gel silica approaches have therefore been explored. 

V.2.a.ii Sodium silicates-based sol-gel chemistry

The main alternative to vapor phase sol-gel silica deposition is the use of a liquid phase solgel process. Two main routes are commonly used: the alkoxide route, where silica precursors such as TEOS are hydrolyzed and subsequently condensed and the silicate route, where basic solutions of commonly named waterglass are acidified to yield formation of a silica gel. Combination of LUDOX colloidal particles suspensions and sodium silicate solutions allows the formation of tailor-made gels, with various gelling times, mechanical and optical properties 492 . One drawback regarding liquid phase routes is the necessity to use water as a solvent to ensure non cytotoxicity. Immersion of the biopolymer foam in aqueous solutions results in rapid dissolution of the material. It is however possible to crosslink alginate by using divalent cations such as Ca 2+ to yield the formation of "egg box" crosslinking point, resulting in the formation of a non-water soluble material. Use of a liquid silica deposition phase therefore requires a prior step of crosslinking. Silica formation from alkoxides precursors (such as TEOS) is easy to handle and presents tuning possibilities due to the wide variety of available functionalized precursors. The main drawback to the use of TEOS is the formation of ethanol during the hydrolysis of the precursor. The LUDOX/silicate route has previously be proven to be more efficient than the alkoxide route for the direct encapsulation of bacteria in silica gels 220 . It was therefore chosen for the addition of silica on alginate porous foams.

Material and methods

Alginate foams were prepared as previously described by freeze-casting at 10°C/min of a 40 g/L solution of alginate and subsequent vacuum drying. Dry foams were then immerged in a 0.5 M solution of CaCl2 during 24h at 4°C. Foams were then rinsed with water and briefly deposited on absorbing paper to removed excess water from the pores. The samples were then immerged in a premixed solution of LUDOX and silicates. The LUDOX/silicate mixture was prepared as follows. A 0.2 M in Si solution of sodium silicates and a 7.8 M in Si solution of LUDOX were prepared separately. Sodium silicate at 27 wt% (waterglass) was obtained from Sigma-Aldrich. LUDOX TM-50 (50 wt% suspension colloidal suspension of silica particles in water) was purchased also from Sigma-Aldrich. A 50:50 mixture was prepared from these two solutions to yield a total Si concentration of 4M (0.1 M from silicates and 3.9 M from LUDOX). The mixture was then acidified to pH = 5 by addition of HCl 4M. The gelling time for this mixture was 1 h at room temperature. Crosslinked alginate foams were added to the LUDOX/silicate solution and maintained 45 min under elliptic agitation. Foams were removed from the LUDOX/silicate solution before gelling and rinsed with deionized water. Samples were then left at ambient temperature and humidity for 45 min. Samples were then stored in water for further uses. For SEM observation, samples were dried. Samples were immerged in successive bath of increasing ethanol content (20%, 40%, 60%, 80% and 100%). Samples were left at least 2 h hours in each bath and 48 h in 100% ethanol. Samples were then left to dry at room temperature. Samples were then cut and sputtered with 20 nm of gold. Samples were weighed before addition of silica and after complete drying in order to evaluate mass gain.

After the silica deposition process, samples gained between 35% and 55% of weight mass, which is comparable to the mass gain for vapor phase silica deposition on typical pectin samples.

With the view of encapsulating cells in these matrices, it seems preferable to remain in a hydrated environment after formation of the silica gel to prevent further cell damage from drying. However, in order to easily characterize the silica layer it necessary to dry the samples, which may result in significant changes at the macro scale (shrinkage) but also on the microscopic scale (modification of the silica condensation state). Figure V.14 illustrate the shrinking of foams alginate crosslinked foams (with and without silica) after dehydration in ethanol and drying. The main advantage of the liquid phase silica deposition is its capability to introduce large amounts of silica in a short time. This is however accompanied by a major drawback, since it becomes much more difficult to control the repartition and homogeneity of the silica layer. It can be seen at the macroscopic scale since the LUDOX/silica mixture only penetrates in the foam to a limited depth. The center of the foam is not fully impregnated, which results in an inhomogeneous repartition of the silica throughout the foam. This inhomogeneity also results in the partial obstruction of the porosity (see Both crosslinked and dried alginate foams (a, a' and a'') and alginate foams crosslinked and coated with silica (b, b' and b'') before drying present very similar aspects. Oriented pores can still be observed, but significant distortion of the pore walls results irregularities in the shape of the pore themselves (a' and b'). Upon closer observation a granulose-looking surface can be seen on the silica-coated samples (b'') which is not visible on samples simply crosslinked (a''). This layer is however very inhomogeneous in thickness. Scale bars: 500 µm.

The silica layer itself appears not very homogeneous in the alginate pore walls (see Figure V.15 b''). The granular aspect can be explained by the chosen synthetic route since it is mainly composed of silica particles from the LUDOX suspensions, aggregated by the use of sodium silicates. The deposited silica does not appear to form a full percolated layer, but rather small aggregates on the surface of the polymer, which may result in inefficient protection against degradation in soils. 

V.2.a.iii Assessment of the behavior of the hybrid foams in soil

The behavior of several alginate-based macroporous foams was assessed in real soil samples over two months. In-soil assays were performed at the Laboratoire de Geologie de l'ENS, in collaboration with Pierre Barre. Compared to pectin, alginate foams (directly after freeze-drying, no crosslinking or silica deposition) seem less prone to immediate degradation in soil. Pectin samples were immediately rehydrated by the moisture content in the soil (see Chapter III p 112), resulting in the disappearance of the sample after one week in soil. In case of alginate however, even though significant contraction may be observed, the samples are still recognizable after 3 weeks (see Figure V.16 a). Shrinkage may be attributed to impregnation by water from the surrounding soil, resulting in a filling of the pores and the presence of capillary forces likely to shrink the material. Furthermore, hydration of the pore walls may significantly modify their mechanical properties and even rheological behavior.

Material and methods

The crosslinked samples (with or without silica) show no clear change at the macroscopic scale. Samples that were introduced in the hydrated state in the soil (see Upon SEM observation, it can clearly be seen that the pore morphology of non-crosslinked foam has been completely altered (see Figure V.17 b) compared to the initial foam structure (Figure V.17 a). This might once again be attributed to the rehydration of the alginate pore walls, resulting in partial aggregation and remodeling of the pore walls. It must however be highlighted that samples are dried before SEM observation, which may be responsible for slight morphology modifications, especially further contraction of the pore walls due to capillary forces. SEM observation of the foams retrieved after 3 weeks in soil (see Figure V.18) show no significant modification in the pore morphology. Contractions due to drying can be observed, but except for this, the oriented pores can still clearly be observed. The silica layers do not seem to be significantly modified by the 3-week stay in the soil (see Figure V.18 b'' and d''). From a structural point of view, silica does not seem to enhance to durability of the material after 2 month in soil. Simple crosslinking seems efficient in preventing the degradation of the material. Both hydrated and dried materials have similar behavior. This might be explained by rapid water exchanges between the soil and the foam, as suggested by the shrinking of the hydrated foams. The conservation of the aligned and oriented porosity is expected to favor water mass exchanges through capillarity. From the application point of view, these exchanges should to be advantageous, since they are essential to the efficient diffusion of pollutants toward the encapsulated metabolically active species.

V.2.b Cell survival in silica coated foams P. aeruginosa cells have successfully been encapsulated in alginate freeze-casted matrix. Survival rates were satisfactory (2.10 8 CFU/mL) after freezing and vacuum drying and even after 3 days of storage foams still contained about 5.10 6 CFU/mL. Silica deposition by contact with vapors of TEOS did however not prove very efficient from a processing point of view.

V.2.b.i Silica coating by aqueous sol-gel chemistry

Silica coating was therefore performed by sol-gel chemistry of LUDOX and silicates. This proved efficient in quickly adding high amounts of inorganic moiety to the polymer foams.

The final goals was however not simply to design a hybrid alginate/silica foam, but to create a matrix destined to host bacteria. It must therefore be verified that the process used to add the inorganic moiety to the cell-loaded polymer foam is compatible with cell survival. TEM observations confirm that silica does not form a homogeneous layer on the polymer wall, on the contrary silica scattered particles aggregates are only present in small amounts. Cells encapsulated in silica-coated alginate have a similar aspect compared to P. aeruginosa embedded in simply crosslinked matrices. Cell themselves appear more or less rounded, even if P. aeruginosa is a bacillus. This is due to the various angles at which the bacteria were cut. Since P. aeruginosa is elongated, transversal cut yield apparent rounded bacteria, while longitudinal cuts yield elongated shapes. Statistically however due to the aspect ratio of the cell shapes, it is more likely to observed bacteria cut in a transversal fashion. To combine structural and functional analysis of the encapsulated cells, foams were stained with LIVE/DEAD® viability kits. The kit is composed of Syto 9® dye capable of staining in fluorescent green both living and dead cells. The second component, Propidium Iodide can only permeate through the membrane of dead cells, resulting in red staining and diminution of the green fluorescence if Syto 9® is also present 493 . Depending on the experimental conditions, it has however been reported that stained P. aeruginosa dead cell may still exhibit green fluorescence resulting in green staining of living cells and yellow staining of dead cells 494 . The samples were included in fluorescence mounting medium for observation in confocal microscopy to prevent bleaching of the dyes. At low magnification stained cells underline the structure of the foams. The advantage here is that the material is mounted directly in the hydrated state. This means that the pore wall distortion and pore contraction observed in SEM due to the drying step are mainly avoided. Thin slices of soft, hydrated matrix must however be cut for observation in confocal microscopy, which may result in slight morphology deformations due to the blade, especially in bending of the structure. Samples coated with silica appear less distorted (see Figure V A few cells are however stained in green, which means that cells are intact and therefore considered as viable. This low viability rate is due to a number of factors. The encapsulation process itself, as it was previously mentioned, is not innocuous. Both freezing and drying of P. aeruginosa may be responsible for cell death. The silica deposition process (both crosslinking and immersion in LUDOX and silicates) may also induce cell death. 16% of living cells can be observed on the confocal microscopy images. This value must however be considered with precaution, since it was only measure on a single image (on 400 cells).

Material and methods

µm 10 µm

Possible heterogeneities of the samples are therefore no taken in account. In addition counting was performed on projections in the z axis of 40 µm of sample resulting in possible cell superposition. No significant difference in cell repartition and green/red ratio can be observed between crosslinked samples and crosslinked and silica-coated samples, which may indicate that most viability loss occurs during freezing and drying and possibly during rehydration in the crosslinking media.

V.2.b.ii Cell viability at various encapsulation stages

Cell survival to the freezing and drying steps has been previously assessed, resulting in about 2.10 8 CFU/mL in dry foams. Silica deposition was then performed through aqueous sol-gel synthesis to provide enhanced matrix stability. Even if sol-gel synthesis under mild conditions, cell is may happened during these supplementary processing step. Plate counting was performed to monitor cell viability along the encapsulation process.

Material and methods

Estimation of the cell viability was performed by plate counting. Part of the samples was dispersed in water immediately after vacuum drying as a control. Part of the samples was dispersed in water after 24h at 4°C in the crosslinking medium. Samples were cut into pieces of about 1 mm and vigorously shaken in water. Part of the samples were coated with silica and dispersed in water right after silica gelation (similarly, samples were cut down to 1 mm pieces and vigorously shaken in water). Silica coated samples were placed in water or LB at 30°C under static conditions for 3 days, rinsed in water, cut and dispersed in water. Cell suspensions obtained from samples dispersion at different stages were diluted and plates on LB-Agar gels, and subsequently incubated 24h at 37°C before counting the number of colonies formed. Samples were prepared in triplicate and each dilution was plated in triplicate.

In order to dissociate the influence of the various encapsulation steps, several plate countings were performed (see Figure V.22). Plate counting presents no difficulty in the case of simple freeze-dried matrices, since alginate alone is soluble in water. However after the crosslinking step, the materials do not dissolve in water anymore (which is the goal from a structural point of view in the final application, but a problem for characterization of the encapsulated cells). As a result, the best way to performed plate counting was to shred the foams in pieces about 1 mm and to suspend them in water. This suspension was then vigorously shaken in order to disperse the encapsulated cells in the supernatant. This method however includes several aspects which may not be very reproducible, especially regarding the cell extraction process.

The results of the plate counting can therefore only give an idea about the general variation of the viable population, but this value may be underestimated due to the fact that part of the encapsulated cells may not be efficiently extracted from the matrix. Another possibility would be to modify the nature of the supernatant in order to reverse the crosslinking of the alginate network. It is for instance possible to use non-gelling ions (Na + ) or chelating agents (EDTA) 179,495 to disrupt the "eggbox" reticulation points and solubilize the alginate gel. This would however introduce a number of supplementary parameters and steps, each of which may modify the survival rate of the cells. As a result it would be difficult to dissociate the effects of the crosslinking itself from the effects the reversion of the crosslinking. These limitations must be kept in mind when comparing plate counting from alginate foams alone which dissolve completely, and crosslinked materials (or crosslinked and silica coated materials).

As can be seen in Figure V.22 a small drop in the apparent number of CFU/mL can be observed after 24h of crosslinking. Besides the fact that this value may be underestimated due to the dispersion method, a portion of the encapsulated cells may actually be lost during this processing step. The crosslinking medium is a 0.5 M of CaCl2, which may be responsible for osmotic damages. It must however be remembered that the cells are not in suspension, but immobilized within the alginate pore walls. As a result effects of a possible osmotic shock are difficult to predict. This crosslinking step must also be seen as a rehydration step. As was mentioned in Chapter IV, control of humidity conditions for storage of dry, cell-loaded polysaccharide foams is a key feature in survival rates. Good survival rates were obtained in desiccated atmospheres, however ambient humidity results in very low or zero survival rates. Complete rehydration was obtained when foams were immerged in water for plate counting, resulting however in the dissolution of the polysaccharide foam. Although influence of the rehydration medium on survival of freeze-dried bacteria has previously been investigated 365,496 , use of water yielded satisfactory survival rate. Immersion in the aqueous crosslinking medium may be considered as complete rehydration of the cells, assuming a rapid diffusion of water molecules through the polysaccharide walls. Influence of the crosslinking step is therefore expected to have a limited impact on cell viability, which seems confirmed by plate counting. Crosslinked foams were then coated with silica, by gelation of a LUDOX/silicate solution. Various cells have previously been encapsulated in silica gels, either by the use of alkoxide precursors 209,497 or LUDOX and silicates as precursors 113,203 . The chosen silicification method may therefore be expected to be compatible with cell survival, all the more since cells are protected by a layer of crosslinked alginate. A slight diminution of viability can be observed in silica coated foams compared to simply crosslinked foams (see Figure V.22 d and c respectively), but this variation may be due to previously mentioned incertitude regarding the dispersion method which are difficult to precisely quantify. In order to evaluate the capability of the cells to recover from the various encapsulation steps, silica-coated foams were placed at 30°C under static conditions for three days, both in sterile water and liquid broth. Samples were washed three times with sterile water and subsequently cut down before dispersion in water for plate counting. For material stored in water about 3.10 7 CFU/mL were counted and 1.10 8 CFU/mL were monitored in foams maintained in LB medium (see Figure V.22 e and f). This seem to indicate that cells are capable of efficiently recover from encapsulation in appropriate culture conditions. These results must however once again be considered with caution. In addition to the difficulties regarding complete extraction of the encapsulated cells prior to plate counting, which could lead to an underestimation of the number of viable cells, possible cell leaching must be considered. When foams are stored in a liquid medium, a small fraction of the immobilized cells may leach from the matrix, even if the matrix is crosslinked and coated with silica. Even very small amounts of cells in the initial storage solution may however result in large cells concentrations in the supernatant after three days at 30°C especially in the case of LB medium. Even if the samples were thoroughly washed before plate counting, it is possible that some non-encapsulated from the supernatant remained on the surface of the pore walls, resulting in an overestimation of the number of CFU/mL encapsulated in the material.

Figure V.22:

Freeze-casting at 5°C/min of suspension of P.aeruginosa (a) at a concentration of 10 9 CFU/mL in alginate and PIPES buffer and subsequent vacuum drying (b) resulted in the encapsulation of 7.10 7 CFU/mL. After crosslinking of the alginate matrix (c), 1.10 6 CFU/mL were monitored and the viability rate was of 3.10 5 CFU/mL immediately after silica deposition (d). When cell-loaded foam were stored at 30°C in water (e) or LB medium (f), cell counting revealed the presence of 2.10 7 CFU/mL and 1.10 8 CFU/mL respectively. All values are significantly different (at p < 0.05).

The cell leaching issue is crucial when considering the targeted application. Introduction of an exogenous microorganism in a polluted soil can be necessary for efficient remediation, but leaching of the encapsulated bacteria may result in disturbance of the ecosystem's balance, which should be prevented.

V.2.b.iii Assessment of cell leaching

Assessment of leaching directly in soil represents a major challenge due to the presence of numerous endogenous microorganisms. It would therefore be difficult to distinguish by simple means such as plate counting the endogenous microorganisms from the soil and the microorganisms introduced by the foam. Leaching in liquid medium may be easier to assess but may not be representative of the behavior of the device in soil. As a compromise, leaching was assessed at the surface of LB-agar gels.

Material and methods P. aeruginosa was encapsulated as previously described in alginate/silica hybrid foams. After culture in LB medium, cells were collected and dispersed in alginate and PIPES buffer. The suspension was freeze-casted at 5°C/min and vacuum-dried. The resulting dry alginate foam was crosslinked in a 0.5 M CaCl2 solution and coated with silica (gelation of a LUDOX/silicate solution).

The resulting foams were place on LB agar plates and left at room temperature for several days.

In order to compare the leaching possibilities in a matrix simply crosslinked and in a matrix crosslinked and coated with silica, samples were placed on LB-agar gels (Figure V.23). After three days, a halo of bacteria could be observed around both samples with or without silica (see Figure V.23). The halo of bacteria however appears more dense and regular around foams that were not coated with silica, which could indicate that the silica layer prevents cells leaching. Interestingly, the bacterial colonies do not seem to expend further after 5 days. The non-silica coated foams also appear to shrink slightly, while the silica coated ones remain identical. Shrinking might partially be explained by partial drying of the foams, which would result in high capillary solicitation on the pore walls. The presence of silica may provide enhance mechanical resistance against such contraction. The foams are however also likely to be degraded by bacterial activity. Degradation of the polymer matrix could result in enhanced leaching. If wall have polymer-silica core-shell structure, leaching could be prevented even if the polymer core is degraded and the general structure can be retained. After 5 days, foams are colored in green (the color is more intense in the silica coated sample). This is likely due to the secretion of pyoverdine and pyocyanine by P. aeruginosa, which is indicative of metabolic activity.

As mentioned earlier the silica coating process from a mixture of LUDOX and silicates has both advantages and drawbacks from a structural point of view. The method allows for rapid deposition of large amounts of silica. The counterpart to this efficiency is the low level of control over the thickness, the morphology and the homogeneity of the silica layer itself, as well as the necessity to crosslink the polymer structure prior to silica deposition. The fact that foams with or without silica seem to age in similar way in soil (when no cells are encapsulated) may lead to question the necessity of addition of a silica layer. It seems however that this silica layer, even if it is not homogenous across the alginate pore walls, allows for a limitation of cell leaching, which is a considerable advantage from the application standpoint.

V.3 Bioremediation assays

P. aeruginosa was encapsulated in hybrid macroporous foams and survival rates were monitored at various stages of the encapsulation process. After freezing, drying, crosslinking and silica deposition, apparent number viable of encapsulated cells was still around 3.10 5 CFU/mL. Presence of living encapsulated cells was confirmed by confocal microscopy. These evaluations of cell viability (either plate counting or staining) were based on the capability of the cells to replicate or on physical integrity of the cells, but the crucial information from the application standpoint is the metabolic activity of the cells. In order to assess the efficiency of the bionanocomposite, the degradation capabilities towards several pollutants were investigated.

V.3.a Choice of a target pollutant

As mentioned in Chapter IV, P. aeruginosa has been used in a wide range of bioremediation processes. It must however be underlined that in most cases, the strains used are directly collected and cultivated from polluted sites. It was therefore essential to identify a pollutant that could be degraded by free cells of the specific available strain, before assessing the efficiency of the encapsulated bacteria.

A first group of targeted pollutant was polyaromatic hydrocarbons (PAH) which have been documented as potentially degraded by P. aeruginosa [447][448][449] . PAH are of major concern as soil pollutants due the wide range of possible sources and potentially high levels of toxicity [START_REF] Johnsen | Principles of microbial PAH-degradation in soil[END_REF][START_REF] Haritash | Biodegradation aspects of polycyclic aromatic hydrocarbons (PAHs): a review[END_REF] . These compounds presented the additional interest of being detectable by fluorescence spectroscopy at low concentrations. They have however low solubility in aqueous media. Unfortunately, degradation assays for anthracene and pyrene in water were not conclusive. Azo dyes were then chosen as potential models of pollutant 251,458 . These compounds are less ubiquitous than PAH since they are mainly localized in industrial effluents from the textile industry [START_REF] Pereira | Environmental Protection Strategies for Sustainability[END_REF] . The large volume of contaminated waste however represent a serious concern [START_REF] Carmen | Textile Organic Dyes -Characteristics , Polluting Effects and Separation / Elimination Procedures from Industrial Effluents -A Critical Overview[END_REF] .

Concentrations of Reactive Black 5 498 and Methyl Orange were measured by UV-vis spectroscopy with or without suspensions of P. aeruginosa, but no significant difference could be observed.

In order to illustrate bioremediation capabilities of the device, a different approach was then selected. Reactive Black 5 was set as the model pollutant and a bacterial strain capable of degrading this particular contaminant was then chosen.

V. Shewanella Oneidensis is, like Pseudomonas aeruginosa, a gram-negative bacteria found in a wide range of habitats. Similarities between the two species are not anecdotic, since the first isolated Shewanella species were initially classified as Pseudomonas, before being renamed a few years later 501 . S. Oneidensis is capable of both aerobic and anaerobic metabolisms and is well-known for its capability to reduce heavy metals 502,503 in anaerobic conditions. These properties of oxydo-reduction have also been used in the design of microbial fuel cells 504 . The versatility of S. Oneidensis allows for growth in various conditions. Optimal growth is monitored at 30°C, but S.Oneidensis is capable of growing at much lower temperatures (3°C) 505 . In terms of growth medium, S. Oneidensis can be grown in LB and plated on LBagar gels 506 . More specific growth medium with different carbon and nitrogen sources can be designed, resulting in various metabolic activities 500 . Efficiency of S. Oneidensis for remediation of Remazol Black 5 was first assessed in "ideal" conditions in order to validate the microorganism/pollutant model. Discoloration was monitored in a MR1 medium adapted to S. Oneidensis to confirm the bioactivity of this strain, prior to the addition of parameters such as the presence of the encapsulating matrix or the use of soil as a medium.

Material and methods

MR1 strain of Shewanella Oneidensis was stored in 30 vol% glycerol aliquots at -80°C. About 10 µL of aliquot was dispersed in 10 mL of LB medium in a glass tube and precultivated for 24h at 30°C and 150 rpm up to a 0.9 OD. The pre-culture was then diluted by a factor 50 in the culture medium (see Annex p 204 for composition) (typically 0.8 mL were diluted in 39.2 mL of medium) and placed at 30°C and 150 rpm. After 20h of culture part of the culture suspension was autoclaved. Reactive Black 5 degradation assays were then performed in the same medium at 37°C in static conditions over 24h. Three concentrations of Reactive Black 5 (0 mg/L, 10 mg/L and 100 mg/L) were investigated. Samples were prepared with no bacteria and autoclaved bacteria for control and with bacteria directly transferred from the culture medium. Each degradation assay was performed in triplicate.

For determination of dye concentrations, 1.5 mL of suspension was centrifuged 10 min at 5000 rpm. The supernatant was mixed with 1.5 mL of PBS 2X before acquisition of the absorbance spectra. If needed, samples were diluted in order for the concentration to be within the linearity range determined by the calibration curve (see Annex p 207). Absorbance maximum for Reactive Black 5 was found to be 598 nm.

Plate counting was performed on samples containing fresh bacteria in the initial suspensions and after 24h. Successive dilutions of the cells suspensions were plated in triplicate and incubated 24h at 37°C. For quantification of the discoloration efficiency, samples were centrifuged to remove the spectroscopic contribution due to diffusion by suspended cells, and absorbance was measured at 598 nm. Samples containing 0 mg/L of RB5 but same cell contents were used as baselines.

As can be seen from Figure V.26 no significant difference can be seen between samples containing no cells and autoclaved cells, either at 10 mg/L RB5 or 100 mg/L in RB5. After 24h about 10% of discoloration can be observed in the case of 10 mg/L solutions and 3% of discoloration in the case of 100 mg/L solutions, in absence of viable cells. This may reflect the instability of the compound in the considered incubation conditions (mineral medium at 37°C).

When the medium was inoculated with 10 7 CFU/mL of S. Oneidensis significant discoloration could be observed both in 10 mg/L and 100 mg/L solutions (see absence of RB5 and with both 10 mg/L and 100 mg/L of dye. Final cell concentrations were not significantly different, which seems to indicate that there is no significant toxicity. S. Oneidensis proved to be an efficient model for decolorization of Remazol Black 5, in suspension in an adapted medium. This is however only a pre-requisite toward the actual proof of concept, since the degradation process of interest is not in solution but in soil, with cells encapsulated in the previously described macroporous hybrid foam.

V.3.c Soil depollution

Moving from a model of biodegradation of cells in suspension in a liquid media to a model of encapsulated cells for depollution of soil is likely to induce several changes in the assessment of degradation efficiency. The presence of soil as a medium makes the monitoring of dye content more difficult. In addition the presence of soil introduces the issue of adsorption of the dye on soil particles and of diffusion inside the soil itself, as well as endogenous bioremediation phenomena. Encapsulation of the functional units in a matrix is likely to significantly change remediation kinetics due limitations in terms of substrate diffusion inside the material itself.

Material and methods S. Oneidensis was encapsulated according to the protocol previously described for encapsulation of P.aeruginosa. S. Oneidensis was pre-cultivated in LB medium for 24 h (up to 0.9 OD). This pre-culture was then diluted by a factor 50 in fresh LB medium and cultivated 7 h at 30°C and 150 rpm (up to 2.2 OD). The medium was centrifuged and the pellets were dispersed in alginate and PIPES buffer to yield the following concentrations: 10 Bioremediation efficiency was assessed at small scale in upper horizon silt loam Luvisol kindly provided by the Laboratoire de Géologie de l'ENS as a typical soil sample from the Parisian region. Concentrations of pollutant in leaching water were monitored in presence or in absence of encapsulated S. Oneidensis. Cell-loaded foams were left in contact with a soil soaked by a solution of RB5, which may be seen as a model of industrial spill. Samples were incubated at 37°C to ensure rapid diffusion and degradation kinetics, but such temperature is mostly not representative of actual polluted sites. The soil samples were then briefly washed to simulate water infiltrations, and dye concentration in this supernatant was monitored.

Visual observation (see Figure V.27) shows that RB5 concentration appears to be much lower than the initial 0.5 g/L in all rinsing solutions. This is to be expected from dye adsorption on soil particles. The discoloration may also be due to the presence of endogenous microbial species capable of degrading RB5. To further characterize the dye concentrations in rinsing solutions, UV-vis spectra were measured. A slight discoloration (4.5%) of discoloration was observed on the control solution of RB5 in the simplified mineral medium after 42h at 37°C, which is consistent with stability observations reported in paragraph V.3.b . Contact with the soil alone resulted in significant reduction of the dye concentration in the rising water, since final measured concentration was 0.048 g/L (see Figure V.28 a), which corresponds to a 90.4% decolorization rate. This discoloration is likely due to a combination of adsorption and endogenous microbial degradation, since the soil used is not sterile. Adsorption for an initial dye concentration of 0.1 g/L in water at 25°C was found to be 0.038 mgdye/gsoil after 24h (see Chapter III, p118). Such a dye loading could account for a drop of concentration to 0.47 g/L. Even considering the changes in adsorption kinetics due to the higher temperature (37°C vs 25°C), the longer exposure time (42 h vs 24 h) and the change in medium (mineral medium vs water), it is unlikely that the observed discoloration is solely due to adsorption. Since the soil used is a field example of soil which has not been sterilized, the system should contain various endogenous microbial species. The use of mineral medium and incubation temperature are likely to have stimulated the biodegradation phenomena in the soil, resulting in the high discoloration rate observed. The final concentration in the system containing only soil was therefore used as a control value. Introduction of blank foams does not induce a statistical difference in the final RB5 concentration of the washing medium (see Figure V.28 b). The main contribution of such foam would be dye adsorption on the foam itself. Such effect may however be difficult to observe due to the low mass/mass ratio between the foam and the soil. Rinsing water from the soil sample treated with the hybrid cell loaded foam proved to have a final RB5 concentration significantly compared to the control with soil alone (see Figure V.28 a and c). Final RB5 concentrations were 0.042 g/L and 0.048 g/L respectively, which represents a 12.5% discoloration for the cell loaded foam compared to the control. This difference is not very big, though statistically significant (nsamples=3, p<0.05). The difference in concentration between assays in presence of blank foams and cell-loaded foams were however not statistically different (see Figure V.28 b and c). This means that the observed efficiency of the cell loaded foam may be attributed to a combination of dye adsorption on the foam and biological activity.

As may be expected, dye concentration in rinsing water for soil directly inoculated with free bacteria is much lower (0.026 g/L or 46.8% of discoloration compared to the soil control) compared to the other assays. Free cells are indeed less likely to be subjected to diffusion limitations, which may help their efficiency compared to encapsulated cell. In this case however the main reason for the difference observed and the relatively low efficiency of the depollution device may be explained by a simple parameter that was not yet discussed in this paragraph: the amount of viable encapsulated cells. The encapsulation process has been developed and optimized using P. aeruginosa strain as a model. S. Oneidensis was however chosen for its superior dye degradation capabilities. The same process and conditions were used for the encapsulation of this second bacteria strain. Unfortunately, under these conditions only 300 CFU/mL were counted in freeze-dried foams, and this number is likely to be even lower after silica deposition. As a result it is difficult to compare efficiency of free and entrapped cells due to the very large difference in the number of introduced cells (less than 900 encapsulated CFU vs 2.5.10 8 free CFU).

The bionanocomposite device composed metabolically active bacteria encapsulated in an alginate/silica porous matrix proved to be efficient in the discoloration of rinsing solution from a RB5 polluted soil. The effect was however very limited due to the fact that a very small amount of CFU S. Oneidensis was immobilized in the hybrid foam. A large number of cells was initially introduced in the material, and it cannot be excluded that part of the nonreplicating cell may still have a metabolic activity toward RB5. It seems however that the remediation process could greatly benefit from the optimization of the encapsulation conditions. The immobilization process was initially optimized for P.aeruginosa, which allowed identification of several key parameters in the encapsulation efficiency, including formulation of the matrix (type of polymer, addition of buffer or cryoprotective agents), growth phase of the bacteria or freezing-rate. These parameters would have to be adapted to S. Oneidensis MR1 to ensure optimal encapsulation efficiency. Use of a different bacterial species may even uncover other relevant encapsulation parameters, to which P. aeruginosa is not especially sensitive.

Conclusion

P. aeruginosa was successfully encapsulated in alginate freeze-casted foams. Alginate proved efficient in maintaining cell viability for several days in desiccated conditions, which could be of use for vapor phase deposition of silica.

In the case of alginate-based materials however, these silica depositions conditions resulted in the formation of large amounts of sodium chloride rather than a smooth silica layer. The silica deposition process was therefore modified. Use of a liquid phase silica deposition required crosslinking of the alginate foams, but presented the advantage of rapid deposition and immediate rehydration of the encapsulated cells. Cell survival was monitored throughout the encapsulation and silica deposition processes. Despite a small viability drop during encapsulation, cells were still capable of growth. The drawback to this deposition technique in liquid phase was the relative lack of control regarding the amount of deposited silica and the uniformity of the silica layer, compared to the vapor phase deposition. The hybrid materials however proved to be very stable in soil. Despite efficient encapsulation, the P. aeruginosa strain used proved inefficient for remediation of the tested pollutants (mainly PAHs and dyes). On the other hand S. Oneidensis was very efficient in degrading Reactive Black 5. The latter bacteria was therefore chosen for remediation assays in soil. Lower dye concentrations were monitored in rinsing water when the cellularized hybrid foam was introduced in the soil. The differences observed were however very small, which may be attributed to the limited amount of viable S. Oneidensis cells encapsulated in the macroporous hybrid foam. These low survival rates can be explained by the fact that the encapsulation protocol was optimized for P. aeruginosa. Despite the similarities between the two bacteria species, behavior regarding freezing and drying may be significantly different. Key parameters such as culture medium, freezing temperature, presence of additives or composition of the rehydration medium should allow for the optimization encapsulation and increase of the viable cell content, which should in turn allow for better characterization of the bioremediation potential of the device.

General conclusions and perspectives

The goal of this work was the design of a new type of cellularized materials for soil bioremediation. Several key requirements were identified both in terms of structure and functionality to maximize the efficiency for the targeted application. Since encapsulated microorganisms (more specifically bacteria) were used as the biofunctional units of the device, it was essential to preserve their metabolic activity. The depollution efficiency not only depends on the activity of the encapsulated cells but also on the accessibility of the targeted substrates (in this case, soil contaminants). One limitation was however the need to prevent dissemination of the chosen metabolically active exogenous organisms within the soil, in order to avoid possible disturbance of the endogenous ecosystem. The matrix had therefore to be designed keeping these constraints in mind. Two main pathways were explored to design and control the encapsulating matrix. First the composition of the matrix was chosen to ensure maximal compatibility with the functional units while providing sufficient structural integrity and stability to withstand prolonged use in soils. In addition the shaping process needed to be carefully engineered to provide both an oriented porosity to favor substrate diffusion and encapsulation conditions compatible with maximal bacterial survival rates. These two aspects could however not be considered separately since the nature of the matrix components and the possibilities in terms of processing are mutually dependent. Regarding the composition of the matrix, biopolymers were selected for their intrinsic biocompatibility as well as their versatility in terms of shaping possibilities. In particular, biopolymer solutions could be processed by freeze-casting. Such a method allowed simultaneous encapsulation of the functional unit and shaping of the matrix into a porous foam. The main limit to the use of cellularized freeze-casted biopolymer foams as soil remediation devices was however the instability of biopolymer-based materials. To prevent rapid degradation of the matrix and subsequent leaching of the encapsulated bacteria, an inorganic moiety was associated to the biopolymer structure. Sol-gel silica appeared as especially relevant thanks to the mild synthetic conditions required. Design of cellularized macroporous hybrid materials by freeze-casting required the development of a multi-step encapsulation process, taking into account the structural and functional requirements of the targeted application. The general strategy of this work was not to fully engineer each aspect of the process individually but rather to identify the key parameters at each stage of the encapsulation, their interdependence and their influence on the other steps of the process. The possibilities in terms of general structure and morphologies were first evaluated by icetemplating of beet-root pectin aqueous solutions. Various freezing setups were investigated (freezing in conventional freezers at -20°C and -80°C, use of a liquid nitrogen bath, use of a freeze-casting setup) and revealed the crucial importance of the presence and orientation of a temperature gradient to obtained well controlled and aligned porosity. Freeze-casting offers a wide range of possibilities in terms of morphological control. Parameters regarding the formulation of the initial solution (type of solvent, type of polymer, presence of additives etc…) or the freezing setup (number of cold fingers, geometry of the cooling element, patterning of the cold surface etc…) might be explored to gain further control over the pore structure and yield original morphologies. The pectin-based macroporous foams were then modified by addition of a silica layer on the pore-wall surface. The silica was deposited through exposure to tetraethoxysilane vapors in presence of an acid aqueous atmosphere to promote hydrolysis and condensation at the surface of the pectin pore walls while preventing their dissolution. The method proved efficient for the deposition of a fully percolated and homogeneous silica layer, without any pore obstruction. The deposition kinetics allowed for fine tuning of the final silica thickness, which in turn granted control of the mechanical properties of the foam. The final structure could be described as a macroporous hybrid material composed of pectin-silica core-shell walls. The presence of the silica layer proved efficient in preventing dissolution of the foam in aqueous medium. Ageing of the foams was also monitored in silt loam Luvisol soil and hybrid materials were stable over 5 weeks. These hybrid materials were also used for adsorption of a model contaminant (Reactive Black 5 (RB5), which is a common dye, mainly used in the textile industry) in liquid medium. Interestingly, the device was also efficient when placed with a real soil sample impregnated with a dye solution. This could be an indication of good substrate diffusion from the soil to the material. Such materials could be of interest in themselves. From a material scientists' perspective the original hybrid structure could be tuned to yield a wide variety of morphologies and properties. This could be used for various applications including biomedical scaffolds or vehicles for controlled drug delivery, but also in environment science for materials combining adsorption properties, oriented porosity and mechanical stability.

In this case however the structure was used as a matrix for the encapsulation of metabolically active microorganisms. The components and processing techniques were chosen keeping in mind the constraints imposed by the presence of microorganisms (use of water as a solvent, no exposure to high temperature, use of biopolymers). Efficiency of freeze-casting for direct encapsulation in the previously described matrix however still needed to be confirmed. S. cerevisiae was used as a first model for encapsulation. The density of living cells, viscosity of the pectin suspension and considered ice-front velocities were compatible with entrapment of the cells within the pectin walls. The cell metabolic activity was preserved after freezing and drying. Yeast cells are a good laboratory model but are not especially relevant from the bioremediation perspective. A second model organism, P. aeruginosa, was therefore investigated. Freeze-casting also proved compatible with survival of this bacterial species, despite the biological stress generated by freezing and drying. Although freezing and drying protocols have been developed to prevent cell damages for cell cryopreservation, they usually require introduction of cryoprotective compounds such as glycerol or lyoprotective compounds such as trehalose. In the freeze-casting encapsulation process, no common cryopreservative is added. The presence of a biopolymer such as pectin may however provide some degree of protection against deleterious effects of freezing and mechanical solicitations.

In addition to the presence of cryoprotectant, another crucial parameter in conventional cryopreservation is the control of the cooling rate. The freeze-casting technique confers a good control over this parameter which allowed for further optimization of the encapsulated cell survival rate. This encapsulation matrix however proved limited regarding long term survival of the entrapped bacteria. This was problematic regarding the silica coating step, which requires several days to several weeks to yield a silica layer thick enough to provide long term structural stability. The composition of the matrix had therefore to be modified and encapsulation was performed in a different polysaccharide. Bacteria encapsulated in alginate displayed higher survival rates compared to cells in pectin matrices, especially after 24 h of storage. The sol-gel vapor phase deposition was however far less efficient in the case of alginate foams. Sol-gel deposition was therefore performed in liquid phase through the aqueous route (mixture of sodium silicates and commercial colloidal particles), by taking advantage of the crosslinking properties of alginate in presence of divalent cations (in this case Ca 2+) . The silica deposition method proved to be an efficient and quick alternative to vapor phase silica deposition. The hybrid materials obtained by this method showed good stability in the reference soil previously mentioned over 2 months. From a functional perspective, viable cells were observed within the hybrid macroporous foam at the different steps of the encapsulation process and cell growth could be obtained after freezing, drying, crosslinking and silica coating. The silica layer obtained by the liquid aqueous sol-gel route seemed to have a beneficial influence to prevent cell leaching. The assessment of this effect was however only performed on agar gels as a model of solid environment. Evaluation of leaching within the actual reference soil could be of great interest but would require extensive analytical resources (for instance using 16S rRNA sequencing). Control of the silica layer porosity (either obtained by vapor phase deposition or through the liquid aqueous sol-gel route) could provide control over the material's diffusion properties. Such a controlled membrane could be of great interest in various applications such as drug or cell delivery. Tuning of the barrier properties of the silica layer may also be decisive for soil depollution, since the contaminant must diffuse into the polymer layer. To assess the efficiency of cellularized macroporous hybrid materials as depollution devices, various model pollutants were investigated. The specific P. aeruginosa strain used for the development of the encapsulation protocol was unfortunately inefficient for the degradation of the tested contaminants. As a result a different approach was pursued. A contaminant model was set (RB5) and a bacterial species with bioremediation capabilities regarding this specific contaminant was then selected. Shewanella oneidensis displayed high RB5 discoloration capabilities and was therefore further used as the functional unit of the cellularized alginate-silica porous material. The efficiency of the material was evaluated in the reference soil previously mentioned. The soil was oversaturated with a concentrated RB5 solution and dye concentration of rinsing water was monitored after incubation. The addition of the cellularized hybrid porous material in the soil resulted in a slight but statistically significant drop in the contaminant concentration. This system therefore proved to be an efficient proof of concept. Several pathways can be considered in order to confirm these results and enhance the efficiency of the depolluting material. The main limitation of the specific S. oneidensis-alginate-silica structure was the very low viable cell loading. This can be explained by the fact that the various encapsulation parameters were optimized for maximal survival of P. aeruginosa. As a result several conditions may be optimized to increase the concentration of viable S. Oneidensis in the porous matrix. One of the most efficient ways to increase the survival rate may be by tuning the cooling rate during freeze-casting as it was demonstrated that an optimum freezing-rate, which is cell dependent, can be found. Other parameters such as the growth phase, growth medium or initial cell concentration may also be modified to adjust the cell survival rate. The depollution model in itself may also be improved in order to be closer to field conditions. In this proof of concept, the soil was oversaturated with a mineral medium containing high dye concentrations and incubated at 37°C to maximize substrate diffusion and bacterial metabolic activity. These conditions were however likely to be responsible for biostimulation of the endogenous microbial population since the used soil was a non-sterilized field sample. Efficiency of the cell-loaded material may therefore be monitored with different soil hydration levels, various contaminants and nutrient contents as well as different incubation temperature in order to fully dissociate the effect of the endogenous biostimulation from the bioaugmentation. This proof of concept nonetheless appears has as a very encouraging step towards the elaboration of efficient materials for in situ soil depollution. Thanks to its adaptability, the described encapsulation process may be used for the entrapment of a wide variety of microorganisms (bacteria but also fungi or algae for instance). Through the choice of the appropriate microorganisms (or consortia) and tuning of the encapsulating matrix properties (in terms of diffusivity, mechanical behavior, stability etc...), tailor-made depollution materials may be designed for specific contaminated soils.

Visual summary: Bacteria were encapsulated in biopolymer-silica macroporous foams. Entrapment of the cells and unidirectional porosity were obtained by freeze-casting and silica coating was performed by sol-gel chemistry. The Shewanella oneidensis-loaded alginate-silica porous material proved efficient in the discoloration of a soil containing Reactive Black 5.

Alginate Silica

Shewanella oneidensis

Reactive Black 5 For EDX analysis, the samples were cut in the same way and coated with 20 nm of carbon. Analysis was typically performed under 10 kV acceleration and 30 µA probe current. Titanium was used as reference.

-SEM-FEG SEM observations were also performed using a Hitachi SU-70 equipped with a Field Emission Gun. The samples were cut as previously described and coated with 5 nm of platinum by metal sputtering. The acceleration voltage was typically 1 kV and the emission current was 44 µA.

-TEM

Transmission Electron Microscopy was performed on a Cryomicroscope Tecnai spirit G2 equipped with a Gatan Orius camera. Prior to observation, samples were embedded in epoxy resin. The samples were stabilized 24h in a 8% paraformaldehyde solution and fixated in in a glutaraldehyde solution (8% glutaraldehyde in a 0.05M cacodylate buffer). After rising with a 0.1M cacodylate buffer and 0.6 M saccharose solution, the samples were fixated by osmium tetraoxyde. After rinsing with 50% overnight, the samples were dehydrated with successive bathes of ethanol (50, 70, 95 and 100%) and a bath of propylene oxide. The samples were then embedded in epoxy resin (mixture of Araldite, E812, dodecenylsuccinic anhydride (DDSA), N,N-dimethylbenzylamine (BDMA) and N-methylacetamide (NMA)).

After drying of the embedding resin (3 days at 60°C), slices (between 50 nm and 80 nm) were cut on a Leica EM UC7 microtome. Samples were contrasted with uranyle acetate one day before TEM observation.

-

Confocal microscopy

Confocal microscopy was performed at the Center for Interdisciplinary Research in Biology (CIRB) at College de France. Observations were performed on Leica DMI6000 inverted microscope. Acquisitions were performed on about 40 µm along the z axis with 0.3 µm steps. Samples were incubated 30 min with Live/Dead® dye (Propidium Iodide at a 0.3 mM concentration and Syto 9 at a 0.05 mM concentration) and rinsed with sterile water before observations. Images were analyzed with Fiji software, using the "3D projection" function.

 Spectroscopy -IR

Infra Red Spectroscopy was performed on a Perkin Elmer Spectrum 400 FT-IR/FT-NIR Spectrometer equipped with Universal ATR sampling accessory. Samples were crushed or shredded into less than 1 mm large fragments. A few milligrams of sample were placed on the diamond detector.

-UV-vis UV-visible spectroscopy was performed on CARY 5000 from Agilent Technologies. Typically, water was used as reference and baseline was adjusted on the dispersing medium (for instance phosphate buffer saline). Wavelength range was adapted to the considered species to detect. Scan rate was typically 600 nm/min, data interval was 1 nm, average time was 0.1 s and spectral band width was 2 nm. Calibration curves for the different components observed are provide in the Experimental section, p207.

 TGA Thermogravimetric analysis was performed on Netzsche STA 409 PC Luxx thermal analyzer. Samples were crushed or shredded into less than 1 mm large fragments. Between 10 and 20 mg of sample were place in the crucible. Thermal analysis was performed under air between 25 °C and 1200 °C, at 5 °C/min.

 Rheology

Rheology measurements were performed on a MCR 302 Anton Paar rheometer under planecone geometry. The cone diameter was 24.969 mm with a 1.0110° angle and a 50 µm truncation. Aqueous pectin solutions at various concentrations were prepared by magnetic stirring overnight at room temperature. Measurements were performed with shear rates between 1 and 100 s -1 .

 Mechanical compression

Stress/strain curves were acquired on an Instron 5965 universal testing machine equipped with a 100 N load cell. Samples were cut into 1 cm 3 cubic and compressed up to 50% strain at constant displacement rate of 1mm/min. The stress/strain curves were typically acquired for 5 replicates per type of sample.

 Data treatment -Directional analysis SEM images were analyzed using the Fiji software and the Orientation J plugin (OrientationJ, java plugin for Fiji/ImageJ, written by Daniel Sage at the Biomedical Image Group, EPFL, Switzerland 401 ). Color orientation maps were obtained using orientation as hue value, constant saturation and original image for brightness. Cubic spline gradient was used with a 8 px Gaussian window.

-

Statistical analysis

Data presented are typically the mean value on triplicate samples (mechanical compression of performed on 5 replicates, plate counting were usually performed on triplicate sample, and each sample was plate in triplicate). The error bars are standard deviation values.

For pore size analysis 150 measurements were typically performed on SEM images (100 measurements on a x50 magnification image and 50 measurements on a x100 magnification image). Data were presented in box-and-whisker plots, presenting median, value, mean value as well as 25th-75th and 5th-95th percentiles (see Statistical significance was tested using a Student test at two samples, using a level at the level of significance p < 0.05. to 20 colonies on average (which corresponds to 1.10 9 to 2.10 9 CFU/mL). This plate was stored at 4°C up to 3 weeks and individual colonies were used to prepare fresh cultures before each experiment.

-Bacteria culture Preparation of fresh cultures was always preceded by a pre-culture step. One colony of the previously mentioned storage plate was introduced in 10 mL of fresh LB medium in 30 mL glass tube and incubated 24h at 30°C and 150 rpm. The OD reached values around 0.8 on average. The culture itself was then made in 75 cm² culture flasks with 1.2 mL of the 0.8 OD pre-culture and 58.8 mL of fresh LB medium (dilution of the pre-culture by a 50 factor).

Cultures were incubated at 30°C and 150 rpm for various times until the desired OD was obtained.

-Bacteria encapsulation Bacteria were cultivated as previously mentioned, typically 5h up to 0.5 OD (viability was also investigated after 24h of culture). The culture was centrifuged 10 min at 5000 rpm and pellets were dispersed in water (typically 3 mL of water for 60 mL of culture). This suspension was the mixed with a solution at 50 g/L in pectin and 125 mM in PIPES (typically 1 mL of bacteria suspension for 4 mL of PIPES/pectin solution). The final concentrations were 40 g/L in pectin, 100 mM in PIPES and about 10 9 CFU/mL.

-Plate counting

Plate counting was generally performed in 12 well plates (see Figure A.2). Bacteria suspensions were obtained directly from culture or from dissolution of cellularized biopolymer foams in sterile water. In the case of cellularized hybrid foam, the matrix was previously shredded into less than 1 mm fragments and suspended in water before vigorous agitation.

The bacteria suspensions were diluted in water (logarithmic successive dilutions) and four dilutions were plated in triplicate for each sample. Plates were incubated 24 h at 37°C before counting. The number of CFU/mL was estimated using the dilutions yielding between 5 and 50 colonies. -Alternative freezing methods Samples were frozen in different conditions for comparison with the freeze-casting technique. Conventional freezers at -20°C and -80°C as well as a liquid nitrogen bath were used. Typically 4 mL of solution was poured in a Ø = 19 mm polyethylene mold or 1.8 mL was poured in a 2 mL cryotube. The sample was then placed overnight into the freezer or 5 min in a liquid nitrogen bath.

-Drying

Frozen samples were lyophilized in a Christ Alpha 2-4 LD freeze-dryer under a 0.05 mbar vacuum. Samples were dried at 24 h, either directly in the freeze-dryer chamber or in side vials.

 Sol-gel chemistry -Vapor phase deposition Biopolymer foams were kept at least 24 h in a desiccated atmosphere and weighed before the beginning of the silica deposition. Cylindrical samples were cut down to the desired thickness and place in the deposition chamber presented in Figure A.7. The chamber diameter approximate volume was 1 L. The setup was composed of a saturated NaCl acid aqueous solution (typically 17 mL of 37 % HCl, 133 mL of water and 60 g of NaCl) and of 4 vials (Ø = 29 mm) containing 10 mL of tetraethyl orthosilicate (TEOS). The deposition chamber was sealed a kept at 30°C typically between 1 and 14 days. The samples were then kept 24 h at 30°C in an open container and 24 h at room temperature in a desiccated atmosphere before final weighing. -Behavior in simulated polluted soils

Influence of macroporous hybrid foams (with or without encapsulated bacteria) on polluted soil was assessed using Reactive Black 5 (RB5) as a model contaminant. 10 g of soil was saturated with 7 mL of RB5 solution (typically 100 mg/L in water or 500 mg/L in mineral medium). The soil was incubated (either 24 h at 25 °C or 42 h at 37 °C) and washed with 7 mL of PBS 2X. The supernatant was then centrifuged 10 min at 5000 rpm and absorbance at 598 nm was measured to calculate the residual RB5 concentration (see calibration curve p 207). Complementary results

 Foam wetting behavior

Material and methods

Pectin foam were prepared by freeze-casting as previously described. Foams were prepared from 20 g/L, 30 g/L, 40 g/L and 50 g/L aqueous pectin solutions at 10 °C/min and from 40 g/L pectin solution at 1°C/min, 5 °C/min and 10°C/min. Samples were vacuum dried 48 h at 0.05 mbar and cut to about 0.8 cm height. Samples were put in contact with the surface of a solution of Disperse Red 1 (0.2 g/L) in ethanol. The wetting was recorded and the wetting profile was extracted from the videos using the Fiji software.

Only a limited number of points were recorder for each wetting profile due to the rapid foams impregnation. All samples (regardless of the initial polymer concentration or freezing rate) had similar impregnation profiles, despite variations in the size and shape of the pore (see II.4 ).  Assessment of the reproducibility and robustness of the vapor phase silica deposition process

Material and method

Pectin samples were prepared as previously mentioned by plunging 1.8 mL of 40 g/L pectin solution in liquid nitrogen and subsequently freeze-drying the samples. Samples were placed in the silica deposition chamber with either 5 wt% or 20 wt% HCl solution, with or without NaCl (400 g/L). Either 4 vials with either 10 mL or 20 mL of TEOS were introduced in the chamber. Reproducibility of the method was also assessed by adding silica to a large number of samples at the same time (18 samples, half were removed after 7 days of exposition and the rest was left 14 days in the chamber). HCl concentration was 5 wt% and 400 g/L of NaCl were added to the acidic aqueous solution. 4 vials with 10 mL of TEOS were introduced in chamber.

Figure A.11 a presents silica contents variations depending on the deposition time for a wide range of conditions (different initial TEOS amounts, HCl concentrations and presence of NaCl). No clear influence of the tested parameters can be observed. The general deposition kinetics appears to be independent of the three tested parameters. Each set of conditions was however only tested on a limited number of samples, so that these assays do not take in account possible variations in a series of sample exposed to the same conditions.

To assess distribution of the added silica content on samples place simultaneously in the deposition chamber 18 samples were exposed to TEOS vapors. Two deposition times were investigated (7 days for 9 samples and 14 days for 9 samples).

When a large number of samples are silicified at the same time, a wide distribution of silica content can be observed. The histogram of the silica contents is presented in Mean values are 35 ± 13 %SiO2 and 50 ± 7 %SiO2 for samples left 7 days and 14 days respectively. After only 7 days of silica depositions silica content range from 16 %SiO2 to 53%SiO2. After 14 days, the mean silica content increases, but most interestingly the values distribution is much smaller. This may be explained by the fact that TEOS content may not be homogeneously distributed throughout the sealed vessel, as was demonstrated in the case of TMOS vapors 415 . Samples closer to TEOS vials may have higher silica contents. The diminution of the distribution width at long deposition times may be explained by the saturation phenomenon previously described. Samples closer to the precursor source may be coated faster, but final silica content are similar. 

Material and methods

Pectin foams containing encapsulated S. cerevisiae cells were prepared as previously described. The foams were then immerged for 10h in pre-hydrolyzed TEOS at room temperature. The sample were then rinsed with a 50/50 water/ethanol mixture and dried at room temperature. The cell loaded hybrid materials were observed in SEM microscopy, after sputtering with 20 nm of gold. The dry hybrid foams were immerged in a methylene blue solution and kept under static conditions at room temperature until complete discoloration of the dye. Non-encapsulated yeast cells and foam with no encapsulated cells were used as controls.

The silica deposition protocol results in strong contraction and deformation of the foams (Figure A.12 a, b and c). This is mainly due to the rinsing and drying step, where the material is subjected to high capillary forced. The use of several successive bath of increasing ethanol content may diminish the contraction of the foams. This may represent an advantage from the structural point of view, but contact with absolute ethanol is cytotoxic for most cells. S. cerevisiae are however use in brewery and have a certain degree of tolerance towards the presence of ethanol. Furthermore, the cells are embedded in a pectin layer which may provide additional protection against deleterious effects of ethanol. As a result a 50/50 water/ethanol mixture seemed to be an acceptable compromise between the structural properties and the viability of the encapsulated species. After silica deposition, the cells can still be seen within the pectin pore walls. On top of the pectin layer, a smooth looking layer of silica can be observed (Figure A.12 a', b' and c'). Discoloration efficiency towards methylene blue of the encapsulated yeast was assessed in an aqueous solution of methylene blue dye at room temperature. The foams containing no yeast were able to adsorb the methylene blue, but this resulted in the coloration of the foams themselves (Figure A.13 b). On the contrary, the samples containing yeast remained colorless, which means that the dyes was adsorbed but also efficiently reduced into its colorless form. It is however to be noticed that the discoloration occurs significantly slower compared to a suspension of free yeast cells. This might be attributed to a loss of viable cells during the various steps of encapsulation since freezing, drying under vacuum, silica deposition and rinsing with a 50% ethanol solution may all be deleterious to the survival and metabolic activity of S. cerevisiae. In addition diffusion issues must also be taken in account since the substrates must go through both the silica and pectin layers, resulting in significantly slower kinetics. The S. cerevisiae / methylene blue system has been used as a model to show the feasibility of a depolluting device based on microorganisms entrapped in a pectin-silica hybrid matrix. This model is however limited since methylene blue is only reduced to a colorless state. In addition S. cerevisiae, though being a common and useful model in microbiology, has no significant uses in bioremediation. This encapsulation assay with a simple and sturdy microorganism however works as a good proof of concept toward the encapsulation of more relevant, but also more sensitive organisms such as bacteria.  EDX analysis of alginate and pectin foam after vapor phase silica deposition process

Material and methods

Polymer foams were obtained by freeze-casting of 40 g/L solutions of polymers (either beet root pectin or sodium alginate) at 10 °C/min and vacuum dried during 24 h.. Dry foams were cut to 1 mm thick discs and maintained 24h in a desiccated atmosphere before weighting of the initial mass. The samples were then placed in a vapor phase silica deposition chamber in presence of a 5 wt% HCl in water mixture saturated by NaCl and four vials containing 10 mL of TEOS. The samples were removed after 4 or 10 days. The samples were left 24h at 30°C and ambient humidity and 24h at room temperature in a desiccated atmosphere before final weighing. For energy-dispersive X-Ray spectroscopy (EDX) samples were sputtered with 20 nm of carbon.

Atomic analysis of the pectin-based samples revealed the presence of high amounts of silicon and oxygen (see Figure A.14 a). The theoretical oxygen: silicon ratio in silica is 2 : 1. However in silica obtained through sol-gel at ambient temperature defects are to be expected. In this case however, the polymer itself contains non-negligible amounts of oxygen which limits the quantitative aspect of this analysis. It must also be pointed out that the EDX technique usually requires the use of plane and smooth surfaces for quantitative analysis, which is not the case here. This analysis however remains a good source of qualitative information regarding the nature of the observed layer. Mapping of the identified elements (see Figure A.14 a') confirms that the silicon and oxygen are homogeneously distributed on the pectin pore wall. EDX analysis on alginate-based foam highlights the presence of high amount of chlorine and sodium, and lower amounts of silicon and oxygen (see Figure A.14 b).

The presence of silicon may indicate the partial deposition of silica on the alginate surface. Once again, the presence of oxygen can largely be attributed to the polymer itself, but part of it may be due to the presence of small silica contents. The high chlorine and sodium amounts can easily be traced to the nature of the polymer and the conditions used for silica deposition.

In this case the polymer used is alginate, or more precisely alginic acid sodium salt. This means that non-negligible amounts of sodium are introduced in the initial solution and remain in the solid foam after drying. The silica deposition chamber is saturated by a HCl/water atmosphere. As a result it is not surprising to detect traces of chlorine on the samples. Part of the chlorine may be deposited on the pore wall and in presence of the sodium form crystals of sodium chloride, which can be observed as geometric structure on the polymer surface. This theory is supported by the element mapping (see Figure A.14 b'), which shows that oxygen and small amounts of silicon are homogeneously distributed on the pore wall, while chlorine and sodium are concentrated on the square-shaped structures observed in SEM. Le contrôle de ces aspects peut être modulé par deux voies interdépendantes. La composition de la matrice d'encapsulation doit être sélectionnée de façon à assurer la non-toxicité vis-à-vis des organismes encapsulés, mais également vis-vis de l'ensemble de l'écosystème considéré.

Le choix des composants de la matrice doit aussi tenir compte des exigences en matière de stabilité dans les sols, afin de minimiser la dissémination des organismes exogènes immobilisés. Le choix de la composition ne peut cependant pas être fait indépendamment des considération d'ingénierie des matériaux et plus particulièrement des aspects de mise en forme des matériaux qui doivent être compatibles avec la survie des microorganismes immobilisés.

Concernant la composition de la matrice, la littérature met en lumière l'intérêt des biopolymères comme matrices d'encapsulation. Ces polymères peuvent être trouvés dans les organismes vivants notamment dans les matrices extracellulaires ou les parois cellulaires des plantes. En conséquence la majorité de ces biopolymères présentent une bonne cytocompatibilité, ce qui est essentiel pour l'encapsulation de cellules. Cette cytocompatibilité va cependant souvent de pair avec une biodegradabilité, ce qui peut être un avantage important pour des applications biomédicales, mais peut se révéler problématique du point de vue de la stabilité de la matrice. Une approche permettant la modulation des propriétés de la matrice, tout en conservant une partie de la composition chimique du matériau, consiste en l'utilisation de structures hybrides ou composites. De fait l'utilisation d'une structure hybride biopolymère-inorganique et plus particulièrement l'utilisation de matériaux hybride biopolymères-silice pourrait s'avérer utile dans l'élaboration de matériaux pour la bioremédiation des sols.

Du point de vue structural, les matrices d'encapsulation peuvent adopter de nombreuses formes. Concernant l'application ciblée, l'utilisation d'un matériau macroporeux pourrait être un avantage notable du point de vue de de la diffusion des substrats. La méthode du freezecasting peut être utilisée pour mettre en forme de nombreux matériaux (des céramiques aux polymères) de façon à obtenir une large gamme de matériaux à porosité contrôlée et notamment des matériaux à porosité orientée. Ce type de porosité pourrait représenter un avantage décisif pour faciliter la mobilité des substrats ciblés par transport capillaire.

Ces travaux portent donc sur l'élaboration de matériaux hybrides contenant des microorganismes encapsulés via un procédé de freeze-casting. L'approche pour la préparation de ces matériaux est basée sur un procédé en deux étapes : Les mousses macroporeuses de pectine ainsi obtenues ont ensuite été modifiées par l'addition d'une couche de silice à la surface des parois des pores. La silice a été déposée par exposition des mousses de pectine à des vapeurs de tétraéthyl orthosilicate en présence d'une atmosphère acide à humidité contrôlée afin de permettre l'hydrolyse et la condensation à la surface des parois des pores, tout en limitant leur dissolution. Cette méthode a permis l'obtention d'une couche de silice entièrement percolée et homogène, sans obstruction des pores. La cinétique de dépôt a pu être contrôlée pour maîtriser l'épaisseur de la couche déposée de façon à influencer les propriétés mécaniques du matériau. La structure hybride peut ainsi être décrite comme un matériau hybride macroporeux avec des parois présentant une structure de type coeur-coquille. La présence de silice a permis de limiter la dissolution des mousses dans des conditions hydratées. Le vieillissement des mousses a notamment été observé dans un sol de type Luvisol, où les matériaux ont présenté une bonne stabilité durant 5 semaines. Ces matériaux hybrides ont également été utilisés pour l'adsorption en milieu liquide d'un polluant modèle (Reactive Black 5, un colorant fréquemment utilisé dans l'industrie textile).

Les matériaux ont également été testés dans un sol imprégné par une solution du même colorant. La diminution de la concentration apparente en colorant dans le sol pourrait être une indication de la capacité des substrats à diffuser du sol vers le matériau. La densité de cellules viables, la viscosité de la solution de polymère utilisée ainsi que la vitesse de front de glace employés ont notamment permis d'assurer l'immobilisation des cellules à l'intérieur des parois des pores du matériau. L'activité métabolique des cellules après congélation et séchage a pu être partiellement conservée. Les levures sont de on modèles de laboratoire mais n'ont pas d'intérêt spécifique en matière de bioremédiation. Un deuxième modèle, la bactérie Pseudomonas aeruginosa, a donc été étudié. La méthode du freeze-casting s'est également avérée compatible avec la survie des bactéries, en dépit du stress biologique induit par la congélation et la lyophilisation. Les procédés de cryoprotection et lyoprotection conventionnels nécessitent généralement l'utilisation d'additifs comme le glycérol ou le tréhalose. Dans le cas de l'encapsulation par le biais du freeze-casting aucun cryoprotecteur n'a été utilisé. La présence de biopolymère semble cependant fournir un certain degré de protection vis-à-vis des dommages causés par les contraintes osmotiques et mécaniques lors de la congélation. La vitesse de congélation est également un paramètre crucial dans les protocoles conventionnels de cryoprotection. La technique du freeze-casting a l'avantage de coférer un bon contrôle sur les vitesses de refroidissement, ce qui a permis l'optimisation des taux de survie cellulaire lors de l'encapsulation. L'encapsulation dans une matrice de pectine de betterave s'est cependant avérée limitée du point de vue de la survie à long terme. Cette limitation est problématique compte-tenu des durées importantes (plusieurs jours à plusieurs semaines) nécessaires à l'obtention d'une couche de silice d'épaisseur suffisante par la méthode du dépôt en phase vapeur.

La composition de la matrice a donc été modifiée par l'usage de différents polysaccharides.

Un meilleur taux de survie des bactéries encapsulées a été observé dans les matrices d'alginate comparées aux matrices de pectine, en particulier après 24h de stockage. Le dépôt de silice en phase vapeur était cependant fortement ralenti dans le cas de l'alginate. Le dépôt de silice a donc été effectué par le biais de chimie-sol gel en phase aqueuse (utilisation d'un mélange de silicates de sodium et d'un mélange commercial de particules de silice colloïdale), en utilisant des possibilités de réticulation de l'alginate en présence d'ions divalents (ici Ca 2+ ).

Les matériaux hybrides obtenus par ce procédé sont stable jusqu'à 2 mois dans le sol de référence utilisé pour des essais de vieillissement. Du point de vue fonctionnel, des bactéries viables ont pu être observées aux différents stades du procédé d'encapsulation et après dépôt de silice. La couche de silice déposée semble également permettre la limitation des phénomènes de dissémination des bactéries encapsulée.

L'efficacité de la matrice cellularisée en tant que matériau pour la dépollution a ensuite été évaluée en présence de différents polluants modèles. La souche de Pseudomonas aeruginosa utilisée pour l'optimisation du procédé d'encapsulation n'a malheureusement pas présenté d'activité significative pour la dégradation des contaminants modèles étudiés. Una pproche différente a donc été adoptée, en fixant un contaminant cible (le Reactive Black 5) et une souche bactérienne capable de dégrader ce polluant an ensuite été sélectionnée. La bactérie Shewanella oneidensis a donc été utilisée en tant qu'unité fonctionnelle du matériau alginatesilice. L'efficacité du matériau cellularisé a été étudiée dans le sol de référence mentionnée précédemment. Le sol a été saturé par une solution concentrée de RB5 et la concentration en colorant dans le surnageant a été mesurée après incubation. L'ajout des matériaux dans le sol a permis une faible diminution de la concentration apparente en colorant. L'effet n'est cependant que peu marqué, du faible nombre de bactéries Shewanella oneidensis viable encapsulées, ce qui s'explique par le fait que le procédé d'encapsulation a été optimisé pour un autre type de bactéries. Plusieurs options sont envisageables pour confirmer ces observations et améliorer l'efficacité du matériau dépolluant. La principale voie d'amélioration consisterait à optimiser les paramètres d'encapsulation de Shewanella oneidensis, par exemple en ajustant la vitesse de refroidissement lors du freeze-casting, en ajustant la composition de la matrice (présence d'additifs par exemple) ou encore en modifiant les conditions de culture (milieu de culture, phase de croissance). Le modèle pour les essais de dépollution pourrait également être amélioré pour se rapprocher des conditions de terrain (en termes de température ou de taux d'hydratation par exemple).

Ce matériau reste néanmoins une preuve de concept encourageante en vue de l'élaboration de matériaux pour la dépollution des sols in situ. Grace à son adaptabilité, le procédé d'encapsulation décrit pourrait être utilisé pour l'immobilisation d'une large gamme de microorganismes (bactéries, champignons, algues etc…). Ainsi, par le choix de microorganismes appropriés (ou de consortia) et la modulation des caractéristiques de la matrice (en termes de propriétés de diffusion, mécaniques, stabilité etc…), des matériaux sur mesure pourraient être créés pour la dépollution de sites contaminés spécifiques. 

Figure 1 :

 1 Figure 1: Bioremediations processes using encapsulated cells as biofunctional units are influenced by a wide variety of interdependent parameters.

Figure 2 :

 2 Figure 2: The goal of this work is to design a macroporous hybrid material for encapsulation of metabolically active bacteria. The biopolymer structure should provide biocompatibility while the silica layer should ensure structural stability of the material after prolonged stays in soil.

Figure 3 :

 3 Figure 3:The shaping process was first developed on a material containing no cells to pinpoint relevant parameter to the structural aspects. The process was then applied and adjusted for encapsulation of living organisms. Efficiency of the cellularized hybrid porous material was then assessed in a soil contaminated with a model pollutant.

  Figure I.1). Most contaminants can be traced to human industrial or commercial activities, among which agriculture and petrochemistry have often been pointed out as major actors. However non negligible contaminations can occur from ill disposal of common consumers goods and domestic materials (see Figure I.2 a). According to European Environment Agency (EEA) heavy metals as well as hydrocarbon derivatives (oil minerals and Polycyclic Aromatic Hydrocarbons (PAH)) are especially widely spread in the surveyed European soils(see Figure I.2 b).

Figure I. 1 :

 1 Figure I.1: Contaminants can reach soil through several different pathways. Pollution might for instance occur through isolated incidents or repeated exposures.

Figure I. 2 :

 2 Figure I.2: Overview of economic activities causing soil pollution reveals predominant impact of industrial production and oil industry (a). Sources of contaminations have direct influence on the type of pollutants most commonly found in soil and groundwater (b). Data from European Environmental Agency published in 2009. Retrieved from http://www.eea.europa.eu in July 2017.

Figure I. 3 :

 3 Figure I.3: (a) Common Polycyclic Aromatic Hydrocarbons. Adapted from Haritash et al. 28 (b) Chemical structure of BTEX (benzene, toluene, ethylbenzene, xylenes. Adapted from Bolden et al. 29 .

Figure I. 4 :

 4 Figure I.4: Pollutants in soil may undergo a wide range of movements or transformations.

  Figure I.6:After residency in soils, contaminants tend to become strongly bound to the soil thus limiting the bioavailable fraction. Adapted from Jones et al.[START_REF] Jones | Persistent organic pollutants (POPs): state of the science[END_REF] 

  Contaminant loss by a combination of leaching, volatilization, biodegradation, photolysis etc… Bioavailable contaminant (labile) Irreversibly bound (non-extractable) Recalcitrant but extractable as intact parent compound in solvent C = Concentration at time t, C 0 = Initial concentration I.1.b Bioremediation

Figure I. 7 :

 7 Figure I.7: Number of publications corresponding to various keywords. Results collected from Web of Science database (retrieved in July 2017).

Figure I. 9 :

 9 Figure I.9: Cells can be immobilized within matrices with varied geometries such as shells 110 (a), films 111 (b), beads 6 (c), fibers 112 (d) and gels 113 (e).

Figure I. 10 :

 10 Figure I.10:In encapsulation approaches the immobilization matrix is formed directly around the object to immobilize (b), contrary to surface binding where the object is attached to a pre-existing support (a).

Figure I. 11 :

 11 Figure I.11: Different types of silica-based materials can be obtained by the sol-gel process. Adapted from Owens et al 202 .

Figure I. 12 :

 12 Figure I.12: TEOS (a) hydrolysis results in the formation of silicic acid (b). Silicic acid can then be condensed to form a silica network (c and d). Scheme d is reproduced from Wang et al. 203 .

  Figure I.13: a) SEM image of Arabidopsis thaliana plant cell in matrix prepared from sodium silicate and organosiloxanes (reproduced from Meunier et al. 208 ), b) SEM image of Chlorella vulgaris algae TMOS-based network (reproduced from Darder et al. 209 ), c) SEM image of Pichia pastoris yeast cell in a sodium silicate based matrix (reproduced fromGuan et al. 213 ), d) TEM image of Escherichia coli in a gel prepared from LUDOX and sodium silicate in presence of glycerol (reproduced from Nassif et al. 113 ).

Figure I. 14 :

 14 Figure I.14: A wide range of architectures can be obtained for silica-biopolymer hybrids. Reproduced from Christoph et al. 227 .

Figure I. 15 :

 15 Figure I.15: Number of publication related to the keywords freeze-gelation, ice-templating and freeze-casting. Results collected from Web of Science database (retrieved in July 2017).

Figure I. 16 :

 16 Figure I.16: Polymeric porous materials can be obtained by unidirectional freezing and subsequent lyophilization of and aqueous polymer solution. Adapted from Deville 256 .

Figure I. 18 :

 18 Figure I.18: A wide variety of morphologies can be obtained for freeze-casted porous ceramic by tuning the formulation of the initial slurry (solvent, binders, dispersants, solid loading and pH). Reproduced from Deville 265

Figure I. 19 :

 19 Figure I.19: (a) Hexagonal ice crystals grow preferentially along the a axis resulting in honeycomb (b) or lamellar (c) pore morphologies. (a) reproduced from Deville 256 , (b) reproduced from Mukai et al. 271 , (c) reproduced from Christoph et al. 187 .

  (see Figure I.20).

Figure I. 20 :

 20 Figure I.20: Interaction between the freezing front and particles are influences by a wide variety of parameters. Reproduced from Deville 267 .

Figure I. 21 :

 21 Figure I.21: High cooling rates may induce formation of intracellular ice while too slow rates may result in cytotoxic intracellular solutes concentration (a). A cell dependent optimal cooling rate can be found to minimize these effects (b). (a) adapted from Mazur 352 , (b) adapted from Pegg 348 .

Figure I. 22 :

 22 Figure I.22: Vitrification requires high cryoprotectant concentrations and very high cooling rates. Adapted from Fahy et al. 355 .

  It is however possible to identify specific recurrent regions and structures, from which the three most common are homogalacturonan (HG), rhamnogalacturonan I (RG-I) 374 and rhamnogalacturonan II (RG-II) 375 (see Figure II.1).

Figure II. 1 :

 1 Figure II.1: Pectins are a family of mainly linear polymer based on covalently linked galacturonic acid.Oligosaccharide side chains of different length may also be present, containing the following residues : Galacturonic acid ( ), rhamnose ( ), apiose ( ), fucose ( ), aceric acid ( ), galactose ( ), arabinose( ), xylose ( ), glucuronic acid ( ), ketodeoxymanno-octulopyranosylonic acid ( ). Depending on the pectin source different levels of methylation ( ) and acetylation ( ) can be observed. Reproduce fromWillats et al. 160 

  at 40 g/L. The pectin used was kindly supplied by Estelle Bonnin and Catherine Garnier at the Biopolymères Interaction Assemblages laboratory at INRA Nantes and was extracted from sugar beet pulp. The dry powder was used without further treatment. Pectin solutions were prepared by dissolution of the powder in deionized water and stirred overnight at room temperature. The resulting viscous solutions were then frozen by various methods described hereafter and subsequently freeze-dried in a Christ Alpha 2-4 LD freezedryer for 48 hours, under 0.05 mbar vacuum. The samples frozen in laboratory freezer were typically 4 mL samples of 40 g/L pectin solution placed in polyethylene cylindrical molds of 19 mm in diameter. The samples were left overnight in the freezer either at -20°C or -80°C before drying. To obtain samples frozen at -196°C, similar samples were directly plunged into a liquid nitrogen bath for around 5 minutes (until no ebullition of the liquid nitrogen was visible). Various samples were obtained by the freeze-casting technique. As previously described, the freeze-casting method aims at providing a controlled temperature gradient, in order to freeze the sample at a controlled rate and with a specific orientation. The homemade setup (see Figure II.2 and Annex p 209) is composed of three copper rods (Ø = 15 mm), plunging in a liquid nitrogen tank for half their length. Each rod is equipped with a heating resistance linked to a PID thermocontroller. A thermocouple is place about one centimeter bellow the top of the central copper rod. Typical cooling profiles include a 3 min equilibration step at 20°C and a cooling ramp at a rate between 1°C/min and 10°C/min. When the temperature reaches -60°C, temperature remains constant until the frozen sample is removed. Cylindrical polypropylene mold can be adjusted on top of the rods to pour the pectin solutions. Scanning Electron Microscopy (MEB) observations were performed on Hitachi S-3400N SEM. The samples were sputtered with 20 nm of gold and observed under 3 to 4 kV acceleration and 30 µA probe current. The OrientationJ plugin to the Fiji software was used to obtain orientation distributions and mapping. (OrientationJ, java plugin for Fiji/ImageJ, written by Daniel Sage at the Biomedical Image Group, EPFL, Switzerland 401 ).

Figure II. 2 :

 2 Figure II.2:The homemade freeze-casting device is composed of three copper rods plunging in a liquid nitrogen tank to provide cooling and equipped with heating resistances. The temperature is set through a PID thermocontroller. A polypropylene cylindrical mold can be affixed on top of the copper rod.

Figure II. 3 :

 3 Figure II.3: The temperature profiles obtained in -20°C (a) and -80°C (b) conventional freezers are similar. A slight delay in cooling can be observed in the sample obtained in liquid nitrogen (c). The temperature profile for the freeze-casted sample (d) is very different since the targeted temperature is set to follows a ramp.

Figure II. 4 :

 4 Figure II.4: The sample obtained in a -20°C conventional freezer (a and a') looks homogeneous. The sample obtained at -80°C (b and b') displays non-aligned striations. The sample obtained in a liquid nitrogen bath (c and c') shows radially arranged structures. The freeze-casted sample (d and d') shows longitudinal iridescence. Scale bars: 5 mm.

Figure II. 5 :

 5 Figure II.5: SEM observation reveals differences between longitudinal (a, b, c and d) and transversal slices (a', b', c', and d'). Pore are anisotropic in samples obtained at -20°C (a and a'). Pores seem slightly elongated in samples obtained at -80°C (b and b'). Both samples obtained in liquid nitrogen (c and c') and freeze-casted samples (d and d') show well aligned and oriented pores. Scale bars: 1mm.

Figure II. 6 :

 6 Figure II.6: Mapping of the pore orientation in SEM images of samples obtained at -20°C (a) and -80°C (b) in conventional freezer reveal no specific orientation. Cross sections of samples obtained in a liquid nitrogen bath (c) reveal a radial organization. Longitudinal cuts freeze-casted samples (d) also reveal oriented porosity, but all pores are aligned. Pore orientation distribution confirms these observations (e). The pore orientation distributions were centered on 0° for clarity. Scale bars: 500µm.

  .3 d). As soon as the temperature of the cooling element reaches the transition temperature, ice crystals nucleate in the bottom region of the sample. The crystals then grow along the temperature gradient, which is to say along the cylinder axis(Figure II.7 c). SEM observation e) of a cross section (Figure II.5 d) reveals the presence of a lamellar structure, where the pores are organized in orientation domains. This lamellar structure is characteristic of materials obtained by freeze-casting of aqueous solutions or suspensions and is the direct consequence of the crystallographic properties of ice 256 . The observation of the longitudinal section (seeFigure II.5 d') reveals that all the pores follow a common direction along the direction of the temperature gradient. This translates into the presence of a single well defined peak in the pore orientation distribution (see FigureII.6).

Figure II. 7 :

 7 Figure II.7:Ice grows in different ways according to the freezing technique. In conventional freezers (-20°C and -80°C) nucleates homogeneously and ice grows in an anisotropic fashion (a). When plunged into liquid nitrogen ice nucleates in the outer region of the sample and grows radially towards the center of the sample (b). With freeze-casting process, ice nucleates at the interface between the copper and the sample and grows upward in a channel-like manner (c).

  .

  8 a) was to considered orthogonal to the pores and radial compression (Figure II.8 b) was considered along the pores by comparison with the liquid nitrogen samples. In the case of the freezecasted samples however, axial compression (Figure II.8 c) was along the pores and radial compression (Figure II.8 d) was orthogonal to the pores.

Figure II. 8 :

 8 Figure II.8: Samples were cut down to 1 cm 3 cubes and the mechanical behavior was assessed under compressive strength. Samples were solicited under axial (a and c) and radial (b and d).compression.

Figure

  Figure II.9 shows the stress/strain behavior for materials with various pore organizations and the values for Young's modulus and compressive strength are summed up in TableII.1. An anisotropy ratio was calculated by comparing the Young's modulus measured in the direction of the pores (//) and perpendicularly to the pores (⊥).

  .8 b).

Figure II. 10 :

 10 Figure II.10: Foams obtained by freeze-casting (a) show very different wetting behavior compared to radial foams obtained by ice-templating in liquid nitrogen (b). Mass transport seems to be more efficient in freezecasted foams.

Figure II. 11 :

 11 Figure II.11: Foams prepared at 40 g/L (a and a') display wider and less ordered pores than foams prepared at 50 g/L (b and b') and 60 g/L (c and c'). Scale bars: 500 µm for a, b and c, 100 µm for a', b' and c'.

Figure II. 12 :

 12 Figure II.12 : Pore width (a) and pore wall thickness (b) are not significantly different when the polymer concentration changes.

Figure

  Figure II.13 presents the aspect of foams obtained by plunging a pectin solution in liquid nitrogen and drying the obtained samples. A reheating step up to 0°C was added to study the influence of the initial temperature of drying.

Figure II. 13 :

 13 Figure II.13: When sample are reheated prior to drying (a and a') pores are bigger and more interconnected than when sample are dried immediately after freezing (b and b'). Scale bars: 500 µm for a and b, 100 µm for a' and b'.

  Figure II.14, blue arrow) and not thawing. When the sample is reheated slightly below 0°C, the sample is subjected to partial melting before the pressure reaches a value sufficiently low to ensure ice sublimation.(Figure II.14, red arrow). The repartition of the

Figure II. 15 :

 15 Figure II.15: Pores in foams obtained from solutions at 20 g/L (a and a') and 30 g/L (b and b') are wider and shorter, as well as less organized than pores in materials freeze-casted from 40 g/L (c and c') and 50 g/L (d and d') pectin solutions. Scale bars: 500 µm.

Figure II. 16 :

 16 Figure II.16: At higher concentration, pore exhibit narrower (a) and longer (b) pores, as well as thicker pores (c). Variations in width and length of the pore results in a significant shift in the pore aspect ratio (d).

Figure II. 17 :

 17 Figure II.17 : Higher polymer concentrations result in higher viscosity (a). Above a critical concentration (40 g/L) the polymer chains are percolating resulting in sharp viscosity increase (b).

Figure II. 19 :

 19 Figure II.19: Transversal (a, b and c) and longitudinal (a', b' and c') SEM observations of foams obtained by freeze-casting of 40 g/L pectin solutions at different freezing rates show common oriented and lamellar porosities. The general morphology is similar for foams obtained at 1°C/min (a and a'), 5°C/min (b and b') and 10°C/min (c and c'), however pore size varies. Scale bars: 500 µm.

Figure II. 20 :

 20 Figure II.20: Foams obtained at 1°C (a and a'), 5°c/min (b and b') and 10°C/min (c and c') have similar, well aligned morphologies. Observation of transversal slices (a to c) show several orientation domains resulting in the presence of multiple peaks in the orientation distribution. Orientations domains appear larger at low cooling rates. (d). Mapping of the pores orientation on longitudinal slices (a' to c') reveals perfectly aligned pores which translates into single well defined peaks in the orientation distribution (e). Scale bars: 500µm. Orientation distribution curves were normalized, centered on zero and an offset was applied for clarity.

Figure II. 21 :

 21 Figure II.21: Faster cooling results in narrower (a) and shorter (b) pores, but the aspect ratio does not change dramatically (d). The pore wall thickness decreases (c) at higher freezing rate.

Figure II. 23 :

 23 Figure II.23: Pectin macroporous foams with unidirectional porosity and tunable pore size were obtained by freeze-casting.

Figure III. 2 :

 2 Figure III.2: Samples with no silica (a) and with 58 %SiO2 (b) present identical general morphologies. At higher magnification a smooth layer can be observed on both sides of the polymer pore wall (b') for the sample containing silica. Scale bars: 1 mm for a and b, 3 µm for a' and b'.

Figure III. 3 :

 3 Figure III.3: Element analysis confirms the presence of both oxygen and silicon within the sample (a). Element mapping seems to indicate homogeneous repartition of the silica layer on the pectin pore walls (b). Scale bars: 10 µm.

Figure III. 4 g

 4 Figure III.4 g present the mass gain depending on the deposition time.

Figure III. 4 :Figure

 4 Figure III.4: Silica content can be increased by prolonged exposition to TEOS vapors (g), a plateau is reached after about one week. SEM observation of samples with different silica contents reveals the presence of silica layers of different thicknesses (a to f) which vary according the silica content. Scale bars: 1µm.

Figure III. 5 :

 5 Figure III.5:Plateau in the silica content can be observed on both freeze-casted and radial foams (a). The final deposited mass is higher for radial foams (b).

Figure III. 6 :

 6 Figure III.6: Silica mass percentage decreases with sample thickness (a). Initial and final mass are proportional to the sample thickness, but the added silica mass is similar for all samples (b).

Figure III. 8 :

 8 Figure III.8: SEM-FEG observation of sample coated with 5 nm platinum reveal the presence of silica layers with a granulose aspect on the pectin pore walls (a and a'). Measurement of silica thicknesses on TEM images (b and b') confirms the links between silica content and layer thickness. Scale bars: 1 µm for a and a' and 200 nm for b and b'.

Figure III. 9 :

 9 Figure III.9: TGA of samples with 0 %SiO2 (a), 15 %SiO2 (b) and 43 %SiO2 (c) (as measured by weighing). Loss of mass due to water desorption can be observed in all samples, but residual mass percentage after calcination of pectin vary according to the apparent silica content.

Figure III. 10 :

 10 Figure III.10:Young's modulus (a) and compressive strength (b) are similar up to 20 %SiO2 and increase for higher silica content. Similarly stress/strain curves for foams with silica contents up to 20 %SiO2 (c) have similar general aspects. At higher silica content, signs of silica failures appear (black arrows).

2

 2 Behavior of the hybrid material in a typical soil III.2.a Influence of the silica content on ageing

Figure III. 12 :

 12 Figure III.12: Pectin foams are rapidly dissolved in water (a). Addition of silica is efficient in preventing the foam dissolution. Samples with high silica content (c) seem to retain their structure over longer period than materials with lower silica content (b).

Figure III. 13 :

 13 Figure III.13: Pectin concentration increases sharply for samples with no silica in the first few hours (a) and remains stable afterwards (a'). Silica concentration increases faster for supernatant of samples with lows silica content (b').

Figure III. 14 :

 14 Figure III.14: Non-percolating silica layers (a) or defects in the silica layer may result in dissolution and leaching of the pectin pore wall. Scale bars: 2 µm for a and 200 nm for b.

Figure III. 15 :

 15 Figure III.15: High silica contents appear to efficiently protect hybrid porous foams against macroscopic loss of structure. Scale bars: 2cm.

Figure III. 16 :

 16 Figure III.16: In absence of silica (a), no porosity can be observed in the remaining material. Low silica content (b) allows for better retention of the general foam structure, but the characteristic oriented porosity appears to be damaged. A high silica contents (c and d), the initial porosity appears to be efficiently preserved. Scale bars: 500 µm.

Figure III. 17 :

 17 Figure III.17: Chemical structure of Reactive Black 5.

Figure III. 18 :

 18 Figure III.18: No discoloration of the RB5 solution can be observed from contact with 50 mg of soil (b) compared to the aqueous control solution (a).The addition of hybrid foams with 10%SiO2 (c) or 20 %SiO2 (d) results in the apparent discoloration of the supernatant and in the coloration of the foams themselves.

Figure III. 19 :

 19 Figure III.19: Control RB5 solution (a) and solution in contact with 50 mg of soil (b) do not present any significant discoloration. In presence of foams containing either 10 %SiO2 (c) or 20 %SiO2 (d), about 60 % of discoloration can be observed.

  Visual observation of the supernatants (see FigureIII.20), which can be seen as the equivalents of rinsing water in an actual polluted sites, show a significant difference between the system containing only soil (Figure III.20 c) and the system containing a foam within the soil(Figure III.20 d). The efficiency of the device seems to be confirmed by the fact that the initially white foam is blue after 24h in the dye loaded soil.

Figure III. 20 :

 20 Figure III.20: Apparent color of the control sample (a) does not seem to change after 24h at 25°C. The control performed by putting water containing no dye in contact with the reference soil results in a slight yellowish coloration of the supernatant (b). Supernatant of the soil where a pectin-silica foams was introduce (d) appear lighter than the sample containing only soil (c). This is confirmed by the blue coloration of the foam itself (d'). a) RB5 control in water [RB5] i = 100 mg/L b) Water + soil c) RB5 in water + soil d) RB5 in water + soil + foam (10 % SiO2 ) d') Foam after adsorption

Figure III. 21 :

 21 Figure III.21:The control solution is stable in water over 24h (a). Part of the dye content is adsorbed on the soil (b). Discoloration of the rinsing water is significantly improved in presence of a hybrid foam (c).

  .22).

Figure III. 22 :

 22 Figure III.22: Pectin foams where efficiently coated by a silica layer. Structural integrity of the materials was retained after several weeks in soil.

Figure IV. 1 :

 1 Figure IV.1: S. cerevisiae cells can easily be observed under optical microscope (b). The use of Live/Dead® staining kits (a) allows for easy discrimination between metabolically active cells with intravacuolar red staining and non-active cells with diffuse green staining (green arrows). Scale bars: 20 µm.

  Due to their size (about 10 µm), S. cerevisiae cells can easily be observed by conventional optical microscopy (seeFigure IV.1 b). This allows for the use of epifluorescence techniques to assess the viability of a yeast suspension, thanks to the use of Live/Dead® assay kits440 . The fluorescent probe FUN1 penetrates the membrane of yeast cells regardless of their viability. Only metabolically active cells are capable of converting the dye from a diffuse green staining, to a red intravacuolar marking (see Figure IV.1 a). IV.1.b Yeast encapsulation in a pectin foam S. cerevisiae was encapsulated in a pectin matrix by simple freezing of a suspension of cells in a 40 g/L biopolymer solution plunged in a liquid nitrogen bath.

Figure IV. 2

 2 Figure IV.2 gathers SEM images for pectin foams with three different cell contents (no cells, 33.3 g/L and 133.3 g/L). The thickness of the pore wall in absence of cells is inferior to 100 nm, which is smaller than the cell diameter (about 3µm). As a result the shape of the cell can easily be observed within the pore walls. With low cell contents individuals cells can be seen embedded in the pectin pore walls (see Figure IV.2 b'). The overall structure is slightly modified compared to non-cellularized foams, but elongated pores can still be seen (see Figure IV.2 b).It is also possible to include higher cell contents in the initial suspension. This still results in a self-supporting macroporous material after drying, but the pores morphology is modified (see FigureIV.2 c). No clear pore orientation can be observed, and the pores appear much larger. Upon closer look on the pore walls (see Figure IV.2 c') it is noticeable that they are actually mainly composed of cells. At intermediate concentrations, cells appear to be slightly more concentrated around the edges of the pores walls, which may be explained by the presence of different segregation rate during freezing for the cells and the polymer. Assuming a similar density for the pectin powder and dry cells, an initial 33.3 g/L of cell content and 40 g/L of pectin concentration would account for a cell volume percentage of about 45% of the total dry wall volume. For a higher initial cell content (133.3 g/L) the cell volume fraction goes up to 77% of the pore walls. The cellularized materials with highest cell loadings could therefore be compared to ice-templated ceramic materials where solid particles

  Figure IV.2 gathers SEM images for pectin foams with three different cell contents (no cells, 33.3 g/L and 133.3 g/L). The thickness of the pore wall in absence of cells is inferior to 100 nm, which is smaller than the cell diameter (about 3µm). As a result the shape of the cell can easily be observed within the pore walls. With low cell contents individuals cells can be seen embedded in the pectin pore walls (see Figure IV.2 b'). The overall structure is slightly modified compared to non-cellularized foams, but elongated pores can still be seen (see Figure IV.2 b).It is also possible to include higher cell contents in the initial suspension. This still results in a self-supporting macroporous material after drying, but the pores morphology is modified (see FigureIV.2 c). No clear pore orientation can be observed, and the pores appear much larger. Upon closer look on the pore walls (see Figure IV.2 c') it is noticeable that they are actually mainly composed of cells. At intermediate concentrations, cells appear to be slightly more concentrated around the edges of the pores walls, which may be explained by the presence of different segregation rate during freezing for the cells and the polymer. Assuming a similar density for the pectin powder and dry cells, an initial 33.3 g/L of cell content and 40 g/L of pectin concentration would account for a cell volume percentage of about 45% of the total dry wall volume. For a higher initial cell content (133.3 g/L) the cell volume fraction goes up to 77% of the pore walls. The cellularized materials with highest cell loadings could therefore be compared to ice-templated ceramic materials where solid particles

Figure IV. 2 :

 2 Figure IV.2: SEM observation of S. cerevisiae cells embedded in pectin foams. Foams with no yeasts (a and a') display an oriented porosity and lamellar pectin walls. The introduction of 33.3 g/L of yeast cells (b and b') in the initial suspension results in clearly visible cells embedded in the pore walls. At a 133.3g/L cell concentration (c and c') the general morphology of the foam is modified and the pore walls are mainly composed of cells. Scale bars: 500 µm in a, b and c, 20 µm in a', b' and c'.

  .3 g/L of S. cerevisiae b') 33.3 g/L of S. cerevisiae c) 133.3 g/L of S. cerevisiae c') 133.3 g/L of S. cerevisiae and 1.67.10 -2 g/L in methylene blue. The suspensions were then maintained at 35°C until reduction of the methylene blue.Discoloration rates were compared with samples prepared directly from fresh yeast, pectin and methylene blue at the same concentrations.

Figure IV. 3 :

 3 Figure IV.3:Yeast cells that were encapsulated in pectin foams (a) were able to discolor methylene blue when the foams were dispersed in water. The discoloration is however slower compared to samples prepared from fresh yeast suspension (b).

Figure IV. 4 :

 4 Figure IV.4: Growth curve for P. aeruginosa in LB medium at 30°C and 150 rpm (a) and corresponding number of CFU per mL at various incubation times (b).

Figure IV. 5 :

 5 Figure IV.5:Bacteria in a 40 g/l solution of pectin undergo a drop in the number of CFU/mL. This may be explained by the acidic properties of the pectin which yield solutions at a pH around 3. The use of a PIPES buffer results in a number of CFU/mL similar to the control samples in water of aqueous solution of PIPES.

Figure IV. 6 :

 6 Figure IV.6: SEM observations of foams prepared from different pectin solutions. Samples prepared from a solution composed of 40 g/L of pectin and 100 mM of PIPES buffer (b and b') present larger pores and thicker pore walls compared to foam prepared from 40 g/L pectin solutions (a and a'). Scale bars: 500 µm for a and b, 20 µm for a' and b'.

Figure IV. 7 :

 7 Figure IV.7: SEM observation of cellularized pectin foams. The shape of the bacteria can be seen under a thin pectin layer (a) and some cells be directly observed within the pore wall (b). Scale bars: 3 µm.

Figure IV. 9 :

 9 Figure IV.9:Cell in stationary growth phase (c and d) have higher survival rate than cells in exponential growth phase (a and b). When samples were prepared from the same cell culture but concentrated to different initial cell loadings, better survival rate were obtained from less concentrated suspensions. Cell losses are indicated in logarithmic units.

Figure IV. 10 :

 10 Figure IV.10: Dramatic losses in cell viability are monitored 24 h after the end of drying. At 30 °C (e and f) no CFU was observed, at 4°C (d) 10 4 CFU/mL were counted. Whether vacuum drying was carried out for 24 h or 48 h, similar survival rates were obtained (a and b). Values marqued with the same number of symbols are not significantly different (at p<0.05)

Figure IV. 11 :

 11 Figure IV.11: Trehalose (a) is a disaccharide commonly used in cryoprotection and as additive in preservation during drying. Glycerol (b) is one of the most commonly used cryoprotectant during freezing of several types of cells.

  of trehalose at 20 g/L (Figure IV.13 c and c') does not induce significant morphology changes compared to foams prepared from pectin and PIPES alone (Figure IV.13 a an a'). Well oriented and aligned pore can be seen on longitudinal slices of both samples. The transversal section present typical elongated pores arranged in orientations domains. The addition of glycerol at 38 g/L (3 vol%) however significantly modifies the pore morphology. Samples containing pectin, PIPES and glycerol (Figure IV.13 b and b') are similar to samples composed of pectin, PIPES, trehalose and glycerol (Figure IV.13 d and d').

Figure IV. 13 :

 13 Figure IV.13: SEM observation of longitudinal (a', b', c' and d') and transversal (a, b, c and d) slices of pectin foams prepared in the presence of cryprotective agents. Foams containing 20 g/L of trehalose (c and c') have similar morphologies to foams containing no additives (a and a'). The addition of 3 vol% of glycerol (b and b') or a 30%vol glycerol and 20 g/L trehalose (d and d') mix result in a significant morphology change. Scale bars: 500 µm.

Figure IV. 14 :

 14 Figure IV.14: Encapsulation in pectin foam was achieved with about 10 7 CFU/mL after vacuum drying. However, viability at long term proved insufficient to allow vapor phase sol-gel silica deposition.

  would however be impossible to give an exhaustive overview of the different uses of alginate since it has been one of the most popular biopolymers since it was first extracted by E. C. C. Standford in 1881. Alginate is mainly composed of β-D-mannuronic acid and α-L-guluronic acid (see Figure V.1 a).

Figure V. 1 :

 1 Figure V.1: Structure of β-D-mannuronic and α-L-guluronic acid, two main components of alginate (a). Alginate is capable of forming gel by binding of divalent cation in an "eggbox" configuration (b). (b) is reproduced from Leick et al. 475 .

  Figure V.1 b). Gelation properties of alginate have been used to yield materials in a wide variety of shapes. The most common geometry is

Figure V. 2 :

 2 Figure V.2: Pectin-based freeze casted foams (a) and alginate-based freeze-casted foams (b) have very similar macroscopic aspects. Scale bars: 1 cm.

Figure V. 3 :

 3 Figure V.3: Freeze casting of 40 g/L alginate solution result in macroporous foams with a pore morphology very close to the one observed in the case of pectin. When freeze-casting is performed at 1°C/min (a and a') pores are wider and shorter than with a 2°C/min freezing-rate (b and b'). At 5°C/min, (c and c') pores are narrower and better organized. Scale bars: 500 µm.

Figure V. 4 :

 4 Figure V.4: Pore width decreases when higher cooling-rates are used during freeze-casting of alginate solutions. All values are significantly different (at p < 0.05).

Figure V. 5 :

 5 Figure V.5: Cell-loaded foams have the same general aspect as blank alginate foams (a). At higher magnification (b) cells can be observed in the pectin walls. Cells do not appear to lose structural integrity (c).

Figure V. 6 :

 6 Figure V.6: Control cells in PBS (a) or alginate (b) are capable of degrading about 87% of the initial glucose content. Dispersion of alginate foams containing no cells (c) does not modify the glucose content. Dispersion of cells encapsulated in alginate foams obtained at either 1°C/min (d), 2°C/min (e) and 5°C/min (f) induces significant glucose consumption. Values marked by the same number of symbols are not statistically different (p < 0.05).

Figure V. 7 :

 7 Figure V.7: Various solution of polymer freeze-casted at 5°C/min yield different pore morphologies. Beet root pectin (a and a') results well aligned and elongated pores. Alginate based materials (b and b') have a comparable morphologies, but with narrower and shorter pores. The porosity of gelatin samples (c and c') is not very well ordered. A degree of anisotropy can however be observed by comparison of cross-sections (c) and longitudinal slices (c'). The morphology of the PVA foams (d and d') is completely different with almost square-like and very regular pores. The alignment of the pores can be observed in the longitudinal section (d'). Scale bars: 500 µM for full images and 50 µm for inserts.

  and alginate foams in presence of PIPES buffer and the number of CFU was monitored at different stages (see Figure V.9).

Figure V. 10 :

 10 Figure V.10: Higher survival rates are observed for cell in stationary phase (c and d) compared to cells in exponential phase (a and b). The presence of PIPES (a and c) significantly enhances the survival rates. Values marked with different numbers of symbols are significantly different (at p < 0.05).

Figure V. 12 :

 12 Figure V.12: After 4 days of silica deposition, mass gain represented around 70 % of the final mass in pectin samples, but only about 10 % in alginate samples. After 10 days of deposition the mass gain represented 80 % of pectin samples and 30 % of alginate samples.

Figure V. 13 :

 13 Figure V.13: After treatment by vapors of silica precursor (TEOS) in an acidic atmosphere (HCl), pectin samples are coated by a smooth layer of silica (a and a'). Alginate samples (b and b') present square-like structures on top of the pore wall surface. Scale bars: 10 µm.

Figure V. 14 :

 14 Figure V.14: Freeze-casted alginate foams and crosslinked alginate foams (b) shrink significantly after drying compared to alginate foams directly after lyophilization (a). Foams of crosslinked alginate coated with silica undergo similar shrinkage.

Figure V. 15 :

 15 Figure V.15: Significant foam shrinkage can be observed due to the drying step necessary for SEM observation.Both crosslinked and dried alginate foams (a, a' and a'') and alginate foams crosslinked and coated with silica (b, b' and b'') before drying present very similar aspects. Oriented pores can still be observed, but significant distortion of the pore walls results irregularities in the shape of the pore themselves (a' and b'). Upon closer observation a granulose-looking surface can be seen on the silica-coated samples (b'') which is not visible on samples simply crosslinked (a''). This layer is however very inhomogeneous in thickness. Scale bars: 500 µm.

  Figure V.16 d and e) tend to slightly shrink due to probable partial dehydration. On the other hand, samples that were introduced in a dry state (Figure V.16 b and c) do not appear to undergo any change in aspect even after almost two month.

Figure V. 16 :

 16 Figure V.16: Foams obtained by simple freeze-casting of alginate (a) undergo significant aspect modifications.After one day the foam appears to have shrunk and after one week there seem to be a degradation of the material. Alginate foams which were crosslinked and dried (b) or crosslinked, silica coated and dried (c) do no change in aspect, even after two months in soil. Similar samples introduced in a hydrated state (only crosslinked (d) or crosslinked and silica-coated (e)), seem to shrink slightly after one day, but remain stable afterward.

Figure V. 17 :

 17 Figure V.17: The oriented and organized porosity of freeze-casted alginate foams (a) is completely lost after a 3-week stay in a hydrated soil and subsequent drying for SEM observation (b). Scale bars: 500 µm.

Figure V. 18 .

 18 Figure V.18. The general morphology of crosslinked (a and c) and crosslinked and silica coated (b and d) foams is not altered by a 3-week stay in hydrated soil. Oriented channel-like pore can still be observed after a stay in soil and subsequent drying for SEM observation (a',b',c' and d'). Initial dry (a and b) or hydrated state (c and ) of the samples does not seem to have a significance on the ageing behavior. At higher magnification (a'',b'',c'',d'') the silica layers do not see to be significantly modified. Scale bars: 500 µm for a,a',b,b',c,c',d, and d', 10 µm for a'',b'',c'' and d''.

Figure V. 19 :

 19 Figure V.19: P. aeruginosa cells could be observed within the alginate pore walls.

Figure V. 20 :

 20 Figure V.20: Bacteria (light blue arrows) can be observed within the walls of crosslinked alginate foams (a and a') and crosslinked and silica coated alginate foams (b and b'). Cells are entrapped in small cavities within the polymer matrix. Silica can be seen as small particle aggregates (dark blue arrows) but does not form a continuous or homogeneous layer. Scale bars: 1 µm for a and b, 500 nm for a' and b'.

  .21 b) compared to samples simply crosslinked (Figure V.21 a), which might be due to modification of the mechanical properties in presence of silica gels. At higher magnification individual cells may be observed (see Figure V.21 a and b). A large majority of them appear stained in red, which means that cells are structurally damaged. a) Bacteria in crosslinked alginate a') Bacteria in crosslinked alginate b) Bacteria in crosslinked and silica coated alginate b') Bacteria in crosslinked and silica coated alginate

Figure V. 21 :

 21 Figure V.21: Living encapsulated cells are stained in green by Syto 9® dye and dead cells are stained in red by propidium iodide. The high concentration of cells within the pore walls allows the observation of the porous morphology of the foam at low magnification. Crosslinked and silica coated samples (b) seem to undergo less deformation during sample preparation than simply crosslinked foams (a). At higher magnification, no significant difference in cell repartition or live and dead ratio is noticeable between crosslinked materials (a') and crosslinked and silica-coated material (b'). Scale bars: 200 µm for a and b, 50 µm for a' and b'.

Figure V. 23 :

 23 Figure V.23:When alginate samples are simply crosslinked (a) a larger halo of bacteria can be observed compared to samples that were both crosslinked and coated with silica (b). Samples with no silica appear to shrink slightly. After 5 days at room temperature, a greenish coloration can be observed due to the production of pyoverdine and pyocyanine by encapsulated P. aeruginosa. Scale bars: 1 cm.

Figure V. 24 :

 24 Figure V.24: Chemical structure of Reactive Black 5.

Figure V. 25

 25 Figure V.25 present the visual aspect of the various degradation assays after 24h. Efficiency of S. Oneidensis for decolorization of Reactive Black 5 was visually confirmed, both at a concentration of 10 mg/L (Figure V.25 a) and at 100 mg/L (see Figure V.25 b). These concentrations are not representative of actual pollutant concentrations on contaminated sites, but they work as efficient models for a proof of concept, within the limitations of easy and efficient detection in laboratory conditions.

Figure V. 25 :

 25 Figure V.25: Control samples of RB5 solutions at 10 mg/L (a) and 100 mg/L (b) after 24h of incubation at 37°C and samples containing about 10 7 U/mL of autoclaved S. Oneidensis (a' and b') appear identical. Samples inoculated with 10 7 CFU/mL of fresh S. Oneidensis appear either discolored when the initial dye concentration was 100 mg/L (b'') or completely colorless when the initial dye concentration was 10 mg/L (a'').

  Figure V.26 a and b). A slight shift and deformation in the absorbance maxima (see Figure V.26 a' and b') could be observed (to 594 nm and 588 nm for [RB5] = 10 mg/L and [RB5] = 100 mg/L respectively).

  RB5] = 10 mg/L -No bacteria a') [RB5] = 10 mg/L -Autoclaved bacteria a'') [RB5] = 10 mg/L -Fresh bacteria b) [RB5] = 100 mg/L -No bacteria b') [RB5] = 100 mg/L -Autoclaved bacteria b'') [RB5] = 100 mg/L -Fresh bacteria

Figure V. 27 :Figure V. 28 :

 2728 Figure V.27: Soil soaked in [RB5] = 0.5 g/L solutions in simplified mineral medium were incubated 42h at 37°C.

  (see Figure V.29).

Figure V. 29 :

 29 Figure V.29: Efficient encapsulation of P. aeruginosa was achieved and viability was maintained throughout the silica deposition process. S. Oneidensis was encapsulated and efficiency regarding remediation of Reactive Black 5 was assessed.

  Figure A.1).

Figure A. 1 :

 1 Figure A.1: Box-and-whiskers plots display the mean and median values as well as the 25 th -75 th and 5 th -95 th percentiles.

Figure A. 2 :

 2 Figure A.2: For plate counting, 50 µL of 4 successive dilutions were spread in triplicate, in 12 well-plates filled with LB-agar gel.

Figure A. 3 :Figure A. 5 :

 35 Figure A.3: Calibration curve for RB5 solutions at 598 nm.

Figure A. 6 :

 6 Figure A.6: Freeze-casting setup.

Figure A. 7 :-

 7 Figure A.7: Freeze-dried macroporous pectin foams (a) were place in a closed vessel in presence of an acidic atmosphere (b) and vapors of TEOS (c). The deposition chamber was maintained at 30°C throughout the deposition process.

Figure A. 8 :

 8 Figure A.8: Ageing behavior of macroporous hybrid foams was assessed in a upper horizon silt loam Luvisol.

Figure A. 9 :

 9 Figure A.9: Influence of macroporous hybrid foams on simulated polluted soils was assessed using RB5 as a model contaminant.

Figure A. 10 :

 10 Figure A.10: Pore size variations induced by different initial pectin concentration or freezing rates have no significant effect on the wetting profiles of the foams.

  Figure A.11 a presents silica contents variations depending on the deposition time for a wide range of conditions (different initial TEOS amounts, HCl concentrations and presence of NaCl). No clear influence of the tested parameters can be observed. The general deposition kinetics appears to be independent of the three tested parameters. Each set of conditions was however only tested on a limited number of samples, so that these assays do not take in account possible variations in a series of sample exposed to the same conditions. To assess distribution of the added silica content on samples place simultaneously in the deposition chamber 18 samples were exposed to TEOS vapors. Two deposition times were investigated (7 days for 9 samples and 14 days for 9 samples). When a large number of samples are silicified at the same time, a wide distribution of silica content can be observed. The histogram of the silica contents is presented in Figure A.11 b. Mean values are 35 ± 13 %SiO2 and 50 ± 7 %SiO2 for samples left 7 days and 14 days respectively. After only 7 days of silica depositions silica content range from 16 %SiO2 to 53%SiO2. After 14 days, the mean silica content increases, but most interestingly the values distribution is much smaller. This may be explained by the fact that TEOS content may not be homogeneously distributed throughout the sealed vessel, as was demonstrated in the case of TMOS vapors 415 . Samples closer to TEOS vials may have higher silica contents. The diminution of the distribution width at long deposition times may be explained by the saturation phenomenon previously described. Samples closer to the precursor source may be coated faster, but final silica content are similar.

Figure A. 11 :

 11 Figure A.11: Silica content evolution does not seem to depend strongly on the HCl and NaCl content or on the introduced volume of TEOS (a). A wide distribution of silica content may be observed when a large number of samples are coated simultaneously, however this distribution is narrower after longer deposition times (b).

Figure A. 12 :

 12 Figure A.12: SEM observation of S. cerevisiae cells in pectin foams. Foams containing 0 g/L (a and a'), 33.3 g/L (b and b') and 133 g/L (c and c') of yeast cells are slightly contracted by the rinsing and drying treatment. Cells can still be seen within the silica coated pectin wall. Scale bars: 1 mm in a, b and c, 20 µm in a', b' and c'.

  .3 g/L of S. cerevisiae b') 33.3 g/L of S. cerevisiae c) 133.3 g/L of S. cerevisiae c') 133.3 g/L of S. cerevisiae

Figure A. 13 :

 13 Figure A.13: Foams containing encapsulated yeasts (d) were able to efficiently discolor a methylene blue solution (a). Non-encapsulated yeast (c) were able to discolor the dye solution quicker, but control foams with no encapsulated yeast (b) were only able to adsorb the model of pollutant.

Figure A. 14 :

 14 Figure A.14: Pectin-based foams present high contents of oxygen and silicon (a) which may be assumed to be part of a silica layer. These two elements are homogeneously distributed on the whole pore wall surface (a'). In alginate-based material, the two main detected elements are sodium and chloride (b). They are mainly concentrated in the square-like structures observed on the surface of the pore wall (b') which are likely to be NaCl crystals. Scale bars: 10 µm.

Figure A. 15 :

 15 Figure A.15: Les procédés de bioremédiation reposant sur l'utilisation de microorganismes encapsulés comme unités fonctionnelles sont influencés par une large gamme de paramètres interdépendants.

1 .

 1 encapsulation des microorganismes choisis dans une matrice poreuse de biopolymère par freeze-casting 2. dépôt d'une couche de silice par chimie du sol-gel Chacune de ces étapes doit être adaptée à la nature des composés utilisés et contrôlée pour garantir la morphologie souhaitée et la compatibilité avec la survie cellulaire. La stratégie adoptée pour identifier les paramètres d'intérêt pour le contrôle structural et fonctionnel des matériaux a été de commencer par l'élaboration séquentielle du matériau hybride en l'absence de microorganismes (obtention d'une structure de biopolymère à porosité orientée et dépôt de silice par. Le procédé ainsi mis au point a ensuite été utilisé pour l'obtention du matériau cellularisé, les différentes étapes étant modulées pour garantir une survie optimale des microorganismes (voir Figure A.16). Les possibilités en terme de structure et de morphologie ont dans un premier temps été évaluées par congélation de pectine de betterave en solution aqueuse. Plusieurs dispositifs de congélation ont été étudiés (congélation dans des congélateurs conventionnels à -20°C et -80°C, utilisation d'un bain d'azote liquide et utilisation d'un montage de freeze-casting). Ces essais ont permis de mettre en évidence le rôle de la présence d'un gradient de température dans l'obtention de de matériaux avec une porosité orientée.

Figure A. 16 :

 16 Figure A.16: Le procédé de mise en forme a d'abord été mis au point en l'absence de microorganismes de façon à identifier les paramètres pertinents du point de vue structural. Le procédé a ensuite été adapté pour l'encapsulation de microorganismes. L'efficacité du matériau pour des applications de dépollution a enfin été évaluée dans un sol de référence contenant un polluant modèle.

  La structure ainsi mise au point a ensuite été utilisée comme matrice d'encapsulation pour des organismes avec des capacités de bioremédiation. Les composants et les méthodes de mise en forme ont été choisis initialement en tenant compte des contraintes imposées par la présence finale des microorganismes (utilisation d'eau comme solvant, températures modérées, utilisation de biopolymères). L'utilisation du freeze-casting comme méthode d'encapsulation a d'abord été confirmée sur la levure Saccharomyces cerevisiae comme organisme modèle.

Figure A. 17 :

 17 Figure A.17: Des bactéries bioactives ont été encapsulées dans un matériau hybride poreux. La technique du freeze-casting a été utilisée comme un moyen d'obtenir à la fois une encapsulation efficace des cellules et une morphologie contrôlée. La chimie du sol-gel a permis d'obtenir une couche de silice sur les parois des pores. Les matériaux poreux hybrides à base d'alginate et silice contenant la bactérie Shewanella oneidensis ont ainsi pu être utilisés pour la dégradation du Reactive Black 5 dans un sol de référence.

  

  

Table I . 1 :

 I1 Comparison of the main cleanup techniques for soil remediation. Based on data from EPA 56 .

	Limitations		-Contaminants are still in the soil	-Not applicable for large areas		-Contaminant is not removed	from the site			-Requires use of complementary	technique	-Requires precise mapping of	contaminated area	-Requires excavation	-Not applicable for all types of	soil (like soils with high clay or	organic contents)		-Requires excavation	-Wash solutions must be treated	appropriately			-Requires excavation	-Not efficient for metals	-Requires a lot of fuel	-Addition of chemicals to the	polluted site	-Diffusion of the reactive agents	may be slow	-Requires secondary treatment	-Not very efficient on soil with	high silt or clay contents
	Advantages	-Efficient for metals and	radioactive contaminants	-Quick and cost effective		-Quick and cost effective	-Can be applied to large	contaminated sites	-Often quickest cleanup	technique	-Prevents propagation of the	contamination	-Efficient for volatile or semi-	volatile compounds	-Possibility to condensate vapors	for recycling	-Efficient for a wide range of	pollutants (from fuel residues and	organic compounds to metals	-Efficient reduction of the	contaminated volume	-Efficient on a wide range of	pollutant	-Low residuals amounts of	polluted materials	-In situ technique, no need for	excavation	-Can be used for deep	contaminations	-In situ technique	-Can be used for deep	contaminations
	Description	Solidification is the formation of a solid block through	addition of a binding agent (cement, asphalt, clay etc…)	where compounds are immobilized. Stabilization is the	chemical modification of contaminant to prevent leaching.	Installation of a cover (asphalt or concrete, vegetative	layer, geomembrane, clay) over contaminated materials to	prevent contact of the contaminated areas with human or	animals.	Physical removal of contaminated soil, sediments or	sludge by digging. Excavated materials are usually	treated with a complementary cleanup method. Cleaned																	

Table I .

 I 

	Chemical class	Examples	Biodegradability
	Aromatic hydrocarbons	Benzene, tolune	Aerobic and anaerobic
	Ketones and esters	Acetone, LEK	Aerobic and anaerobic
	Petroleum hydrocarbons	Fuel oil	Aerobic
	Chlorinated solvents	TCE, PCE	Aerobic (methanotrophs),
			anaerobic (reductive
			dechlorination)
	Polyaromatic hydrocarbons	Anthracene, benzo(a)pyrene,	Aerobic
		creosote	
	Polychlorinated biphenyls	Arochlors	Some evidence, not readily
			degradable
	Organic cyanides		Aerobic
	Metals	Cadmium	Not degradable, experimental
			biosorption
	Radioactive materials	Uranium, plutonium	Not biodegradable
	Corrosives	Inorganic acids, caustics	Not biodegradable
	Asbestos		Not biodegradable

2: Biodegradability of different classes of chemical. Reproduced from Iwamoto et al. 2

Table I . 3 :

 I3 Sources and applications of most common biopolymers.

	Type	Polymer	Main source	Applications	Ref.
	Polysaccharides				
	Anionic	Alginate	Brown seaweed	Food, biomaterials	155,156
		Agar	Red seaweed	Food, microbiology	157
		Carrageenan Red seaweed	Food, cosmetics	158
		Pectin	Fruits (citrus, apple, beetroot…)	Food, beverage, biomedecine	159,160
		Xanthan	Bacteria	Food, cosmetics, pharmaceutic	161,162
	Cationic	Chitin	Crustacean	Food, biomedecine	163,164
		Chitosan	Chitin derivative	Food, cosmetics, biomedecine	163,164
	Neutral	Cellulose	Higher plant cell wall	Paper industry, biomedecine	152,165
		Starch	Corn, wheat, potato	Food, pharmaceutic	166167
	Proteins				
		Collagen	Animals (cattle, porcine)	Biomedecine	168
		Gelatin	Collagen derivative	Food, biomedecine	168
		Fibroin	Silk (spider, moth) Biomedical	169
		Zein	Corn	Textile, coatings	170
	Polyphenol				
		Lignin	Wood	Paper, chemistry	171,172
	Polyisoprene				
		Rubber	Hevea	Automobile, consumers goods	173

  gels in sol-gel techniques, such materials have been used for immobilization of sensitive molecules such as dyes in 1955 204 or enzymes in 1971 205 . Silica gels have since been used for the encapsulation of various biological species including proteins 206 , mammalian cells 207 , plant cells 208 , yeast 111 , bacteria 113 or algae 209 (see Figure I.13). Fields of application include medicine (drug, protein and cell delivery 203,210 ), biosensors 211 or environmental science 212 .

		d)
	Monomer Dimer	Trimer
		Silica particle

Table II . 1 :

 II1 Young's modulus and compressive strength for foams obtained from freezing of 40 g/l aqueous pectin solutions under various freezing conditions.

		Conditions	Freezing rate (°C/min)	Anistropy ratio	Young's modulus (MPa)	Std dev (MPa)	Compressive strength (kPa)	Std dev (kPa)
		-20°C freezer	1.2	28.9	1.07	0.50	65	17
	Compression	-80°C freezer	3.6	19.4	0.27	0.10	NA	NA
	orthogonal to the pores (⊥)	Liquid nitrogen	243.3	21.0	0.49	0.09	NA	NA
		(-196°C)						
		Freeze casting at	7.2	95.2	0.13	0.03	NA	NA
		10°C/min						
		-20°C freezer	1.2	28.9	1.50	0.47	67	34
	Compression	-80°C freezer	3.6	19.4	0.34	0.15	NA	NA
	along the pores (//)	Liquid nitrogen	243.3	21.0	0.62	0.78	NA	NA
		(-196°C)						
		Freeze casting at	7.2	95.2	2.61	0.65	92	2
		10°C/min						

Table II .3 : Mechanical

 II 

	Concentration (g/L)	Density (kg/m 3 )	Std dev (kg/m 3 )	Young's modulus (MPa)	Std dev (MPa)	Compressive strength (kPa)	Std dev (kPa)
	20	23.7	1.3	0.97	0.17	20	2
	30	31.3	1.5	1.13	0.25	58	1
	40	40.7	1.2	2.91	0.76	115	6
	50	48.5	1.9	4.96	2.05	185	8

characteristics of foams obtained by freeze-casting at 10°C/min from pectin solutions at various concentrations under compression along the pores direction.

Figure II.18:

Higher pectin concentrations result in higher apparent density which results in higher Young's modulus and compressive strength

  The pore width mean values range from 10,4 µm at 10°C/min to 18,7 µm at 1°C/min. Slower freezing is responsible for the formation of larger ice crystal. The resulting pores after freeze-drying are therefore wider. A decrease in the pore wall width can also be observed at high cooling rates (see Figure II.21 c) (200 nm at 10°C/min vs 312 nm at 1°C/min). All these samples have a similar density, so that when the number of pores per cm² increases (i.e. when pores are smaller), the amount of polymer available for each pore wall decreases, resulting in thinner pore walls. Contrary to samples prepared at different pectin concentrations, in this case the apparent density of the foams is similar although the morphology of the pore and the pore wall thickness are different.

	Freezing-rate (°C/min)	Young's modulus (MPa)	Std dev (MPa)	Compressive strength (kPa)	Std dev (kPa)
	10	1.21	0.32	91	18
	5	2.98	1.70	87	7
	1	2.84	1.84	87	18

These small structural changes have no clear influence on the mechanical properties of the foams. Values for Young's modulus and compressive strength are presented in Figure II.22 and Table II.4.

Figure II.22: No significant changes in mechanical properties can be seen in samples prepared at various freezing rates.

Table

II

.4: Mechanical characteristics of foams obtained from pectin solutions at various freezing rates under compression along the pores direction.

  ranging from a few days to several weeks), samples were removed from the closed vessel and maintained 24h at 30°C in an open container and subsequently at least 24h in desiccated atmosphere at room temperature. Samples were weighted again and this value was considered as the final mass (note mf).

	g/L beet root pectin solutions were frozen either by dipping in liquid nitrogen
	(hereafter noted radial foams) or by freeze-casting at 10°C/min (hereafter noted freeze-casted
	foams), and subsequently vacuum dried at least 24h at 0.05 mbar.
	Foams were maintained in a desiccated atmosphere until further use. Before silica deposition,
	pectin foams were weighted (initial mass was noted mi). Silica deposition in vapor phase was
	performed in a closed vessel (see Annex p 210) containing an aqueous solution of HCl at 5

wt%, saturated with NaCl (typically 17 mL of 37 wt% HCl was introduced in 133 mL of deionized water and 60 g of NaCl was added). Samples were placed on a perforated plate. Vials of tetraethyl orthosilicate (TEOS) were introduced (typically 4 vials containing 10 mL of TEOS). The deposition chamber was then sealed and maintained at 30°C. After chosen deposition times (

Table III . 1 :

 III1 Young's modulus, compressive strength and densities for foams with various silica contents.

	200 C			
		490 C		
		440 C		
	Silica content	Apparent density	Young's Modulus	Compressive
	(%SiO2)	(mg/cm 3 )	(MPa)	strength (kPa)
	0	41.0	1.3	145
	12	50.7	1.1	140
	17	48.8	1.0	147
	24	58.9	1.3	179
	28	59.2	2.4	186
	32	51.9	2.1	204
	43	76.2	3.4	287
	52	85.4	4.8	336

Table IV . 1 :

 IV1 Bioremediation capabilities of various P. aeruginosa strains. (*) corresponds to compounds mentioned in the REACH restrictions list (Annex XVII of REACH as retrieved from https://echa.europa.eu in July 2017)

	Pollutants	Reference
	Hydrocarbons	
	Hexadecane	442,443
	Crude oil	444-446
	Anthracene (*)	447
	Pyrene	448
	Phenanthrene	449,450
	BTEX	
	Mixture	451
	Benzene, toluene, xylene	452
	Benzene	453
	Toluene (*)	454
	Toluene derivatives	
	Dinitrotoluene	455
	Trinitrotoluene	456,457
	Azo dyes	
	Direct orange 39	458
	Remazol black, methyl orange,	251
	benzyl orange	
	Phenol derivatives	
	Phenol	459
	Bisphenol A (*)	460
	PCB	
	PCB	461
	Pesticides	
	Tetramethylthiuramdisulfide	462
	Fenpropathrin	463

Table IV . 2 :

 IV2 Pore morphology with and without PIPES buffer in the initial pectin solution.

	Samples	Pore width (µm)	Std dev (µm)	Pore length(µm)	Std dev (µm)	Aspect ratio	Std dev (µm)	Pore wall thickness (µm)	Std dev (µm)
	Pectin at 40 g/L, 5°C/min	12	4	366	258	30	13	0.2	0.1
	Pectin at 40 g/L								
	PIPES at 100								
	mM, 5°C/min								

  g/L(15 vol%) solution of glycerol or a 100 g/L trehalose and 189 g/L(15 vol%) glycerol solution. The cells were left 30 min at room temperature in theses suspensions and subsequently dispersed in a solution of 50 g/L of pectin and 125 mM of PIPES. The final suspension contained about 1.10 9 CFU/mL, 40 g/L of pectin and 100 mM of PIPES.

	The final
	additives concentrations were 20 g/L for trehalose and 38 g/L (3 vol%) for glycerol.
	Cell suspensions were freeze-casted at 5°C/min and subsequently vacuum dried for 24 h.
	Viability was monitored by plate counting. The number of CFU was controlled in samples
	with various additives at three different stages: in samples frozen and thawed (30 min at
	30°C), samples dispersed in water directly after 24h of vacuum drying and in samples kept
	24h at room temperature in a desiccated atmosphere after drying. Three samples were
	prepared for each initial suspension composition and each dilution of dissolved foam was
	plated in triplicate.

P. aeruginosa cells were encapsulated in pectin foams in presence of glycerol and/or trehalose (see Figure

IV.11)

. Bacteria were grown in LB medium at 30°C and 150 rpm up to 0.5 OD. The culture was then centrifuged and dispersed in water, a 100 g/L solution of trehalose, a 189

  Syto 9 at a 0.05 mM concentration). The foams were then washed thrice with water to remove excess dye and embedded in Dako fluorescence mounting medium for confocal microscopy observation. Confocal microscopy (see Annex p201) acquisitions were performed on about 40 µm of thickness with a 0.3 µm step. A z projection of all images was made for cell counting. P aeruginosa cells were embedded in alginate foams. SEM microscopy allowed for observation of the cells, either under a polymer layer, or directly when pore walls were cut appropriately (see Figure V.19).

	P. aeruginosa was encapsulated in alginate foams as previously described by freeze-casting
	at 5°C/min of a stationary phase cell suspension in alginate and PIPES buffer and subsequent
	vacuum drying. Samples were then immerged in a 0.5 M solution of CaCl2 (filtered at 0.2 µm)
	and kept 24h at 4°C to ensure homogeneous crosslinking of the sample. The foams were then
	rinsed in sterile water and the excess water in the pores was removed by briefly putting the
	samples in contact with absorbing paper. The samples were then plunged in a mixture of 50
	vol% of LUDOX ([Si]=7.8 M) and 50 vol% of sodium silicates ([Si]=0.2 M) acidified to
	pH=5 by HCl 4M. Total concentration in Si was therefore 4M. Samples were soaked 45 min
	in this mixture and removed before gelation. Samples were briefly rinsed with sterile water
	and left 30 min at room temperature and ambient humidity. Samples were then typically kept
	in sterile water at 4°C.
	Samples were included in epoxy embedding medium (see Annex p 200) and 50 nm to 80 nm
	slices were cut for TEM observation.
	For confocal microscopy, samples were cut to thin slices (less than 1 mm) and place on glass
	slide before addition of Live/Dead® dye (Propidium Iodide at a 0.3 mM concentration and

  3.b Decolorization of Reactive Black 5 by Shewanella OneidensisShewanella oneidensis, has been reported to have degrading abilities towards dyes499,500 . Degradation proved very efficient in mineral medium, both for Methyl Orange and Reactive Black 5. Reactive Black 5 (hereafter noted RB5) (see FigureV.24) was used for further assays due to its higher solubility in water.

  .5.10 7 CFU/mL of free S. Oneidensis. 7 mL of the [RB5] = 0.5 g/L in simplified mineral medium solution was also incubated 42h at 37°C with no soil or bacteria to assess the stability of the dye in the considered medium.

	9 CFU/mL of
	S. Oneidensis, 40 g/L of alginate, 100 mM of PIPES buffer. The suspension was then freeze-
	casted at 5 °C/min and vacuum dried. Blank samples were prepared in the same manner but
	without introduction of cells. Foams were then crosslinked 6 h in CaCl2 (0.5 M) and
	subsequently impregnated with LUDOX/silicate at pH=5 ([Si]LUDOX = 3.9 M and [Si]silicates =
	0.1 M). Foams were rinsed and left at room temperature until formation of silica gel before
	being introduced in soil for remediation assays. Samples were prepared in triplicate.
	Efficiency the encapsulation was controlled by dissolution of part of the cell loaded foams
	directly after vacuum drying in water and plate counting.
	In typical remediation assays, 10 g of soil (silt loam Luvisol sampled at the Versilles INRA
	station) was soaked with 7 mL of simplified mineral medium (see composition in Annex p 204)
	containing 0.5 g/L in RB5. After 42h under static conditions at 37 °C, 7 mL of PBS 2X was
	added and the mixture was vigorously shaken for. 2 mL of supernatant was centrifuged 10
	min at 5000 rpm and the UV-vis absorbance spectrum was measured (samples were diluted

by an appropriate factor to fit in the linearity range of the calibration if needed). Assays were made in triplicate with cell-loaded foams and blank foams. Control were performed in triplicate with soil in contact with the [RB5] = 0.5 g/L solution, soil in contact with the mineral medium only ([RB5] = 0 g/L) and soil in contact with [RB5] = 0.5 g/L inoculated with 3

  -max module could be equipped for Energy Dispersive X-Ray spectroscopy. For SEM observation were samples were usually cut with a scalpel into slices thinner than 1 mm and coated with 20 nm of gold by metal sputtering. Observations were typically conducted under 3 to 4 kV acceleration and 30 µA probe current. If required, the samples were previously dehydrated by successive bathes of increasing ethanol content. The samples were plunged at least 30 mins (up to several hours depending on the sample size) in ethanol solutions at 20, 40, 60, 80 and 100%. The ethanol impregnated samples were then left to dry at room temperature.
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	 Christoph, S.; Barré, P.; Haye, B.; Coradin, T.; Fernandes, F. M., Ice-templated hybrid -SEM/EDX
	biofoams: bacterial encapsulation, viability and biodegradation activity in soil, Submitted Scanning Electron Microscopy was performed on Hitachi S-3400N microscope. An Oxford 2017  Christoph, S.; Hamraouia, A.; Bonnin, E.; Garnier, C.; Coradin, T., Fernandes, F. M., Ice-Instruments -X
	templating pectin: towards texture, mechanics and capillary properties control in fully
	biodegradable foams, In preparation 2017
	 Christoph, S., Kwiatoszynski, J., Coradin, T. and Fernandes, F. M. Cellularized Cellular
	Solids via Freeze-Casting, Macromol. Biosci., 2016, 16 (2), 182-187
	 Christoph, S.; Fernandes, F. M.; Coradin, T., Immobilization of Proteins in Biopolymer-
	Silica Hybrid Materials: Functional Properties and Applications, Curr. Org. Chem., 2015,
	19 (17), 1669-1676
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	 Bionanocomposites: Integrating Biological Processes for Bio-inspired Nanotechnologies
	Chapitre 5.4 : Bionanocomposite materials for biocatalytic applications
	Editors : Carole Aime, Thibaud Coradin
	Wiley, 2017
	Communications
	-Poster presentation
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	 International Symposium on Macroporous Materials: From Novel Preparation Techniques
	to Advanced Applications, Paris, France; 2016
	-Oral presentations
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  chemicals were usually purchased from Sigma-Aldrich and use as received. Solvents at reagent grade (ethanol, N,N-dimethylformamide) were purchased from VWR. Beet root pectin was kindly provided by Estelle Bonnin and Catherine Garnier at the Biopolymères Interaction Assemblages laboratory at INRA Nantes The reference soil was kindly provided by Pierre Barré at the Laboratoire de Géologie de l'ENS. The soil is upper horizon (0-30 cm) of silt loam Luvisol 507 , developed on loess deposits. The texture of the samples was characterized by 18 % clay (particles < 2 µm), 57 % silt (2 µm < particles < 50 µm) and 25 % sand (particles > 50 µm). The cation exchange capacity (11 cmol(+)/kg) is saturated mainly by calcium. The pH is 6.1 and the total organic carbon content of the upper horizon is 13 gcarbon/kgsoil. The soil was typically rehydrated with 0.16 mLwater/gsoil (18 mL of water for 110 g of soil). Water use was typically deionized water (9.2 MΩ.cm). For microbiology, water was filtered at 0.2 µm.

	Experimental section	
	 Material	
	 Microbiology	
	-Culture media	
	LB medium (lysogen broth, also known as Luria-Bertani medium) was prepared from
	deionized water and 20 g/L of commercial LB powder (Sigma-Aldrich Lennox broth, 10 g/L
	tryptone, 5 g/L yeast extract, 5 g/L NaCl). The solutions were autoclaved 2h at 100°C.
	YPD (Yeast Peptone Dextrose) medium was purchased from Gibco.
	Mineral media were prepared with the compositions presented in Table A.1 to Table A.6. The
	95th percentile medium was sterilized by ultrafiltration at 0.2 µm. Simplified mineral medium was used for
	assessment of soil depollution (V.3.c ) and MR1 medium was used for decolorization assays
	75th percentile in liquid phase (V.3.b ).	
	Median value	Mean value
	25th percentile	
		5th percentile

Commercials

Table A . 1 :

 A1 Simplified mineral medium composition (AfterYang et al. 500 ).

	Compound	Concentration (g/L)		
	KH2PO4	1.5		
	Yeast Extract	1		
	NaCl	0.5		
	NH4Cl	0.1		
	Lactate	2		
	Table A.2: MR1 medium composition.	Compound	Concentration (mM)	Concentration (mL/L)
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Chapter IV : Encapsulation of microorganisms in macroporous foams

Chapter V : From cell encapsulation to depollution order have however been reported for ice-templated gelatin solution 268,320 . This low degree of orientation may be attributed to the presence of the PIPES buffer. In the case of PVA foams, the morphology is very different compared to the foams obtained from biopolymers. The pores are well aligned and oriented, but cross section uncovers almost square-like pores.

Longitudinal section reveals the presence of numerous and regularly-spaced transversal walls. Such morphology is consistent with previously described PVA ice-templated macroporous materials 304 . All the observed structures appeared compatible with the targeted application and were used for encapsulation of P. aeruginosa. Highest survival rates were obtained in alginate foams. About 7.10 6 CFU/mL were encapsulated in these foams which represents a loss of 2 LU. As a point of comparison 3 LU were lost during encapsulation in beet root pectin. Bovine gelatin also yielded high survival rates (around 3.10 6 CFU/mL). PVA and Citrus pectin resulted in significantly lower survival rates (10 4 CFU/mL and 10 3 CFU/mL respectively). Both alginate and gelatin appeared as suitable alternative to beet root pectin in terms of cell survival. Alginate however presents two major advantages compared to gelatin. First of all, alginate solutions are easier to handle from a processing point of view, since they do not gel at room temperature contrary to gelatin solution, which must be maintained at 35°C. From a structural point of view, alginate freezecasted foams display a more controlled and organized porosity. As a result, alginate was selected for further investigation.

The main drawback for the use of pectin as the main component of the encapsulating matrix was the low survival rate after storage. P. aeruginosa cells were encapsulated in both pectin

Results presented are for absorbance measured at 598 nm. One possible explanation could be the formation of intermediary degradation products, such as aromatic compounds. Discoloration rate was higher for an initial RB5 concentration of 10 mg/L (86%) compared to initial concentration of 100 mg/L (75%). Higher dye content may be responsible for toxicity toward cells as has been observed in other decolorization processes 251 . Suspensions inoculated with the same amount of cells but with different dye contents were plated after 24h of incubation at 37°C, in static conditions. Cell growth was observed in -Preparation of agar plates LB-Agar gels for plate counting were prepared from commercial LB-Agar powder (Sigma-Aldrich) dissolved at 35 g/L in deionized water and autoclaved 2h at 100 °C. Plates were prepared either with 20 mL of solution for Petri dishes (Ø=90 mm), or with 2 mL of solution per well in 12 well plates (Ø = 22 mm).

-Bacteria storage Pseudomonas aeruginosa (ATCC® 27853™ strain) was stored at -80°C in 30% glycerol aliquots. About 10 µL of aliquot was added to 10 mL of LB medium in 30 mL glass tubes.

The cell suspension was incubated 24h at 30°C and 150 rpm.

The optical density (OD) after this pre-culture was comprised between 0.8 and 0.9. This cell suspension was then diluted to 10 -7 and 100 µL of this dilution was spread on a LB-agar plate in Ø=90 mm petri dish. This plate was incubated 24h at 37°C, resulting in the formation of 10 -RITC grafted pectin

Beet root pectin was grafted with rhodamine isothiocyanate (RITC). A 10 g/L pectin solution in carbonate buffer (pH = 9.3) was prepared. 10 mL of 1 g/L solution of RITC in N,N-Dimethylformamide was added and the solution was left under magnetic agitation at room temperature overnight. The solution was dialysed using a MWCO 3500 membrane and freezedryed. Samples (foams and calibration solutions) were typically prepared using 10 wt% of RITCgrafted pectin and 90 wt% of non-grafted pectin. Uv-vis absorbance was measured at 558 nm and pectin concentration was calculated using the calibration curve presented in -Silica Silica concentration was measured using the blue silicomolybdic titration method 427 . Typically 75µL of solution A (20 g/L ammonium molybdate tetrahydrate, 60 mL/L hydrochloric acid) was added to 800 µL of appropriately diluted samples (samples were left 24h under agitation at room temperature after dilution) to yield the formation of silicomolybdic acid. After 30 min at room temperature, 375 µL of solution B (20 g/L oxalic acid, 6.67 g/L 4-methylaminophenol sulphate, 4 g/L anhydrous sodium sulfite, 100 mL/L sulphuric acid) was added and the solution was left 2h at room temperature before the absorbance at 810 nm was measured.