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Chapter 1

Introduction



Mimicking nature

Silica (SiO2) has become increasingly important in chemical, pharmaceutical, and
nanotechnological processes and is produced as crystalline micro- and mesoporous
materials (e.g. the zeolites, in washing powder, or as molecular sieves) and
amorphous materials (e.g., in car tyres). The wide range of industrial applications
is summarized in Table 1.1 (Vrieling et al. 2005).  In nanotechnology silicon-based
materials particularly are useful; they are used in the production of micro-
electromechnical devices such as sensors and actuators (Shoji & Kawata 2000). The
production of such devices is a labor intensive process, demanding a high level of
accuracy and reproducibility, often limiting their applicability (Sandhage et al.
2002). At present, the production process of artificial silicas and silica-based
materials proceeds under high temperature, high pressure and generally includes
harsh reagents to control the pH (e.g. sulfuric acid) or additives for structure
direction during silica precipitation. From a process technological perspective, silica
production under ambient conditions will lead to less cost-demanding production
routes being also more environmental friendly. Because of the increasing demand of
well-defined silicas and novel silica-based materials, new methods are required to
enlarge the number of cheaply and safely synthesized silicas, which have a complex
three-dimensional structure. The novel silicas will provide a broad range of
applications, especially those in optical sensors, in chemical and biodetectors, in
drug-delivery systems, as semiconductors, and in nanodevices (Morse 1999;
Sandhage et al. 2002; Hildebrand 2003; Vrieling et al. 2005).

CHAPTER 1

8

Table 1.1 Examples of important fields of applications where micro- and mesoporous crystalline
and amorphous silicas are used. Reproduced from Vrieling et al. 2005 with permission of the
American Scientific Publishers.

Silica type Application Examples

Zeolites Catalytic and/or hydrocracking Oil industries
Catalytic dewaxing Improvement of cold flow properties
Ion-exchange (dehardening of water) Washing powders 
(trans)Alkylation of aromatics Plastic industries
Isomerization Plastic industries, fine chemistry
Drying Gas industries, water-sensitive products

Amorphous silicas Abrasives Toothpaste, cleaners
Absorbents Flavor (food), detergents (washing powders, 

soaps, toothpaste), ink (in paper industries)
Catalysts carrier Rubber industries, fine chemistry
Whiteners and/or anti-corrosion Paints, paper industry, cosmetics
Fillers Cosmetics, pharmaceuticals, food
Clarification and purification Beer, wine and juice production, food
Drying Gasses, flowers, water-sensitive products
Anti-foam Pharmaceuticals, food 



In nature we do find highly ordered three-dimensional silica structures. These
are synthesized mainly in marine sponges and in microalgae of both fresh and
marine aquatic habitats. Diatoms are the most prominent of these microalgae. They
are able to metabolize silicon and to synthesize a very large variety of three-
dimensionally ordered species-specific structures, ranging in size from 5 µm all the
way up to 5 mm (Round et al. 1990; Falciatore & Bowler 2002). In contrast to
industrially produced silicas, in aqueous organisms and thus also in diatoms the
siliceous structures are formed under ambient conditions. With respect to synthetic
silicas, the biosilica is produced under a slightly acidic reaction condition, a
‘narrow’ temperature range (polar to temperate regions), and at low pressure
(Vrieling et al. 1999a, 1999b, 2003, 2005). Because of these mild conditions and of
the hierarchical porosity of the cell walls, diatoms are ideal model organisms to
unravel the molecular and physico-chemical processes of silicon biomineralization
with the aim to mimic these for bio-inspired production of artificial silicas.
Innovative production processes have a great potential to obtain improved silicas
(in comparison to existing ones) and novel well-defined products (e.g. hollow
spheres for drug-delivery purposes; Sun et al. 2003, 2004). Moreover, producing
silicas under ambient conditions will result in process technological adjustments,
leading to cheaper and safer industrial production. 

Diatoms have rigid cell walls, exoskeletons, which consists of amorphous silica
(Vrieling et al. 2000). These cell walls consist of 2 valves, as the lid and bottom of a
petri-dish, and 1 or more girdle band(s) that link the valves. Together this box is
called the ‘frustule’ (Simpson & Volcani 1981; Round et al. 1990; Pickett-Heaps et al.
1990). The silicified parts are each enclosed in an organic casing, composed of
polysaccharides and (glyco)proteins (Hecky et al. 1973; Swift & Wheeler 1992;
Kröger et al. 1994; Vrieling et al. 1999a), which interconnect the siliceous frustule
components (Round et al. 1990; Pickett-Heaps et al. 1990; van de Poll et al. 1999;
Kröger & Wetherbee 2000). The proposed function of the casing is that it protects
the silica of the frustule against dissolution in an aqueous environment (Pickett-
Heaps et al. 1990; Schmid 1994; van de Poll et al. 1999). Indeed, when diatoms die,
many frustules remain quite well protected from dissolution and grazing, and sink
to the bottom of oceans and lakes where they form the so-called diatom ‘ooze’. Over
time this ooze has been built up, forming massive geological fossil deposits, which
currently are mined as diatomaceous earth or ‘kieselguhr’. Diatomaceous earth has
been recognized as being useful in a variety of applications, such as filters, as
abrasives, as filler, as absorbent, as deodorants, and as decolouring agents (van den
Hoek et al. 1995; Vrieling et al. 1999a; Graham & Wilcox 2000). Notably, Alfred
Nobel used the properties of diatomaceous silica in his invention of dynamite,
which in fact relies on the absorption of the very explosive liquid nitroglycerine to a
solidified and stabilized matter that can be handled and transported more safely. For
further information on Nobel’s ideas please consult the uniform resource locator
(URL) http://www.absoluteastronomy.com/encyclopedia/A/Al/Alfred_Nobel.htm. 
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Diatomaceous earth is characterized as mesoporous silica with a low specific
surface area (Vrieling et al. 1999a, 2003, 2005). In comparison to artificially
synthesized silicas, application is rather limited because of loss of detailed
nanostructural features due to the long period (over hundreds of millions of years)
of aging and dissolution. In addition, diatomaceous earth contains impurities by
contamination with elements such as aluminum, iron and cadmium that hamper
the use of this silica source. (Vrieling et al. 1999a). 

Of interest is that each of the well over 10,000 different diatom species contains
its own characteristic frustule morphology, which for over a century has been the
basis of their taxonomical classification (Round et al. 1990; Pickett-Heaps et al.
1990). Besides the diverse morphology of the frustule, their silicified parts contain
pores in a broad size range, from dimensions of only a few nm up to ones of over
300 nm. These pore dimensions, but also the shape of the pores, vary among
species and can be classified according to the definitions of The International
Union of Pure and Applied Chemistry (IUPAC) to micropores (< 2 nm), mesopores
(2 - 50 nm), and macropores (> 50 nm). In general the pore dimensions in diato-
maceous silica are much larger than those found in artificially produced silicas and
silica-based materials (Fig. 1.1; Vrieling et al. 2000, 2003, 2004, 2005). Even within
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Figure 1.1 Overview of pore dimension ranges (nm) among various silicas and silica-based
materials in comparison to diatom biosilica. Microporous and meso/macroporous silicas are
displayed on the left and right side of the dotted line, respectively. It should be noted that per
silica type the pore dimension is quite uniform, whereas in diatom biosilica (light grey bars)
distinct ranges of pore dimensions (micro-, meso-, and macropores) are hierarchically ordered in
the same silica. The contribution of micropores in diatom biosilica is very low, since its surface
area is comparable to that of mesoporous silicas. Reproduced from Vrieling et al. 2005 with
permission of the American Scientific Publishers.
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the frustule of a single species different pore types are present, which are
hierarchically ordered with respect to size (Fig. 1.2; Round et al. 1990; Vrieling et
al. 2004, 2005). 

Diatom cell wall morphogenesis

In diatoms, the frustule morphology remains the same following cell division,
replicating the nanostructural details in descendants from generation to generation.
Obviously, diatom cell wall formation is controlled genetically (Pickett-Heaps et al.
1990). So far, some data are available of the physico-chemical, biochemical, and
molecular mechanisms of silica cell wall formation, although much remains to be
discovered. Most importantly, the synergy between these processes remains
unknown and needs to be elucidated to warrant meaningful biomimicking of
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Figure 1.2 Representation of hierarchically ordered pores of different dimensions within biosilica
of a single diatom, Arachnoidiscus spp. From A-D the magnification increases for scanning
electron micrographs of the whole frustule (A), the center of the valve (B), the typical pores
centrally located in the large pores within the valve (C), and a transmission electron micrograph
of smaller pores (arrow) that are present between the centric pores (D). The images were taken
from Round et al. (1990) with permission of Cambridge University Press.
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frustule formation in industrial production processes and the design of improved
and novel innovative artificial silicas. 

In order to understand the various aspects of diatom silicon biomineralization
presented in this thesis a detailed description of the diatom cell wall is imperative.
The siliceous exoskeleton of the diatom cell wall is composed of two overlapping
parts that fit together like a petri-dish (Fig. 1.3). The lid is called epitheca and
consists of an epivalve and an epicingulum. The epitheca overlaps the bottom part
of the dish, the hypotheca. This hypotheca is composed of a hypovalve and a
hypocingulum. The epicingulum and hypocingulum, also known as girdle bands,
are interconnected, keeping the valves together (Round et al. 1990; Pickett-Heaps et
al. 1990). During cell division each parental cell forms two daughter cells within
its own exoskeleton. Subsequently, each daughter cell develops a new hypovalve
inside a silica deposition vesicle (SDV), which is formed in the center of each
daughter cell at the side of the cleavage furrow (Fig. 1.4; Simpson & Volcani 1981;
Pickett-Heaps et al. 1990). During valve formation and silica depositioning, the
SDV expands continuously in the second dimension until the optimal size of the
new hypovalve is reached (Schmid & Schulze 1979). Simultaneously with
completion of 2-D expansion, the frustule thickens in the third dimension and
finally is completed by its coverage with a organic casing just prior to cell
separation (Darley et al. 1976; Darley & Volcani 1971; Simpson & Volcani 1981; van
de Poll et al. 1999). 

Transmission electron microscopical (TEM) studies have resulted in the
suggestion that cellular constituents such as the plasmalemma, the cytoskeleton,
the endo-plasmic reticulum, spacer-vesicles as well as other Golgi-derived vesicles,
and mitochondria are involved in morphogenesis of the well-known honeycomb
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Figure 1.3 Schematic cross-sectioned of the diatom frustule, showing the major silicified
components and casing. The frustule contains an epitheca (the ‘lid’) and a hypotheca (the
‘bottom’), with both thecae each having a valve and a cingulum. The cingulum is composed of 1
or more girdle bands, depending on the diatom species (Round et al. 1990).
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structures of the diatom frustules (Schmid 1986). Possibly, a sequential interaction
of these cellular components steers this process known now as macromorpho-
genesis (Crawford et al. 2001). Macromorphogenesis apparently occurs by molding
of the silicalemma of the SDV in conjunction with interactions of the organelles
and cytoskeleton components (Pickett-Heaps et al. 1990; Crawford et al. 2001).
Microtubuli, as components of the cytoskeleton, are most likely involved in this
molding process because they appeared to be located at the site of silicification
(Schmid et al. 1981). Nanoscaled processing (< 50 nm) in silicification, on the
other hand, is referred to as micromorphogenesis (Crawford et al. 2001), in which
the very fine details of the siliceous structures are formed. These detailed
structures most probably result from all processes that control silica precipitation
within the SDV lumen and possibly the SDV membrane. Besides biological
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Figure 1.4 Schematic representation of valve morphogenesis of a diatom, showing the various
stages of valve formation from cytokinesis of the parental cell until separation of the daughter
cells. After cytokinesis a silica deposition vesicle (SDV) is formed in each daughter cell (A). Over
time the SDV is expanding continuously in the second and third dimension (B-D) until the
required size of the new hypovalve is reached. When the new hypovalve is completed, the
daughter cells separate (E) and cell division starts all over again when growth conditions allow
this.
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mechanisms also physico-chemical principles known from classical silica
chemistry are involved (Iler 1979; Gordon & Drum 1994; Hildebrand 2003; Vrieling
et al. 2003, 2005). 

Proteins obviously play an important role in diatom cell wall formation.
However, only a few relevant proteins have been extracted from diatoms or their
cell walls and partially characterized. The species Cylindrotheca fusiformis
Reimann et Lewin has until now been studied best for identification of these few
proteins. Hildebrand et al. (1997, 1998) were the first to isolate genes involved in
silicon transport and diatoms are the first and so far only organisms in which
silicon transporters (SITs) have been identified. SITs are assumed to play a key role
in the regulation of silicon uptake from the environment and transporting it across
cellular membranes. In total 5 SIT genes have been identified with each a distinct
expression pattern during cell wall synthesis and their own affinities and
capacities for transport. Their specific roles, however, have not been determined
yet (Hildebrand et al. 1998; Hildebrand 2003; Thamatrakoln & Hildebrand 2004).
For intracellular silicon transport Schmid and Schulze (1979) proposed that silicon
transport vesicles (STVs) are involved in transporting silicic acid and/or silicon
precursors through the cell in order to release their contents inside the SDV upon
fusion. However, the presence of silicon or silica precursors inside the STVs has
never been confirmed and therefore their function is still under debate (Hildebrand
2000; Martin-Jézéquel et al. 2000).

Frustulins, calcium-binding cell wall associated glycoproteins, belong to a
different class of proteins. They were also first identified in C. fusiformis and were
located in the organic casing (Kröger et al. 1994, 1996). Of the frustulins, α1-
frustulin appears to be present in different diatom species according to
immunocytochemical studies (Kröger et al. 1994, 1996; van de Poll et al. 1999;
Hendriks & Vrieling, unpubl. results). In C. fusiformis α1-frustulin is induced prior
to valve formation, whereas in Navicula pelliculosa (Brébisson et Kützing) Hilse
induction occurs just thereafter (van de Poll et al. 1999). In both N. pelliculosa and
N. salinarum (Grunow) Husted the α1-frustulins appeared to be present on new or
nearly completed valves (van de Poll et al. 1999). Apparently, frustulins are not
directly involved in the silicification process and it is more likely that they have a
structural function in the organic casing that covers the silica. 

Pleuralins are hydrogen fluoride (HF) extractable proteins of C. fusiformis that
appeared to be specifically associated with the pleural (girdle) bands after
completion of silica deposition (Kröger et al. 1997; Kröger & Wetherbee 2000).
Pleuralins are also not involved in silica formation itself, but possibly function to
interconnect the pleural bands. Other HF-extractable proteins and peptides that
were identified in C. fusiformis are silaffins and long-chain polyamines (LCPAs),
which both are able to precipitate silica in vitro (Kröger et al. 1999). The native
protein of silaffin-1 (natSil-1) is highly posttranslationally modified and heavily
phosphorylated with phosphate groups bound to all the serine residues (Fig. 1.5;
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Kröger et al. 2002). The functionality of silaffin-1 itself in silica precipitation
depends on the presence of modified lysine residues, since heterologously
expressed silaffin-1, without characteristic posttranslational modifications, does
not precipitate silica (Kröger et al. 1999). In particular, natSil-1A and LCPAs can be
used together at different ratios to create a variety of silica structures in vitro when
they are combined with natSil-2 (Kröger et al. 2002; Poulsen et al. 2003; Sumper &
Kröger 2004; Wong Po Foo et al. 2004). Although natSil-2 contains the same lysine
modifications as silaffin, it is not capable of precipitating silica itself because of
auto-inhibition of the polyamine moieties caused by other modifications such as
sulfation and glycosylation (Poulsen et al. 2003). Moreover, each diatom may well
possess species-specific LCPAs and silaffins, which are most likely involved in the
formation of the species-specific biosilica structures (Kröger et al. 2000; Armbrust
et al. 2004; Poulsen & Kröger 2004).

Phase separation and diatom biosilica morphogenesis

The identification of silaffins and LCPAs has resulted in two different conceptual
models of how structure direction in diatoms may proceed. The first model is
based on computer simulations and postulates a mechanism in which LCPA rich
phases (‘emulsion droplets’) function as templates for the formation of silica
structures via a so-called phase separation processes (Sumper 2002). Consumption
of LCPAs from the droplets upon silica formation causes consecutive segregation of
smaller droplets and consequently repeated steps of phase separation are believed
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Figure 1.5 Schematic chemical structure of native silaffin-1A1. Post-translational modifications
are depicted in grey. The annotation of charges within the molecule is tentative for a solution
around pH ~ 5. Reproduced from Sumper & Kröger (2004) with permission of the authors and the
Royal Society of Chemistry.
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to result in self-similar production of the hierarchically ordered silica structures. In
this model the larger structures are formed first and subsequently smaller ones are
formed; this model has been referred to as the down-scaling approach (Sun et al.
2004) and agrees well with macromorphogenesis (Crawford et al. 2001), which was
also proposed previously by extensive ultrastructural studies (Schmid 1986;
Pickett-Heaps et al . 1990). The other model that describes frustule morphogenesis
is based on experimental results (Vrieling et al. 2002). In contrast to the down-
scaling model, it implies an up-scaling mechanism (Sun et al. 2004), in which
again phase separation processes occur. Here phase separation is induced by
organic molecules other than silaffins and/or LCPAs, being present in the SDV.
Silaffins and LCPAs are small organic molecules that as aforementioned effectively
initiate silica precipitation, but because of their size are expected to become fully
encapsulated in the colliding silica spheres (Vrieling et al. 2002). Encapsulation of
such small organic molecules (< 17 kDa) is common in silica formation (Gill &
Ballesteros 2000). In time resolved artificial silica synthesis studies, larger organic
molecules such as proteins (e.g. myoglobin and horse radish peroxidase) as well as
the polymers polyethylene glycol (PEG) and polyethylene imine (PEI) induce phase
separation by the discrimination of silica-rich phases and polymer/protein-rich
ones. Subsequently, the protein-rich phases become trapped as enclosures in the
silica-rich phases, after which the latter solidify and collide to amorphous silica. In
diatoms the inducers of phase separation are so far unknown, but they are
expected to be involved in pore formation because these proteins or protein-rich
phases do not remain in the final cell wall: they have never been found inside.
Indeed, it should be noted that the mature silica exoskeletons contain relatively
very low amounts of organic matter (Vrieling et al. 2002). Therefore, it was
suggested that the protein-rich phases enclosed in the silica should somehow be
removed during valve formation in diatoms, finally leaving cavities (the pores) in
the silica. Interestingly, this resembles the “cire-perdue” method of casting bronze
statues! This second model agrees with formation of detailed structures during
micromorphogenesis (Crawford et al. 2001; Sun et al. 2004; Vrieling et al. 2005).
The mechanism that would be involved in the removal remained elusive so far, but
recent results (chapters 2 and 3 of this thesis) imply that the ubiquitination
machinery for protein degradation may well be responsible for the removal of these
protein rich-enclosures.

Thesis outline

Based on the knowledge of silicon biomineralization in diatoms discussed in the
previous section, the application of diatoms as a biogenic silica source in industrial
and/or nanotechnological processes is very limited. However, the nanostructural
features of diatom biosilica are very specific for each single species and its
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physico-chemical characteristics make it superior over artificial silicas with respect
to porosity (Fig. 1.1; Vrieling et al. 2000, 2004, 2005). With the notion that well
over 10,000 species exist, it is reasonable to assume that the process of diatom
silicon biomineralization and all mechanisms involved contain valuable
information for the design of biomimetic silica synthesis routes. So far, only a few
proteins have been identified that play a role in silica precipitation, but the
mechanistic principles of protein-silica interactions remain elusive. The goal of the
conducted research that is described in this thesis was to identify more proteins
that are involved in silica cell wall formation in diatoms by focusing on the process
of valve formation, thereby making use of the ability to synchronize cell division. 

In most pennate diatom species growth can be arrested at the S/G2 boundary
(cytokinesis arrest) when cells are incubated for a defined period in medium free of
silicon (Coombs et al. 1967). When silicon is added to the arrested cells,
synchronized growth can be initiated at the stage that DNA replication just
precedes valve formation (Darley & Volcani 1969). Although the duration of valve
formation differs between species, it generally requires the daughter cells 6-8 hrs to
form a new hypovalve and to separate from each other. The different stages of
valve formation can thus be followed by sequential analysis. Valve formation is just
one part of the whole process of cell division during which many different cellular
and molecular processes are involved. As a consequence analysis of proteins
involved in valve formation is expected to be obscured by proteins involved in all
the other cellular processes. To be able to distinguish between the proteins
involved in silicon metabolism and these involved in the other processes, we have
selected candidate proteins for further characterization based on their affinity for
solid silica. 

As model species the pennate diatom Navicula pelliculosa was studied. One of
the proteins identified in this species using the Si-affinity approach appeared to be
a homologue of ubiquitin (Chapter 2). Immunocytochemistry was applied to reveal
the location of ubiquitin in diatom N. pelliculosa. The identification of ubiquitin,
which is a key protein involved in the protein degradation machinery (Hershko &
Ciechanover 1998), appeared to match with the proposed removal of peptide/
protein-rich phases of the afore mentioned up-scaling model (Vrieling et al. 2002).
A further study on the ubiquitination events during valve formation was described
in Chapter 3. Here, the expression patterns of (poly-)ubiquitin, but especially
ubiquitinated proteins, were monitored during one cycle of valve formation in Si-
synchronized N. pelliculosa cells. 

Using the fluorescent probe 2-(4-pyridyl)-5-((4-(2-dimethylamino-ethylamino-
carbamoyl) methoxy)phenyl)oxazole (PDMPO), which specifically accumulates in
the SDV and becomes fluorescent when [SiO2] > 3 mM (Shimizu et al. 2001), the
sequence of the different stages of valve formation were accurately assessed
(Chapter 4). 
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Another protein identified in N. pelliculosa with a high Si-affinity was ferre-
doxin-NADP reductase (FNR; Chapter 5). Sequence alignment revealed a homology
of N. pelliculosa FNR with plant ferredoxin-NADP reductase, carbonic anhydrase
(CA) and sponge silicase. The latter has recently been identified in the marine
sponge Suberites domuncula where it appeared to be able to release silicic acid
from amorphous silica in vitro (Schröder et al. 2003). Using the genome sequence
of Thalassiosira pseudonana Hasle and Heimdal (Armbrust et al. 2004), 3 FNR
genes were identified, for which expression levels were monitored during i)
synchronized cell division, ii) silicon limitation, and iii) transitions over light-dark-
light periods. Spinach FNR, as a commercially available homologue, was used to
study the release of silicic acid from amorphous diatom biosilica. 

The main results and conclusions of the research presented in this thesis are
summarized in Chapter 6. 
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