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Abstract 

Diatoms are microalgae which have their unique cell encased into a nanostructured silica 

shell called frustule. The silica shells of diatoms can be envisioned as micro/nano structures 

suitable to further chemical modification yielding smart functional nanomaterials. Differently 

from the chemical production of silica, the biosynthesis of natural SiO2 occurs in mild 

conditions and it does not require the use of toxic precursors or reagents. Biosilica from 

diatoms features interesting properties such as high surface area, mechanical resistance and 

nanotexturization, which makes it appealing for applications in photonics, sensing, 

optoelectronics, biomaterial science and biomedicine. In addition, frustules’ biosilica can be 

easily chemically modified to add new functions. This can be done by simple surface 

functionalization, and/or in vivo by adding specific molecules to the culture medium. We 

have shown applications of chemically modified frustules for bone cells growth. In particular, 

we have demonstrated that in vivo functionalization of diatom biosilica with sodium 

alendronate results in osteoactive material. We have also demonstrated the production of 

functional structures by coating living diatoms with biomimetic organic polymers, like 

polydopamine (PDA). The resulting living heterostructures turn out to be intriguing platforms 

for additional chemical modifications, such as anchoring enzymes, affording multifunctional 

materials for biological applications. Finally, we have also shown that photonic 

microstructures can be produced by in vivo incorporation of tailored light emitting molecules 

in living Thalassiosira weissflogii diatoms. With a similar approach, biosilica has been doped 

with phosphorescent Ir complexes. Overall, our studies point out intriguing biotechnological 

routes to multifunctional nanomaterials for biomedicine and nanotechnology starting from 

unicellular algae. 
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Introduction 

Diatoms are unicellular microalgae that belong to phytoplankton and exist since the early 

Jurassic era. Over two hundred genera of living diatoms are known including up of one 

hundred thousand species that live in oceans, freshwater, soils and inhospitable surfaces. 

Diatoms are auto- or heterotrophs and belong to the kingdom of heterokonts, to the class of 

diatomophyceae and to the sub-groupal rank of Baccillariophyta. Diatoms are traditionally 

divided into two orders according to the way of production of their biosilica shell called 

frustule: the centric diatoms or centrales, which are radially symmetrical (paraphyletic ones) 

and pinnate diatoms or pennales, which are bilaterally symmetrical (paraphyletic up). In a 

very recent classification three generic classes have been defined: Coscinodiscophyceae, 

Bacillariophyceae and Fragilariophyceae respectively corresponding to centric diatoms, 

pinnate diatoms with and without raphe, where raphe means a virtual nucleus from which 

silica wall is produced inside cells. According to the presence of the raphe, pinnate diatoms 

can be also defined as araphides and raphides. Nodule is always present, which is the 

primitive starting point from which the raphe is produced. 

 

Fig.1: raphidic structure of a pinnate diatom. 

Some diatoms belong to the plankton living as cell suspension in water, some other ones 

belong to the benthos since they produce films in the water-sediment interfaces. Diatoms size 

ranges from 1 µm to 1 mm in radius. Most of diatoms are not motile and the planktonic forms 

in open water exploit only the normal mixing of water and the influence of winds. 

Decomposition and decay of diatoms lead to organic and inorganic (in the form of silicates) 

sediment. The inorganic component offers a method of analyzing past marine environments 

by corings of ocean floors or bay muds, since the inorganic matter embedded in deposition of 

clays and silt sand forms a permanent geological record of such marine layers. The study of 

diatoms is a branch of phycology, and phycologists specializing in diatoms are called 

diatomists. 
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Cells from diatoms can live as isolated and can be set in connective systems, such as 

colonies, stalks, mucilage pads or tubes. Chitin is the most important molecule which can 

connect cells each other in complex geometric systems. Chlorophylls a and c, carotenoids, 

and specific diatoxanthin and diadinoxanthin. Carotenoids, fucoxantin, diatoxanthin and other 

pigments are able to make chloroplasts not so green but yellowish and brown. 

Reproduction of these organisms is primarily asexual by binary fission, with each daughter 

cell receiving one of the two parent cell frustules (theca). This is used by each daughter cell 

as the larger hemifrustule (or epitheca) into which a second, small hemifrustule (or 

hypotheca) is templated. 

In order to restore the cell size of diatoms after long and repeated processes of asexual binary 

fission, and to guarantee some genetic changes, sexual reproduction and auxospore formation 

also occur. Vegetative cells of diatoms are diploid and so meiosis can take place, producing 

male and female gametes fusing to form the zygote. The zygote sheds its silica theca and 

grows into a large sphere covered by an organic membrane, the auxospore. A new diatom cell 

of maximum size, the initial cell, forms within the auxospore thus beginning a new 

generation. 

Cell division in diatoms is biphasic, and it is strictly dependent on the light:darkness cycle, 

the season, temperature variations and cell density; sexual and asexual reproduction strongly 

depend also from the size of the frustules and the survival inside protoplasms of the same 

cells. Generally diatoms are non-motile, but in some cases (especially those ones related to 

particular echo-environments), sperm found in some species can be flagellated, though 

motility is usually limited to a gliding motion. In centric diatoms, the small male gametes 

have one flagellum while the female gametes are large and non-motile (oogamous). 

Conversely, in pennate diatoms both gametes lack flagella (isoogamous). Certain araphides 

have been documented as anisogamous and are, therefore, considered a transitional stage 

between centric and raphides. 

Biosilicification and Diatoms 

For a didactic definition, Andersen initially proposed a model of biological and taxonomic 

description of diatoms which takes inspiration from the animal world, from plants and 

bacteria. About twenty years before, Werner approached diatoms in a more systematic study 

of their cellular composition. The now called “frustule” is the biosilica box resulting from 
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biosilicification of silicalipids (silicalemma) and silaffine proteins. These last are proteins 

with high affinity for silica derived molecules. Diatoms take different benefits from the 

production of the frustules due to their features, such as protection ability, porosity and 

transparency. Indeed, frustules have excellent mechanical properties which confer them both 

rigidity and flexibility, this allowing protection of cytoplasm as well as of the whole diatom 

cells from predators. Moreover, the input of nutrients and removal of metabolites are finely 

regulated processes and frustule porosity allows a perfect physical and chemical control of 

this trafficking. Frustule transparency also influences light propagation allowing them to act 

as natural photonic crystals and this optical behavior is thought to influence the 

photosynthetic activity of diatoms. 

Diatoms are classified according to the construction of their frustule. [3] The axis along 

which silica polymerization occurs is called raphe. In centric diatoms, frustule has circular 

shape because of the formation of concentric layers of polysilicates. In pinnate diatoms, 

frustule has bilateral symmetry and elongated or irregular shape, with the raphe being longer 

than the lateral thickness of the cell (fig.1). Frustules dimensions are even more variable, 

ranging from 10 to 100 μm. Also the morphology of pores distributed on the siliceous wall 

can vary in the nanometer scale depending on the diatom species. 

 

Fig.2: a centric diatom (sx) and a pinnate diatom (dx). 

The diatom shell is similar to a Petri plate consisting of two overlapping valves. The upper 

valve is called “epitheca” or “epivalve”, the lower one “hypotheca” or “hypovalve”. Epivalve 

and hypovalve are held together by a series of siliceous rings, called tracks or girdles. Girdle 

are connected by series crawlers that confer flexibility to the frustule (fig.2). The great 

interest for diatoms in nanotechnology concerns silica-based micro-and nano-plots which 

make up the valves. Diatoms are small factories able to replace channels and micropores with 

eyespots, chibrelle, areolae, plugs, ridges and gorges. These structures are the negative copy 
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of the protein machines that are useful for the formation of polymers of silicates, for their 

ordered deposition and for the constitution of the same frustules from vesicles of silica 

deposition. Diatoms are generally able to produce highly ordered elements from casual and 

disordered pools of stuff. 

Frustule Staining 

Bioimaging of frustules by staining living diatoms with organic fluorescent probes represents 

a powerful approach to shed light on frustule biosynthesis. First investigations were about the 

relation between the pH dependence of some staining agents and the affinity with the vesicles 

which promote the frustules generation into diatom cells. During the cell cycle new valves 

are formed within a silicon deposition vesicle (SDV) in which the silica source is deposited 

after it has been transported across the proximal SDV membrane. Early studies on diatoms 

showed that SDV presents a pH ranging from 5 to 6.5 due to:1) the transport of silicate which 

becomes silicic acid with the enhancement of protonic pumps over the silicalemma and 2) the 

source of the silica/silicic species in the silicon transport vesicles (STVs). 

The commercial dye Rhodamine 123 was firstly used to test interaction with acidic new born 

silica or oldest theca, through electrostatic interface (fig.3). Thus Rhodamine 123 represents 

the first type of staining agent, that can be incorporated into acidic SDV compartment only by 

ionic interactions due to its basic functionality 

 

Fig.3: Rhodamine 123 chemical structure as an example of a first type staining-agent 

for biosilica. 

The mechanisms that initiate silica polymerization and deposition are strongly pH dependent. 

Vrieling et al. suggested that an acidic environment inside the SDV of diatoms causes the 

accumulation of acidotropic species, too. To test the hypothesis that silicification occurs 

under acid conditions in the silicon deposition vesicle (SDV), the acidity of the SDV of the 

pinnate Navicula pelliculosa diatom was determined during the development of new frustule 

valves. This was possible by the use of the weak base 3-(2,4-dinitroanilino)-3’-amino-N-
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methylpropylamine (DAMP, fig.4) which represents a second type staining agent, i.e. a N-

substituted dye with propylaminic groups resembling those ones of organic molecules 

involved in frustule deposition and which allow electrostatic interaction with the acidic silica 

walls and silica precursors. 

 

Fig.4: DAMP in deprotonated (A) and protonated (B) states, as a dynamic second type 

stainingagent for biosilica 

DAMP accumulates into the SDV, during SDV formation steps while it has no affinity with 

basic components like nucleus and mitochondria. Therefore the early investigated dyes for 

frustule labelling electrostatically interact with biosilica and bear groups mimicking 

polyamines and polyamine substituted lysines of the proteic precursor of SDV. 

In 2001, the commercial 2-(4-pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl) 

methoxy) - phenyl)oxazole dye (PDMPO, fig. 5) was used to study biosilisification in 

Thalassiosira weissflogii.[5] The fluorophore was selectively incorporated and co-deposited 

with Si into the newly synthesized frustules (the outer silica shells) showing an intense green 

fluorescence. Moreover, light absorption and emission of the dye were found to be dependent 

on both pH and the presence of silicic acid. 

 

Fig.5: PDMPO chemical structure. 

Biophysics of frustules: an alternative overview 

By a physical point of view, controversial theories have approached frustules generation. 

Alan Turing proposed theories based on the growth of micro-periodic-systems (as silica 

shells in diatom cells) using the concept of “reaction-diffusion”. 

Reaction–diffusion (RD) models explains how the concentration of one or more substances 

set in the space changes under the influence of two processes: local chemical reactions 

(which are basic reactions), and diffusion, which let substances be carried inside or outside a 
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space studied. Examples of RD models are found in biology, geology and physics and 

ecology. Mathematically, reaction–diffusion systems take the form of semi-linear parabolic 

partial differential equations. They can be represented in the general form by this RD 

equation: 

 

where each component of the vector q(x, t) represents the concentration of one substance, D 

is a diagonal matrix of diffusion coefficients, and R is a general factor which accounts for all 

local reactions. 

The concept can be studied also for diatoms building. A primitive shape is firstly formed by 

using simple oligomerizations (reaction phase) and then the final morphology is decided by 

the increasing of the polymerization rate in the space (diffusion phase). The “breaking phase” 

occurs between these two processes. In this phase homogeneity and symmetry become rare 

and anti-vital (talking about embryos, biological supramolecular systems). Now there is a 

specific moment in which we can feel organisms as left-handed or right-handed ones. 

Theories about the generation of silica shells morphology in diatom cells as a buckling 

process are more recent. Buckling is a time-related modification of the structures influenced 

by thermal or mechanical processes; it consists of a stepby-step building of micro-elements 

able to influence themselves in other step-by-step processes, which generate buckling forces. 

In the buckling there are several transformations in which a structure is converted into 

another one, sometimes periodic, which is bigger than the first one. For instance, a linear 

series of structures could generate a bidimensional conversion by using a specific bending 

modification, like a one-dimensional pushing; further, after a specific bidimensional pushing 

structures could undergo in a tridimensional rearrangement, reaching higher levels of 

complexity. 

Applications of diatom frustules 

Chemically, frustule is a hydrate glass, thus it is possible to obtain free-hydroxyl-high dense 

surface using acid-oxidative or plasma treatment. The presence of hydroxyl groups enables 

easy functionalization with organosilanes and a wide variety of applications of biosilica are 

made possible by chemical functionalization. 

The immobilisation of biological sensing elements such as an enzymes, DNA, antibodies or 

cells with a transducer, either electrochemical, optical or piezoelectric, is the basis of a 
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biosensor. There are two basic approaches to immobilise biomolecules onto silica surface 

using self-assembling silanes. The most common non-covalent approach to immobilise 

biomolecules to the surface is via electrostatic binding. This simple and gentle method 

provides the potential to gain control over the orientation of the immobilized biomolecules 

depending on the charge distribution of the biomolecules. The major drawback of 

electrostatic binding is that the strength of the bond is dependent on the solution conditions 

and changes in ionic strength or in pH can cause the biomolecule to detach from the surface. 

The second approach is based on direct covalent attachment of biomolecules to silica. It has 

the greatest potential for the development of biosensors, due to the stability of the resulting 

covalent bonds. A popular and highly versatile method for covalently attaching biomolecules 

to the surfaces is the use of carbodiimide coupling chemistry which couples amines to 

carboxylic acids. In the reaction N-ethyl-N-[dimethylaminopropyl] carbodiimide (EDC) 

converts the carboxylic acid into a reactive intermediate which is susceptible to attack by 

amines. In some cases EDC (scheme 1) and succinimide derivatives (NHS) like 

Nhydroxysulfosuccinimide (NHS) are used as they produce a more stable reactive 

intermediate which has been shown to give higher reaction yield. 

 

Carboxyl groups activation via chemical enhancers 

One of the most interesting examples of immobilization refers to DNA (fig. 6). Since silica 

shells are amenable to very simple surface chemistry, DNA-modified diatom frustules were 

used to control gold nanoparticles aggregation and interaction. The amino-functionalized 

diatom frustules were coupled to fluorophore-labelled thiolated DNA by using an hetero-

bifunctional crosslinking agent. Then gold nanoparticles were coated with DNA 

complementary to that bound to the diatom surface. Subsequently, the gold particles were 

bound to the diatom surface by specific DNA interaction and nanotexturing of diatom 

frustules enabled the enhancement of nanoparticle performance in recognition. 
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Fig.6: Fluorescence microscopy images of diatoms modified by fluorophore-labeled 

thiolated DNA (permission from Analyst, 136, 42-53 (2011)). 

Conclusion 

Combination of the natural optical properties of diatoms frustules and the use of opto-

electronic poly-conjugated moieties could be really interesting for a more intensive study of a 

new opto-active material which is obtained by using only biochemical procedures. As the 

literature reported, frustules of Coscinodiscus walesii (and not only) showed the ability to 

focalize the light in a spot of a few μm2 , the focal length depending on the wavelength of the 

incident radiation (focusing effect). These data confirm that diatoms-based micro-lenses 

could be used in the production of lensed optical fibers without modifying the glass core and, 

in general, they could be exploited with success in most of the optical micro-arrays. Our 

approach of dyes for staining and opto-electronic application could be useful for a complete 

comprehension of these peculiar photonic systems. 
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