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Diatoms are microscopic, singh~'celled algae that possess rigid cell walls (frustules) composed of amorphous silica. Depending

on the species of diatom and the growth conditions, these frustules can display a wide range of different morphologies. It is

possible to design and produce specific frustule morphologies that have potential applications in nanotechnology.

T
here has recently been a great deal of interest
centred around the design and manufacture of
devices of nanometre proportions and this specu-

lation has spawned a new industry, termed nanotech-
nology. Much has been written about the potential
applications of nanometre-sized devices with elec-
tronic, optical and/or mechanical properties such as
gears, motOrs and transistors 1-3. However, at present,
the tools for creating such devices are still in the early
stages of development.

The two main premises for creating nanotechnologi-
cal devices is that they should be cheap to manufac-
ture and they should also possess order at the atomic
level. At present, it is possible to use micromachining
processes to create tiny gears and motors that are meas-
ured in tens of micro metres. In addition, ion-beam
etching can be used in microelectronics to etch lines
less than 1 f-Lmwide on wafers of silicon4. We propose
that directed self-assembly by growing cultures of
single-celled diatoms (Bacillariophyceae) may provide
a valuable means of providing order at a scale between
that currently obtainable by the latest micro machining
processes and the atomic level, while also providing a
cheap alternative to both of these technologies5.
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Introduction to diatoms
Diatoms are microscopic (-1-500 f-Lmin length)

single-celled algae with characteristic rigid cell walls
(tTustules) composed of amorphous silica. They are
ubiquitous organisms found in a wide variety of habi-
tats and are thought to be responsible for up to 25% of
the world's net primary production of organic carbon6.
There are currently estimated to be over 100 000 dif-
ferent species, classified by their unique tTustule mor-
phologies7. Diatoms are usually classified as one of two
main groups depending upon the symmetry of their
tTustules (Fig. la,b).

Centric diatoms tend to be radially symmetrical,
while pennate diatoms tend to be elongated and gen-
erally have parallel striae (furrows or rows of holes in
the silica) arranged normal to the long axis. The
spacing between adjacent striae is species specific and
typically varies &om -0.3 to 2 f-Lm.The lines of silica
between the striae are called costae. Costae tend to be
arranged in combs or other space-filling patterns such
as honeycombs, which possess remarkably uniform
pores. Aside &om their symmetry, tTustules display an
unparalleled diversity in structure and morphology,
and this may be exploitable in nanotechnological
applications.

The diatom uustule
The diatom tTustule consists of two almost equal

halves that fit together like a petri dish, enclosing the
bulk of the single cell within (Fig. lc). Each half (theca)
consists of a yalve (which forms the larger outer
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surface) and a girdJe (tlle circular band of silica attached
to the edge of the valve). During diatom replication,
the two halves of the tTustule separate, and new valves
and girdJcs are synthesized intracellularly within spe-
cializcd organelles (silica-deposition vesicles, orSOVs).

For the majority of species, the pett.i-dish nature of
the tTustulc leads to a reduction in size during succes-
sive divisions in one of the ~daughter cells (Fig. 1d);
regeneration of the original cellsizc subsequently
occurs via a sexual-reproduction phase. Interestingly,
the reduction in overall size leads to a reduction in the
numbers of costae, with their spacing remaining con-
stant. The rate of division is determined by environ-
mental and genetic f.1ctOrs,but can be as high as eight
divisions per dayS.

Frustule formation
The process of tTustule formation is not well under-

stood but is thought to involve the diffusion-limited
precipitation of silica9,IO.Amorphous silica particles of
relatively low molecular weight and -1- 10 nm in diam-
etcr are thought to be transported to the periphery of
the SDV by silica-transport vcsicles (STVs) (Fig. Ie).
Oncc released inside the SOY, the particles diffuse until
they encounter part of the growing aggregate, to which
they adhere.

The surf.1ce of the particles is thought to consist
mainly of silanol groupstt [Si(OHh or Si-0H], which
enable them to diffuse over the surface of the aggregate
in a process termed sintcring. This surface migration
allows the molecules to reorganize their positions
towards thermodynamic equilibrium, usually resulting
in a smoothing of the aggregate surface. Sintering has
been shown to be affected by factors such as pH and
temperature12, which may explain tlle changes in tTus-
tule morphology observed when a single diatom
species is grown under varying conditionsl3,14. After
deposition and a period of surface relocalization, the
silica morphology becomcs stabilized in a process that
may involve an inor~c cation such as aluminium9.1O.

Although little is known about how the silica is trans-
ported to the SDY, microtubules have been found to
be associated with the developing SOVt5. Recent com-
puter simulations imply a role for these microtubules as
carriers for the STVs O. Parkinson and D. Gordon,
unpublished); thc arrangemcnt of the microtubules
may thus account for the gross morphological charac-
tcristics of the &ustule (i.e. the micro metre level of
order), each costa being associated with the site of
release of STVs being transported by an individual
microtubule. Finer morphological details, such as the
width of the costac or the creation of pores, may then
result &om either thermodynamic properties associated
with thc medium in the SDV (c.g. surfactants, pH) or
thc presence of 'blocking agents' within the SDVI6.

Designing 'nanofactories'
Attempts to synthesize diatom-like forms &om silica

have been attemptcd chemically and have led to the
formation of some characteristic patternsI7.18. The
approach uses both organic and inorganic compounds
that organize themselves into modular patterns such as
honeycombs. Although this approach may be useful for
the creation of certain materials, it is somewhat limited
by its inflexibility and inability to create different
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Figure 1

Diatom morphology. The two common forms of diatoms are: (a) the pennate form
(here, a Diploneis sp.; the expanded section shows part of the frustule, detailing the

central raphe, the costae and the striae); and (b) the centric form (here, a Cyclotella
sp.). (e) Schematic diagram of a centric diatom showing the petri-dish-like nature

of the frustule. The larger valve is termed the epivalve and the smaller valve the

hypovalve; the girdle is the portion of the frustule between the two valves. (d) Sue.

cessive replications involving the hypovalve lead to a reduction in size. (e) Proposed

mechanism of diatom morphogenesis: upon diatom replication, a silica-deposition

vesicle (SDV) is formed in each half; we propose that microtubules associated with

the periphery of the SDV localize the deposition of new silica within the SDV via the

silica-transport vesicles. (Micrographs courtesy of the Center for Algal Microscopy

and Image Digitization, Bowfing Green State University, OH, USA.)

morphologies that may have wider applications. Such"
rcstrictions do not apply to diatoms, which may be
manipulated genetically to create a wide range of mor-
phologics with, potentially, a greater number of uses
than may be obtained using a chemical approach. We
therefore propose the use of diatoms to generate
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