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Light is important for the growth, behavior, and development of both phototrophic and autotrophic organisms. A large diversity of organisms used silica-based materials as internal and external structures. Nano-scaled well-organized silica biomaterials are characterized by a low refractive index and an extremely low absorption coefficient in the visible range, which make them interesting for optical studies. Recent studies on silica materials from glass sponges and diatoms, have pointed out very interesting optical properties, such as light waveguiding, diffraction, focusing, and photoluminescence. Light guiding and focusing have been shown to be coupled properties found in spicule of glass sponge or shells of diatoms. Moreover, most of these interesting studies have used purified biomaterials and the properties have addressed in non-aquatic environments, first in order to enhance the index contrast in the structure and second to enhance the spectral distribution. Although there is many evidences that silica biomaterials can present interesting optical properties that might be used for industrial purposes, it is important to emphases that the results were obtained from a few numbers of species. Due to the key roles of light for a large number of marine organisms, the development of experiments with living organisms along with field studies are require to better improve our understanding of the physiological and structural roles played by silica structures.
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INTRODUCTION

Silica biominerals are the results of various internal or external biological processes that lead to the formation of composite materials with a large variety of composition, hierarchical structures, and probably functions. Silicon biomineralization capability is encountered in various organisms from bacteria to humans, including organisms that belong to the Archaeplastida as well as a large diversity of other photosynthetic and non-photosynthetic protists (i.e., unicellular organisms that are free-living or aggregated into simple colonies, such as eukaryotic algae, protozoans, or slime molds; Raven and Giordano, 2009; Ehrlich et al., 2010a).

The formation of these silica structures might however contribute to the protection of cell in such harsh environment. In terrestrial environments, a large number of land plants were known to mobilize significant quantities of silica in different tissues, where silica might serve as a structural scaffolding element, and can be involved in defense against herbivores and pathogens (Liu et al., 2017; Luyckx et al., 2017; Wang et al., 2017), or against various abiotic stresses (Cooke and Leishman, 2016). Silica minerals where also shown to contribute to optimize the light regime in the leaf (Pierantoni et al., 2017), and proposed to be involve in protecting the land plants against UV-radiation (Schaller et al., 2013).

In the marine environment, the silica frustule made by diatoms which can present extraordinary mechanical strength (Hamm et al., 2003; Aitken et al., 2016), contribute to their mechanical defense against grazers and it was shown that the silicification level can influence interactions between diatoms and grazers (Pondaven et al., 2007; Schultes et al., 2010; Liu et al., 2016), for example heterotrophic dinoflagellates preferentially feed on diatoms with low silica content (Zhang et al., 2017). The overall density of the silica wall also affects the overall sinking rate of diatoms, and help the cells in escaping from predators and parasites, avoiding high light intensity, or finding new resource areas (Raven and Waite, 2004). The silica spicules provide support and defense to marine sponges (Burns and Ilan, 2003; Rohde and Schupp, 2011), correspond to an import feature that can serve as anchoring structure to hold on the sea floor (Ehrlich et al., 2010b; Monn et al., 2015; Monn and Kesari, 2017). However, the exact roles and properties of such silica structures for light perception, UV protection or signal transduction has been rarely investigated in vivo. One of the reason is the difficulty to develop precise measurement with living cells also because of the interferences of the organic matter but also the large impacts of organelles like the chloroplast which can greatly interfere with light and fluorescence signal analyses. Nevertheless, understanding the physical properties of purified silica-based biomaterials which is important to novel develop industrial applications, might also give some insight to better understand their putative biological. The interactions between light and silica material is the focus of this review starting from some theoretical background to the recent advances in this field.

THEORETICAL BACKGROUND

Light Guidance and Reflection

In order to understand guiding light ability, fundamental physical principles on the injection of light into materials structure and propagation of electromagnetic waves must be recalled. Light propagation over long distances is based on the total reflection phenomenon. When a light ray falls on a diopter that is a plan surface separating two different media of different refractive index n1 and n2, a part of this beam is reflected and leaves again in the medium of incidence at an angle θR equal to that of incidence θi, while the remaining part continues its path in the second medium at an angle θr different from the angle of incidence, so called refracted beam. The famous law of Snell-Descartes connects these different angles:
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After the diopter, the refracted ray deviates from the normal one with an angle that depends on the two indexes values difference (Figures 1A,B). When the incidence angle exceeds a critical θc value (calculated by dividing n2 by n1), the refracted light is tangential to the surface: there is no longer refraction and the light is totally reflected (Figure 1C). For this exact angle, it is said the wave is evanescent and propagates by damping rapidly along the surface.
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FIGURE 1. Schematic representation of light reflection and guiding. (A) Schematic light refraction between two different media with θi < θc and n2 > n1; (B) Light refraction with θi < θc and n2 < n1; (C) Total light reflection with θi ≥ θc that indicates the evanescent field; (D) Light in-coupling at one fiber end with θi > θc. It propagates without losses all along the fiber; (E) Light in-coupling with θi < θc. Part of the wave penetrates the cladding and can escape in the outer medium; (F) Cladding modes, the wave penetrates and propagates in the cladding.



Now for an optical fiber which consists of a core presenting an nH index slightly higher than nc the cladding index, when a light wave penetrates into the core at an angle >θc it propagates from one end to the other without any loss (Figure 1D). If the incidence angle at the fiber inlet is too high, part of the beam is transmitted through the cladding at each reflection, and the wave is quickly damped (Figure 1E). As is often the case for fibers in the air or immersed, the index of the external environment is lower than that of the cladding, the light can penetrate and spread in the cladding (Figure 1F), so called “cladding modes.” Optical fibers are characterized by their numerical aperture (N.A) that define light cone acceptance of the fiber, where the critical angle is related to the indexes of the core and the cladding by:
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If a ray of light penetrates the fiber by its cone, then it will be guided by internal total reflection, otherwise, it will not be guided.

Light in Photonic Structures

We shall also briefly recall the fundamental principles of photonics and show how it differs from wave optics. As the name suggests, photonics is the art of manipulating photons. We therefore use the corpuscular model of light, established by Einstein and Planck in the early twentieth century. In this model light is a flux of particles called photons characterized by their energy E, spin S, and wave vector k. The wave vector is related to the momentum that contains all information on the direction of propagation. Well-known relations relate these quantities to the different characteristics of the electromagnetic field in the wave model:
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where ν is the frequency of the wave and λ its wavelength. The spin is connected to the circular polarization of the wave, but we will not use this quantity in these reminders.

In an interaction between light and matter, matter is characterized by its complex index
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where n is the refractive index of the material. The imaginary part km will be considered as negligible in our purpose. In periodically structured materials also called “photonic crystals” (Johnson et al., 1999; Johnson and Joannopoulos, 2001) a proper way to deal with, is to consider the periodic material as a particle of a lattice constant “a” and a wave vector |Ka| = 2π/a. In the same way, a wave of spatial period λ can be represented as a particle (photon) of wave vector |k| = 2π/λ. The interaction between these two particles is then treated as an elastic shock satisfying the conservation principles of energy, momentum, and angular momentum. Quantum mechanics shows that momentum exchanges are quantified and occur with K multiples. An incident photon of wave vector k will emerge from the structure with a wave vector k′ such that:
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In linear optics, k and k′ having the same modulus, this relation (5) allows an easy diffraction wave direction determination. Moreover, each time |k| is a multiple of |Ka| there is an exchange of momentum where light can no longer propagate in the structure and it is totally reflected. The consequence is the appearance of forbidden frequency bands whose width depends on the contrast of the index of the materials. This mechanical approach of the light-matter interaction allows the diffractive and interferential phenomenon explanation.

LIGHT PROPAGATION IN GLASS SPONGE MATERIALS

A huge variety of marine and freshwater sponges have been described, with an estimated diversity in the order of 9,000 species (Van Soest et al., 2012), and trace fossil record down to the lowest Cambrian (Chang et al., 2017). Among them the Demospongiae (> 7,000 species) and the Hexactinellida (~ 600 species) can present silica spicules of different structure and morphology, ranging from a few microns (microscleres), to millimeters and up to several meters long (megascleres).

Spicule structure investigations reported that silica spheres are arranged in microscopic concentric rings bind together by organic matrix that elaborate laminated spicules. However, the number and the thickness of the layers depend not only on the diameter of the spicule, but also on the species considered, and on the age of the sponge. In Euplectella sp. spicules are assembled into bundles and form macroscopic cylindrical square-lattice consolidated by diagonal ridges (Figures 2A,B). In this species the alternation between the central and the surrounding silica materials was show to present light collecting effects and to allow strong mechanical rigidity and stability (Aizenberg et al., 2004, 2005). Ptychographic nano-tomography methods were used for deeper investigation of the internal structure of anchoring spicule from Euplectella aspergillum (Birkbak et al., 2016). This technic revealed that the central filament is composed of organic (protein volume fraction ~70%) and highly mineralized part, which exhibits circular symmetry. But interestingly, the axial filament was shown to be slightly offset from the spicule's central axis (Birkbak et al., 2016). Recently, other analyses of the structure and composition of the spicules of Suberites domuncula and Tethya aurantium showed that axial filament of both species is a three-dimensional crystal lattice of six-fold symmetry, with silica nano-spheres embedded within the organic lattice. Their axial filament found to play a scaffolding role in the final morphology of the spicule due to its enhanced growth in [001] direction (Werner et al., 2017).
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FIGURE 2. (A) Cross-section Scanning Electron Microscopy image of Euplectella aspergilium spicule. (B) Zoomed SEM image on spicule's edge showing part of the core region and the concentric silica layers. The multilayer set (silica + organic) surrounding the core of the spicule, forms a homogeneous medium of an effective refractive index different from spicule core refractive index.



Studies on the needle-shaped structures called strongyloxea spicules (axisymmetric silica rods) of Tethya aurantia have shown that spicule's tapering structures enhanced the buckling resistance compared to the same cylindrical structure (Monn and Kesari, 2017). Strongyloxea spicules have a strong Young's modulus of 72 GPa, which might be explained by the gathering of spicules into bundles to increase mechanical properties. It was also proposed that structure-property connection is also related to buckling resistance, and spicule's tapering structures can be considered as an optimal form for this purpose (Monn et al., 2015; Monn and Kesari, 2017). Overall, spicules have been shown to present remarkable mechanical properties in different axes as buckling resistance and toughness enhancement.

Due to their resemblances to manmade fiber optics, spicules are interesting materials to investigate their optical properties, and to our knowledge the first investigations of optical properties of biosilica were performed with purified frustules (Gaino and Sara, 1994; Cattaneo-Vietti et al., 1996). Optical properties of Hyalonema sieboldi spicule have been studied by Nd:YAG laser pulses by second harmonic pulses method. It shows by laser irradiation that the fluorescence intensity of spicules increases in the long wavelength range and show a maximum at 770 nm. Saturation and large fluorescence lifetimes were also reported (Kul'chin et al., 2009). Recently, a study by femtosecond (fs)-pulsed laser method, demonstrated the optical properties of Sericolophus hawaiicus spicules. Such spicules were assumed to act as a natural supercontinuum generator that involves wavelengths between 650 and 900 nm and a maximum spectral propagation at λ = 750 nm. This optical property was assumed to be due to its bio-composite nature combining mineral biosilica and organic matrix, including chitin (Ehrlich et al., 2016).

Alternatively, fabrication of an artificial spicules by bio-mimicry have been reported along with their waveguiding ability (Polini et al., 2012). It's believed that spicules made by natural glass sponges or by biomimetic approaches have a great potential for applications in optics and might “replace” industrial fiber optics due to their advantages of low cost and low temperature fabrication (for reviews see Müller et al., 2006, 2009).

OPTICAL PROPERTIES OF DIATOMS THECAE

Diatoms are unicellular eukaryotic microalgae. They are represented in nature with a large variety of species and shapes, circular, pennate, cylindrical, and star shape. Since longtime, diatoms attracted the attention of scientists to address their important ecological roles (i.e., in carbon and silicon biogeochemical cycles Armbrust, 2009) and to describe their Si-biomineralization process (Hildebrand, 2008; Kroger, 2008; Ehrlich and Witkowski, 2015; Hildebrand and Lerch, 2015). Their fascinating silica shell architecture called frustule has evolved along millions of years to ensure the vitality of the cell by protecting it from predators and infections, ensuring metabolic exchange, maintaining the cellular integrity, and eventually interacting with incident light. Frustules present pillbox like shapes comprising two valves (epivalve and hypovalve) connected by porous silica rings named the girdle bands. Periodicity of the porous structure, symmetry, and the number of porous layers is species dependent.

Frustules: Interest for Optical Studies

Among the entire diatom studied, material scientists have focused on Coscinodiscus species, probably because of their relatively large cell size in the range of 100–200 μm width. Coscinodiscus present a highly structured frustule not only in two dimensions but also in 3-D (Sumper, 2002; Sar et al., 2008; Romann et al., 2015a,b; Aitken et al., 2016; Xing et al., 2017). The valve consists of three overlapping silica layers; the external side named cribrum, it includes smaller porous silica connections called cribellum and finally a third internal layer named foramen. The cribrum is connected to the foramen by silica walls named areola (Figure 3). The areola shows a honeycomb-like structure whereas foramen displays a hexagonal array of circular pores. More, foramen holes are aligned at the same time with the hexagonal pattern of areola and cribrum pores. It is also believed that the formation of these patterns is the result of a self-organized phase separation process (Sumper, 2002). There is no doubt that such porous biosilica nano-structured patterns have been found to be very interesting for optics and photonics investigations.
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FIGURE 3. Images of Coscinodiscus sp. diatom valve from X-Ray tomography data obtained at the European Synchrotron Radiation Facility (ESRF). (A) A complete valve view from the cellular face. On the right we see part of the needle used as a support to handle and rotate the valve face to the X-Ray beam. (B) 3D reconstruction image of the structure of the valve, where the up-side, foramen, is in the interior side of the cell. Foramen represents a periodic pores layer leading to a hexagonal network. (C) The areola layer connecting the Foramen (big holes inside the valve) to the cribrum. (D) The cribrum layer of the valve. (E) The cribellum layer.



From an optical point of view two features are important to consider: the physical dimension of the periodic structure (number of porous silica layers, thickness, and holes diameters) and the refractive index contrast made by the complementarity of silica (refractive index n ≈ 1.45) and air pores (n = 1) in the visible range. Indeed, most studies have been performed from purified materials and in air conditions, in order to ensure a relatively good refractive index contrast needed to enable and quantify some optical properties (i.e., light diffraction through silica/air patterns). The scale of holes, of specific layers should be in the order of light wavelengths, which then allow interaction with incoming wavelengths whether diffracting, scattering or guiding them. In addition, some diatom valves, such as the one from Coscinodiscus, present a periodic pattern of holes in one directional slab (alternation of slica/air holes) resembling to a slab waveguide photonic crystal. Periodicity and porosity in the structure enable light-frustule interaction and can be regarded as particle (photon)-particle (matter) interaction as described in the theoretical part before, so then incoming wavelengths can be diffracted, scattered, or guided.

Light Focusing and Concentration

The frustule of the diatom can be considered as a nano-structured biosilica shell that can act as a photonic crystal because of its hierarchical structure, which enable to envision several applications as for example micro-lenses, optical filters, and waveguides. Table 1 summarizes most of recent studies reported in literature on the optical properties of diatoms frustules.


Table 1. Summary of studies on the optical properties of diatoms frustules.
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Light concentration and focusing ability of centric frustules was first studied for Coscinodiscus wailesii by illuminating a single valve by a red laser beam. It was demonstrated that the initial beam diameter of 100 μm was reduced about 12 times (~ 10 μm diameter) at a distance around 104 μm from the valve position (De Stefano et al., 2007). This lens behavior was attributed to a coherent superposition of the transmitted unfocused wave fronts through the quasi-regular areolae of the valve. In 2010, it was further suggested that the light confinement could be attributed to the regular pore pattern and the superposition of diffracted wave fronts (De Tommasi et al., 2010). However, it was also shown for C. wailesii valve that the focusing distance from the reference's valve position (named z*) is wavelength dependent, where by illuminating with laser beam of 532, 557, 582, and 633 nm wavelengths result in the focused distances at 130, 115, 110, and 105 μm, respectively (De Tommasi et al., 2010). Furthermore, similar focusing behavior was shown for the centric single valve of Arachnoidiscus sp. where a 633 nm laser beam was confined at 163 μm from the valve (Ferrara et al., 2014).

These results suggest that light propagation through the valve doesn't only depend on the interaction with the silica itself but likely on the spatial distribution of the pores in the periodic structure, therefore centric valve can be considered as multifocal lens. Multifocal lens and waveguide ability by confocal hyper-spectral imaging was investigated for two centric diatoms Cosinodiscus centralis and C. wailesii, it was shown, at several wavelengths (485, 535, 625, and 675 nm), that multiple light cones were transmitted through the centric valve (Romann et al., 2015a,b). These authors also shown that light convergence depends on the valve orientation, where the intensity of transmitted light decreases strongly when the incident light illuminate the internal side of the valve (i.e., the foramen side), whereas the light intensity increases upon illumination of external side (i.e., the cribrum side). Furthermore, tilting the incident light of 10° doesn't change the concentration behavior (Romann et al., 2015a,b). All of these reported strengthen the light focusing ability of valves from centric species.

A recent study by Chen et al. highlighted the light trapping effect of Cosinodiscus sp. species in photovoltaic application (Chen et al., 2015). For this purpose, Coscinodiscus sp. valves were deposited by floating assembly method on a 50 nm layer of low band-gap polymer PTB7:PC71BM photovoltaic active material. Absorption spectra of polymer coated diatoms sample showed a broadband enhancement (between 400 and 700 nm) estimated to be about 28% comparing to diatoms free sample. Moreover, in the same study, RCWA and FDTD simulation methods were applied to evaluate transmitted light behavior over the active layer. Results suggested that placing diatoms internal plate faced to the top of the PV active layer enhances the absorption efficiency by a factor of 1.41 from 380 to 800 nm. In addition, it was shown that this enhancement effect is the combination of the enhancement contribution by each separated layer in the valve's structure (Chen et al., 2015).

The light focusing, guiding, and trapping ability of frustules described above highlight the photonic crystal behavior of silica shells. T. Fuhrmann et al. were the first to perform band diagram simulations for valve and girdle bands of a centric species Cosinodiscus granii (Fuhrmann et al., 2004). Generated crystal photonics modes depend on the periodicity of the structure (lattice constant of each silica grid) the slab thickness and the incident wavelength. For C. granii valve and girdle bands influence incident light by coupling it into waveguides with distinct photonic crystal modes, for example red light was shown to be coupled in the valve but not in the girdle. It is also believed that to be able to exhibit a complete 2-D photonic crystal band-gaps, a refractive index contrast in the material of about 2 is needed (Knight, 2003). Kieu et al. reported the optical properties of a C. wailesii valve fixed on the top of an optical fiber by the external valve's side, by irradiating with coherent supercontinuum broadband laser (400–1,700 nm) a region of ~20 μm (Kieu et al., 2014). Then they studied the diffracted and transmitted light through the valve as a function of the lattice constant in the periodic structure. When irradiated by wavelengths at different angles, the hexagonal pattern generated colorful transmitted patterns. As a consequence, a white spotlight was observed on the screen without the valve in the setup, while changing the irradiated spot area on the valve changed its color. In addition, it was shown that the hexagonal colorful patterns resulted from the interaction with the periodic structure (Kieu et al., 2014).

All the above-mentioned studies were performed with frustules from centric diatoms, therefore with radial symmetry, so what about cylindrical frustules? Recently, the photonic crystalline characteristics of the cylindrical frustule of the diatom Melosira variance were reported (Yoneda et al., 2016). Clean frustules were studied with a microfiber spectroscopic method. The frustule was put on a micromanipulator and illuminated by a 10 μm sophisticated fiber optic end connected to a 300 W Xe lamp (300–1,100 nm) and transmitted light was collected and analyzed with a spectrometer. This method showed a fine space resolution due to the deployed micro-scale, which make it suitable to study the photonic crystallinity. When a frustule was irradiated through its internal side a transmittance valley was observed between 400 and 500 nm, while when it was irradiated perpendicular to the silica side wall, no particular valleys was observed. The authors concluded that transmitted spectra observed were related to the periodicity of the refractive index in the structure, and that the photonic crystalline characteristics assist light absorption but depending on the orientation (Yoneda et al., 2016).

Light Filtration

Frustules have also been investigated for their capability in protecting the cells against harmful wavelengths and excessive light intensities. In other word, acting as optical filters. It is known that diatoms use blue and red wavelengths for photosynthesis, so excess supply of blue light might generate active oxygen molecules that are dangerous for the living cell. It was proposed that the ordered porous silica shell might protect from dangerous UV and excessive wavelength intensities (Ellegaard et al., 2016).

Using Melosira varians frustules it was shown that the transmission of incident light was principally dependent in the wavelength, with enhanced transmission of red light and absorption in the blue range (Yamanaka et al., 2008). Such filtering behavior was also shown for circular valve from Arachnoidiscus sp. for which green and red wavelengths were shown to be more concentrated than blue light (Ferrara et al., 2014). In addition, in the case of UVB light it was shown that the light spot was very weak, and far away from the valve. These results were consistent with simulations (Ferrara et al., 2014).

Photoluminescence

A distinctive optical feature, photoluminescence (PL), was also observed with frustules. When porous biosilica was irradiated by UV wavelengths it emitted one or more PL peaks in the visible spectral region (Yoon and Goorsky, 1995; Cullis et al., 1997). Scientists investigated such features and their potential applications, for example in gas detection (Table 2). Photoluminescence responses of Thalassiosira rotula valves were examined when exposed to several gases and volatiles substances. Frustules irradiated by a He-Cd laser (325 nm) showed a multiband PL (between 450 and 690 nm) that was attributed to oxidized silicon nanocrystals (533 nm), porous silicon (609 nm), and hydrogenated amorphous silicon (661 nm). As a result, valves PL were quenched with electrophilic gases while they were enhanced for nucleophilic ones (De Stefano et al., 2005; Bismuto et al., 2008). Furthermore, PL of T. rotula frustules was quenched when exposed to NO2(g) flux, showing a high sensitivity in the order of sub-ppm level that it is strongly dependent on the structure, porosity, and gas nature (Bismuto et al., 2008). PL properties of the frustules from other centric and pennate species (T. rotula, Cosinodiscus. Wailesii, and Cocconeis scutellum) were also demonstrated, and high gas detection sensitivity was shown at room temperature (Setaro et al., 2007).


Table 2. Photoluminescence studies on diatom frustules.
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Photoluminescence was also investigated for chemically modified diatoms frustules. Townley et al. report a study on nickel sulfate modified C. wailesii frustules. When irradiated with a He-Cd laser (442 nm), intact frustules exhibit a broad PL peak (500–650 nm) while those growing with NiSO4 quenched the PL (Townley et al., 2007). Photoluminescence of chemically modified frustules have been investigated, for medical purposes, by fixing antibodies on the silica shells. Antibodies doped frustules were irradiated by 325 nm laser's wavelength, which show a high sensitivity in the order of 1.2 nm.μm−1 and detection limit around 100 nmol.L−1 (De Stefano et al., 2009). Recently, frustules from the pennate diatom Psammodictyon panduriforme were investigated under 325 nm laser excitation. Frustules showed two emission peaks at 417 and 534 nm that were considered as radiative luminescence generated by oxygen-vacancy defects in the structure (Camargo et al., 2016). However, under pulse laser excitation, a single narrow emission peak was observed near 475 nm. This result was interpreted as the consequence of a putative quantum confinement effect due to the mesoporous silica and the quasi-regular pores in frustules structure (Camargo et al., 2016).

POTENTIAL APPLICATIONS OF BIOSILICA

Biosilica materials from marine organisms, and in particular diatom frustules have been proposed and used in several industrial applications from filtration, insulation, fine abrasion, mineral fillers, catalysts, pesticides, building materials, food additives, anti-caking agent, carriers, or coating (Harwood, 2010), and have been proposed to develop new bio-chemical sensors or nanotechnologies. Some of the present and future applications have to be based on the optical properties of the frustule (Figure 4).
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FIGURE 4. Schematic representation of biosilica properties and their potential applications.



The advances in the understanding of the biomineralization processes, have inspired the development of new materials. The identified biomineralization enzymes from sponges (i.e., silicateins) and diatoms, were used for applications in biomedicine such as prototyping and 3D bio-printing of customized structures for biomedical purposes (Lopez et al., 2005; Schröder et al., 2016). Several applications in vision such as bacterial sensors (by immobilization of the biosilica-encapsulated bacterial cells on a sensor chip); development of core-shell nanomaterials for nanomedicine applications and 3D cell printing as promising materials for regenerative medicine. Modified biosilica from diatoms was also reported for biomedical applications as for example in drug delivery (Yang et al., 2011; Jo et al., 2016).

Frustules from diatoms have been investigated for their potential in biosensing, by exploiting their photoluminescence properties for gas detection. Frustules from Aulacoseira or Thalassiosira have been showed to be useful to detect trace of pure gas, as for example NO(g), H2(g), and NO2(g) (Bismuto et al., 2008; Leonardo et al., 2016). Since intact biosilica is still not efficient to distinguish substances in very complex mixtures, to increase sensitivity and specific substance identification, frustules were chemically modified on their silanol groups which could increase PL intensity and peak (Medarevic et al., 2016). Biosilica materials might have also great potential in the energy field. For example, in solar cells technologies, the ability of light trapping by diatoms valves could enhances light harvest (Chen et al., 2015), and for Dye Sensitized Solar Cells (DSSC) technology, TiO2 modified frustules (Jeffryes et al., 2011). In these cited examples, the solar cells efficiency was increased by the mediation of natural silica. In lithium batteries, biosilica materials might also found application as anode material because of their Li storage capability. Silicon nanostructures, obtained by reducing silica by magnesiothermic process, increase Li storage capacity in battery. For supercapacitors application, metal oxide modified biosilica seemed to enhance capacitance and cyclic stability (Sun et al., 2017). Natural silica is also under investigation for its potential as photoelectrodes for solar water electrolysis, production of hydrogen from water electrolysis, an important renewable source of energy. Biosilica is reduced to obtain porous silicon, a semiconductor necessary to enable water electrolysis reaction (Chandrasekaran et al., 2015).

Finally, biosilica was also explored for photonics applications due to their remarkable micro and nano-scalable 3D structures. The integration of luminescent dyes in the periodicity of the diatoms frustules is of high interest for scientists to elaborate new bio-hybrid luminescent materials that would be of great potential for application in photonics and laser technology. Organic dyes modified frustules had been reported in the literature. For example, the use of fluorescein-5-isothiocyanate and thiophene-benzothiadiazole-thiophene molecules, where shown to present interest in photonics and optoelectronics due to their important charge transport and high PL quantum yields in solid state (Vona et al., 2016). Furthermore, diatoms have been explored for their potential as nano-plasmonic sensors. In-situ growth of silver nanoparticles in frustule photonic crystal structures, show a label-free chemical and biological sensing based on surface enhanced Raman scattering, which can be of great interest for medical and food sensing applications (Kong et al., 2016).

CONCLUSION

We have focused here on light interaction in air condition mainly from purified biosilica materials, and have tried to emphases the importance of the structural organization of the sophisticated structured encountered in glass sponges and diatoms. Indeed, beside key roles in mechanical toughness and protection against predators, we question if is there any need for light modulation? This question arises because light-guiding process was demonstrated for biomaterials (i.e., glass-sponge spicules) extracted from marine organisms at depth where no light can reach. However, remarkable optical properties of sponge spicules were shown to compete manmade optical fibers in light guiding, and enable us to learn from nature and to envision soft processes to design new materials.

As mentioned above, most of the studies concerning the diatoms, have explored the optical properties of isolated frustules with hopefully almost no organic material remaining; even if the presence of trace contaminants has not been systematically analyzed. It remains that optical measurements have mostly failed to properly address the putative interaction of the incident light with the organic material. According to our knowledge such question remains open because on one side the presence of organic materials in the bio-silica, could eventually generate scattering effects, and therefore affect the propagation of light over long distances, but on the other side the low concentration of organic materials, might makes effects practically negligible. In addition, measurements have been generally performed in air and not in water. Valve orientation has also to be further considered as well as the complete structural organization. Indeed, in the environment the light hits the diatom cells from different directions.

Recent evidences suggested that the interaction between light and silica-based materials also applied in living organism (Ellegaard et al., 2016). Therefore, there is hope that in the future we might have more evidences on the role of the silica frustule to perform selective wavelength filtering, for example to collect specific photosynthetic wavelengths or to protect from dangerous once. Indeed, the putative roles of biomaterials in UV protections is a key question that should attract more and more attention for both marine (Xu et al., 2016) and terrestrial organisms (Schaller et al., 2013).
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