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Motivation

1

MOTIVATION

Communication technology demands the development of optical systems in the micro- to
nanometer range. However the production of materials of precise periodic structures below
the micrometer scale is connected with a considerable technical effort and high expenses.
Nature has developed a multitude of micro- and nanoscale optical structures, ranging from
simple multilayer systems to 3-D photonic crystal structures unbeaten in terms of
complexity. Due to proceeding progress in optics and nanotechnology several optical
phenomena in nature could be elucidated. The discovery of novel optical structures in
nature resulted in a growing scientific interest in the field of biooptics. It can be expected
that the majority of optical structures in nature still needs to be discovered as a result of
their small size, cryptic nature and the high diversity of species in animal and plant
kingdom.
Diatom cells bear a great potential for various applications and attract growing attention of
diverse scientific branches: material science, (bio)chemistry, communication technology
and not to forget biology. Diatoms are encased in a characteristic cell wall made of a
transparent composite material consisting of amorphous silica and organic compounds.
The cell wall exhibits a periodic arrangement of pores in the µm- to nm-range connected to
a species-specific morphology. Diatom cell walls are an example of a lightweight
architecture with complex structures not achieved in material science yet. The basic
structure, reflecting a sandwich structure concept, enables maximum strength next to
minimal material investment and energy costs for maintenance.
Thousands of questions arise if one starts thinking about the structures, materials and
possible functions of diatom cell walls. Without question the cell wall design serves
mechanical functions. It keeps the cell in shape by counterbalancing the turgor pressure,
protects the cell from attacks of predators and other physical damage. Detailed
investigations concerning the mechanical properties of the diatom cells have been done
during the last years (Hamm et al. 2003). Due to growing interest in material science, the
biochemistry, genetically background and formation of diatom cell walls are under intense
investigation. Several biomimetic approaches trying to imitate the intricate structures
emerged.
Due to the fact that light is an essential factor for diatoms and other photosynthetic active
organisms the question is, up to what extend the optical properties of the diatom shell
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attribute to an optimal photosynthetic growth. Eminently the optical properties of the
diatom cell wall have been more or less step motherly treated. Most of the optical character
of the diatom cell wall and its intricate micro- and nanostructure is still unknown.
Scientists have already speculated about the purpose and detailed character of the optical
properties but experimental tests and verifications are rare. One of the few biologists
thinking about a possible optical function of the diatom cell wall was Peter Kilham, who
assumed a correlation between the size of pores in the cell wall of Melosira species and the
light availability during cell wall formation. He discussed with optical physicists about this
topic and was assured about the possibility that the pore sizes might have a special impact
on the light incident on the cell (Kilham 1990).
In a discussion about the use of silica as a material for the diatom cell wall in 1996 via the
diatom List-server (http://www.indiana.edu/~diatoms/silica.dis) some aspects regarding the
optical properties were mentioned.
The following statement made by Parker in 1998 can be assigned to the photonic crystal
structure like architecture of the diatom cell wall: “when a surface has the mathematical
dimensions of a diffraction grating, it must function as such under incident light,
regardless of its archetypal function. For example, even if the original function of the
grooved surface was to provide maximum strength using minimum material, like
corrugated sheet, it would still produce coloration in a light regime, albeit as an
epiphenomenon (incidental)”(Parker 1998). Without any question, diatom cell walls act as
diffraction gratings, which can be illustrated by the following pictures.

Figure 1 and 2: Isolated diatom shells
Shells of the diatoms Coscinodiscus granii (left and right, small) and Coscinodiscus wailesii
(on the right, large), lateral illuminated by artificial light, LM (light microscope)
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The investigation of other siliceous skeletal structures like the previously investigated
spicules of glass sponges (Hexactinellidae), gave hints to possible optical functions of the
diatom cell wall. The spicules consist of a high amount of silica and act similar to glass
fibres guiding light along the axis. The biological relevance of these optical properties is
under discussion. In several sponge species diatoms were found to be attached to the
spicules. It is assumed that some kind of symbiotic interaction exists between the diatoms
and sponges, in which the diatoms within the sponge body are able to collect light that is
guided along the spicules.
Several questions concerning the optical character of the diatom cell wall arise: How
effective does the diatom cell wall act as a waveguide? And are the chloroplasts able to
collect light that is travelling inside the cell wall? Some of those questions may seem to be
near fiction, but they can not be answered into the negative until experimental evidences
are adduced. In the past optical structures were found in organisms where such structures
had never been expected. The investigation of natural photonic structures can afford the
knowledge to produce new optical systems per technological manufacturing as well as
natural products per genetic manipulation. The diversity of diatom species is estimated up
to 100 000 species offering a huge amount of complex and heterogenic nanostructure
systems. Therefore the nanostructures of diatom cell walls are an interesting subject for
photonic science.
Previous theoretical investigations, based on band structure calculations of the cell wall
structures, showed that the silica shell can be regarded as slab waveguide 2D-photonic
crystals with hexagonal and square arranged structures (Fuhrmann et al. 2004). Experimental
evidence of the photonic structure character of the diatom cell wall is not existent up to
date. Due to the complexity of photonic theory that is needed to investigate photonic
crystal structures and to explain the proceeding processes in biological structures,
interdisciplinary work is essential to achieve any progress in this scientific field. With
respect to diatoms biooptics is still at the beginning.
This work should provide a basis for investigations about the photonic character of the
diatom cell wall by the production of dye functionalized cell wall structures. Investigations
of technically produced photonic structures as well as observations made in nature showed
that the emission of a dye incorporated into a photonic structure can be strongly influenced
by the photonic structure. In a butterfly species, Nireus spec., fluorescence emission of a
pigment was found to be controlled by photonic structures (Vukusic 2006).
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These facts led to the idea to incorporate light emitting substances into the diatom cell wall
to explore the control and emission of light within these structures. In preliminary tests
only inhomogeneously stained nanostructures could be obtained via covalent binding of
laser dyes to isolated diatom shells (Kucki et al. 2006). Therefore a method used for
biomineralization studies of diatom cells was applied. By in vivo-fluorochromation dyes
can be incorporated into the diatom cell wall during its formation. Aim of the present work
was the production of a variety of fluorescent diatom cell wall structures that enable the
investigation of the influence of the nanostructure on the dye emission, which in turn gives
information about the photonic behaviour of the cell wall structures. Several laser dyes will
be tested for a possible incorporation due to the fact that up to date only very few
fluorescent dyes exist, that enable an in vivo-fluorochromation of biosilica structures.
Predominantly rhodamines will be tested to obtain diatom cell wall material with
fluorescence emission covering the visible range.
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BACKGROUND

Due to the fact that this work has a highly interdisciplinary background, required
information on a diversity of topics will be given within the next sections.
Based on the fact, that the diatom silica shell can be regarded as a composition of slab
waveguides with 2D-photonic crystal structure, an introduction to photonic crystal
structures will be given. It includes information about the concept of photonic crystal
structures, their function and possible applications, as well as of examples of different
photonic crystal types, the impact of defect structures and especially the manipulation of
light emission of an integrated emitter.
In the proximate section, information on naturally occurring photonic crystal structures
will be given, to make clear that photonic crystal structures are not only a man-made
invention, but also existent on this planet for millions of years and ubiquitous in nature.
Afterwards, aspects of biomineralization, with a focus on biosilification, will be discussed.
Biosilica forming organisms being part of this work will be introduced: testate amoeba and
diatoms. A summary of the state of the art of diatom research will be given, including
general morphological aspects as well as new technological approaches.
In a final section, laser dyes applied in this work will be introduced.

2.1 Photonic Crystals
Information given below is mainly based on one of the standard literatures on photonic
crystals: “Photonic Crystals: Molding the Flow of Light” by Joannopoulos, Meade and
Winn (Joannopoulos et al. 1995) and selected papers.

Due to the high and fast growing demand for optical communication networks, advanced
optical elements are needed, which allow the manipulation of electromagnetic radiation,
especially within the near-infrared and visible range.
A photonic crystal consists of periodically arranged dielectric structures, which show a
strong interaction with electromagnetic radiation of the scale of the periodicity. Photonic
crystals are comparable to semiconductor crystals where the propagation of electrons
within the crystal is manipulated by the presence of periodic structures. Similar to normal
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crystals, photonic crystals can be divided into unit cells, which represent small parts of the
entire crystal lattice regularly repeated throughout the whole crystal. According to the
number of dimensions of periodicity, photonic crystals can be divided into 1D-, 2D- and
3D- photonic crystals.

Figure 3: 1D-, 2D- and 3D-photonic crystals
(black = material with refractive index n1
white= material with refractive index n2)

In general, electromagnetic waves incident on a photonic crystal structure are reflected,
refracted and scattered due to the refractive index alternation of the structures.
Superposition of the resulting waves can lead to a nearly perfect reflection over a certain
frequency range. Photonic crystals possess energy band structures with permitted and
prohibited frequency ranges. A so-called photonic band gap (PBG) exists if a certain range
of frequencies can not propagate within the photonic crystal. If for a certain frequency, all
crystalline directions and a single polarization, no electromagnetic waves can propagate
within the photonic crystal, a so-called partial band gap exists. A complete band gap is
given if no electromagnetic waves exist for all crystalline directions and both polarizations.

Due to the scalability of the Maxwell equations, the physics behind photonic crystals is
regardless of the dimension of the PC structures. In other words, PCs made of structures
within the cm- or mm-range can manipulate the propagation of electromagnetic waves
within the microwave region in the same way as PCs with structures within the nm-range
have an impact on electromagnetic waves within the UV- or visible range. Basic
experiments to investigate properties and effects of photonic crystal structures were
predominantly restricted to those operating at microwave frequencies, due to the
accessibility of these structures. Within the last two decades, efforts were made to produce
PCs with dimensions to influence the propagation of frequencies within the near-IR or the
visible range. Due to their optical properties, photonic crystals can be applied as filter for
6
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the selection of electromagnetic waves (for certain frequencies, directions or polarisations).
The band structure of a photonic crystal depends on the symmetry of the structures and the
dielectric constant. Therefore the choice of material as well as the degree of disorder has an
impact on the presence and size of a band gap. The use of photonic crystals made of
semiconductor materials, like silicon (Si), enable the integration to microelectronics. The
optical properties of a PC can be tuned by changing external conditions of the PC, e.g. by
alteration of the refractive index contrast by infiltration of the PC structures with liquids or
other materials. These effects offer a possible application as sensor materials (Hall N. 2003).

In 1987 two articles were published, one by Yablonovitch (Yablonovitch 1987), the other by
John (John 1987), which led to the basic concept of photonic crystals. Until that time various
PC structures have been developed and studied. The following short sections will give an
overview of the basic structural designs.

2.1.1

1D-Photonic Crystals

A simple form of a 1D-PC is a dielectric multi-layer stack. Alternating layers of materials
with different refractive indices are stacked in z-direction. It is assumed that the layers
itself possess no internal structure in the x- or y-direction. A multilayer stack can exhibit
strong reflection due to constructive interference between reflections at multiple interfaces.
The observed reflection is dependent on the angle of incidence as well as of the angle of
observation. For a constant angle of observation, the light that interferes constructively is
of shorter wavelength for an oblique angle of incidence than for light incident normal to
the plane. An alteration of the angle of incidence results in a shift in the observed colour.
For multilayer systems with a constant optical thickness for all layers, the observed
reflections can be extremely conspicuous. In contrast to these so-called “ideal” reflectors,
non-ideal reflector systems possess variations within the optical thickness of the layers and
provide less intense reflections. An increase in the number of layers within a multilayer
stack leads to an increase in reflectivity. In general, a high number of layers in addition to a
rather small refractive index variation between the layers can lead to more intense and
saturated colours than a small number of layers next to a high refractive index variation.
1D-PCs find application as interference filters and dielectric mirrors.
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2.1.2

2D-Photonic Crystals

A 2D-photonic crystal exhibits periodic dielectric structures in two spatial directions (x,y).
In z-direction the dielectric constant is homogeneous. Such a 2D-PC can be for example
constructed of periodically arranged rods in air or a periodical arrangement of holes within
a homogeneous material.

Figure 4: Schematic example of a 2D-photonic crystal structure
Air holes within a homogeneous material
(a = lattice constant, d = thickness)

The 2D-periodicity of a 2D-photonic crystal structure leads to a polarization decoupling.
As mentioned before, for certain frequencies band gaps for only one polarization can exist.
Due to this phenomenon, 2D-PCs can be used for polarization-, frequency- and direction
dependent effects.

2.1.3

3D-Photonic Crystals

Naturally occurring opals, as can be found in Coober Pedy, Australia, are a simple form of
a 3D-photonic crystal structure. They are composed of a regular arrangement of spherical
particles made of silica. They act as 3D optical diffraction gratings. The observable
colourful display is dependent on the size of particles, the form of packing and the degree
of disorder (Sanders 1964). The lack of a complete photonic band gap (PBG) in opal
structures due to low refractive index contrasts, led to the development of the so-called
“inverse” or “inverted” opal structures in 1998. An inverse opal structure is a highdielectric-constant replica of an opal structure. It is produced by transforming a common
opal structure into a network of air cavities integrated into a high index material. The voids
between the template-spheres are infiltrated with a desired material of high refractive
index, the template spheres finally removed (Wijnhoven and Vos 1998). The production of
8
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inverse opals made of silicon, which exhibit a complete PBG in the near-infrared
(around 1,5 µm) has been already achieved (Blanco et al. 2000). In advanced methods the
template spheres were connected by sintering, which resulted in small necks within the
final inverse opal structure that enhance the mechanical stability of the network. Several
different inverse opal PC topologies have been developed up to date, as well as 3D-PCs
made of silica spheres integrated into silicon wafers (an overview is given by Hall 2003).

2.1.4

Photonic crystal waveguides

In traditional waveguides electromagnetic waves are index guided by total internal
reflection. In general, a dielectric waveguide is composed of a core, which is surrounded
by media of lower refractive index, referred as the cladding(s). Confinement of the
electromagnetic waves to the core is dependent on the index contrast between core and
cladding. The higher the index contrast, the stronger is the confinement to the core. To
guide light around a corner, the radius of the curvature is a limiting factor.
By the introduction of a PC structure into a planar waveguide, PC-slab waveguides can be
achieved. The thickness of the slab is smaller than the wavelength of light or of the same
order. The photonic crystal slabs can be symmetrical or asymmetrical concerning the
materials of the cladding.
Through the introduction of defects into the periodic structure of a photonic crystal,
another form of waveguide can be obtained. The connection of several defects to line
defects enables to form waveguide paths for otherwise forbidden frequencies. The
electromagnetic waves are forced to follow the structural predetermined routes along the
line defects, even round sharp corners. Light leakage is forbidden by the presence of the
photonic band gap. Tokushima et al. were able to demonstrate that light wave propagation
inside a single-line-defect PC slab waveguide can be guided along a sharp bend of 120°
(Tokushima et al. 2000).

Guidance along such a strong bent within a small local area is not

achievable with traditional waveguide systems.
The introduction of a single defect (point defect) into an otherwise perfect structured PC
can lead to the creation of modes within a forbidden band.
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Figure 5: Examples of 2D-PC waveguide structures
with a point defect, micro cavity (left), with a single line defect (left center),
with a bent line defect (right center), beam splitter (right)

In 1999 Painter et al. demonstrated laser activity of a so-called two-dimensional photonic
band-gap defect mode laser. They fabricated a 2D-PC slab waveguide made of indium
phosphate (IP, substrate) with four integrated quantum wells made of InGaAsP (indium
gallium arsenic phosphide, active material, emission wavelength: 1.5 µm). The 2D-PC
structure was composed of a hexagonally arrangement of air holes with an integrated
single point defect (missing hole) of 515 nm interhole spacing. By optical pumping with a
semiconductor laser at 830 nm, they demonstrated laser activity at 1504 nm wavelength,
emitted vertically to the slab geometry (Painter et al. 1999).

2.1.5

Influence of the photonic structure on an integrated emitter

The spontaneous emission of light of a molecule depends on the material properties as well
as on the environment. A photonic crystal structure can have a deep impact on the emission
behaviour of an integrated emitter (e.g. dye, quantum dots).
The PC can be applied for the control (enhancement as well as suppression) of spontaneous
emission due to the presence of band gaps/forbidden frequencies. For light emitters with
radiative transition frequencies in the photonic band gap spontaneous emission is inhibited.
The effects of the PC structures on the emission behaviour of a dye are reflected in their
altered emission spectrum. This was demonstrated by Megens et al., who incorporated a
dye into a photonic crystal made of colloidal silica spheres. A stop gap appeared within the
emission spectrum of the dye, shown as significantly reduced fluorescence intensity within
this region (Megens et al. 1999).
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For frequencies at the edge of a band gap the emission can be severely modified.
Constructive interference of emission frequencies at those saddle points of the band
structure can lead to lasing activity (see figure 6 below).

Figure 6: Schematic example of the influence of a photonic crystal structure
on the emission spectrum of a dye
(above lasing threshold, lasing frequency corresponds to band edge)

In summary, Photonic Crystal structures can be applied as
•

Filters

•

Polarizer

•

Waveguides

•

Beam splitters

•

Couplers

•

Laser cavities

Originally the majority of scientists and engineers dealing with photonic crystal structures
investigated the properties of artificial structures. But within the last years research was
extended to natural photonic structures. Insights to photonic structures in nature will be
given within the next section.
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2.2 Photonic Devices in Nature
More and more optical science and technology is inspired by biological systems. The
so-called field of optical biomimetics deals with the study of optical structures designed by
nature and the development of hence derived novel technical optical components. In nature
a multitude of optical systems exists, ranging from simple lenses to complex photonic
crystal structures. The majority of the known structures eclipse technical optical systems
by far. For the most part these systems consist of highly complex nano- and/or
microstructures, whose effects are a matter of structural order. Natural optical systems are
precise adaptations to the character of the light conditions within the regular habitat of the
organism. The sphere of action of these structures ranges from high reflection to
antireflection, broadband to selective narrowband reflection, high polarized to
nonpolarized reflection, from the ultraviolet to infrared and much further (Ghiradella et al.
1972, McPhedran and Nicorovici 2001, McPhedran et al. 2003, Vukusic and Sambles 2003).

Organisms rely on optical systems for various functions that ensure their survival:

-

perception of light

-

production of colour (structural coloration) for
a) camouflage patterns (background resemblance, disruptive coloration,
concealment of the shadow)
b) interspecific signalling (attraction of prey, determent of predators)
c) intraspecific communication (mate choice, intimidation of rivals, signalling
alarm)
d) control of incident radiation for thermoregulation

-

production of polarized light signals ( for some of the above mentioned purposes)
(Sweeney et al. 2000)

-

protection from harmful radiation

Not all natural optical systems produce conspicuous effects but the best studied examples
came into scientific interest due to their intense coloration. Therefore most knowledge
about photonic structures in nature was obtained in the field of structural coloration.
Scientific interest in this field exists for more than a century but only recently the
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underlying structural order and mechanisms could be explored in detail due to the
development of optical systems with high resolution.
Structural colours are created by non-pigmentary sources in form of micro- and
nanostructures in a definite order. The interaction of these structures with the incoming
light (interference, diffraction, scattering) produces various effects that are not accessible
by pigmentation: high spectral purity, enormous intensity and brightness, strong
polarization and angle-dependency of the colour signal. Within dimly lit environments
photonic structures are favoured over pigments due to the fact that they are much more
effective in the production of intense coloration. They enable effects like flashing or
flickering light signals, which are very conspicuous especially against a dark background.
The use of structures producing UV-signals extents the range of wavelengths over which
visual communication can be made.

If we consider that all animal species possess some kind of adaptive coloration and that in
most cases colours are produced by a combination of pigments and structural elements, we
can assume how fragmentary our knowledge about natural optical systems really is. One
can say that behind nearly every metallic shine in nature there lies an optical system in
form of a photonic structure. In addition to this, photonic structures were found to assist
the production of remarkable blackness in butterfly wings (Papilio ulysses, Australian
swallowtail) (Vukusic et al. 2004) and of brilliant whiteness in beetle scales (Cyphochilus
spec., Scarabaeidae) (Vukusic et al. 2007). It is worth mentioning that structural coloration,
similar to pigment coloration, is dependent on the nutritional condition of the organism
(McGraw et al. 2002).

It has to be expected that the majority of natural photonic structures is

still undiscovered due to lack of brilliant colour displays. The endurable character of some
natural optical systems enables to investigate even the oldest optical systems evolved on
the planet. Therefore investigations are not restricted to recent species and can be extended
to extinct organisms. Fossils from the middle Cambrian found in Burgess Shale, Canada,
still display structural coloration due to the fact that pure structural colours are free of
photo bleaching effects (Parker 1998).

Photonic nanostructures are best known in insect orders like Lepidoptera (wing scales)
(Ghiradella 1989, Vukusic et al. 1999, 2000, 2001 2002, 2004, 2006)
al. 2002, Parker et al. 2003),

and Coleoptera (elytra) (Kurachi et

birds (feathers, skin, bill, legs and feet) (Prum et al. 1998, Prum and

Torres 2003, Shawkey et al. 2003, Doucet et al. 2006)

and Crustacean (paddle of Ovalipes molleri)
13
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(Parker et al. 1998).

Recent findings showed the presents of photonic structures in form of

iridescent scales in blue-banded bees (Amegilla sp.) (Fung 2005).
For more than 20 years it is known that several plants posses epidermal cells which can
function as lenses (Bone et al. 1985). However knowledge about other optical structures (like
photonic crystal structures) in plants is still scarce. A three dimensional lattice of strands
producing colour effects, was found in the conspicuous blue fruits of Elaeocarpus
angustifolius (Rosidae, Magnoliophyta). During maturation of the fruits the thickness of
the three dimensional lattice increases resulting in an intensification of the blue colour
(Lee 1991).

The tropical moss fern Selaginella (Lycopodiophyta) shows blue-green

iridescence of its leaves that is assumed to results from a multilayer system within the wall
of epidermal cells (Lee and Lowry 1975).
Concerning natural structures it has to be kept in mind that all structures invented by nature
are a compromise to serve different purposes. In nature optical systems are often integrated
into structures that have a mechanical purpose. Examples for such a combination of
mechanical and optical functions are the calcite plates of light sensitive brittle star
Ophiocoma (Ophiuroidea, Echinodermata) species. The surface of its calcite arm plates is
covered by several rugged double lenses which are free of aberration and birefringence.
These lenses of 40-50 µm diameter are absent in arm plates of non-light sensitive
Ophiocoma species. They enable light sensitive species to detect shadows of presumptive
predators (Aizenberg et al. 2004, Aizenberg and Hendler 2004). Deep sea sponges like Euplectella
(Hexactinellida, Porifera) were also found to possess skeletal elements with optical
properties. Their skeleton is made of silica spicules that possess remarkable fibre-optical
capabilities (Sundar et al. 2003, Aizenberg et al. 2004).
Biomimetic approaches were done trying to design a material which inherits optical effects
in form of structural coloration as well as self-cleaning effects similar to that found in lotus
and butterfly wings. They created an inverse opal structure, a hexagonal arrangement of air
spheres within a silica network. This system showed structural coloration which can be
tuned to other wavelength ranges by alteration of the sphere size, as well as superhydrophobicity of the surface (Gu et al. 2003).
In contrast to artificial photonic crystals which can produce a complete band gap, natural
photonic crystals possess only partial band gaps due to low refractive index contrasts
achieved by biological materials.
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2.2.1

1D-Photonic crystals (multilayer systems)

One of the earliest reports of iridescence in nature due to multilayer systems was by
Rayleigh in 1923 (Rayleigh 1923). Since then multilayer systems were found in numerous
Coleoptera (bugs) (Kurachi et al. 2002), Lepidoptera (butterflies, moths), Damselflies
(Fitzstephens and Getty 2000),

Crustaceans, and also plants, showing that these systems are

wide spread in animal and even plant kingdom. The effects range from the display of
intense colours by “ideal” systems to more decent colours by “non-ideal” systems. A
combination with other optical structures can lead to additional optical effects (Parker 2000).
In natural systems multilayer reflectors are often combined with an underlying dark
background that absorbs the fraction of light that has transmitted the reflector system. In
fishes, the common silverfish (Large et al. 2001), beetles and other animals, different
multilayer systems (chirped stacks, stacks with regular order ore combinations of different
multilayer stacks) are used to produce mirror-effects. Butterflies of the genus Morpho are
among the best studied butterflies concerning photonic structures (Kinoshita et al. 2002). They
possess an intricate microstructure in form of a multilayer system, made of alternating
cuticle and air layers, within the upper-surface ridges of their ground wing scales. This
optical system produces a strong blue to violet iridescence with a broad angular visibility
by reflection of up to 80% of incident blue light (Vukusic et al. 1999). Other butterflies like
Colias eurytheme use multilayer systems to produce high reflective UV-signals (Vukusic
2006).

2.2.2

2D-Photonic crystals

At the beginning of this decade Zi et al. showed that the plumage of the male green
peacock Pavo muticus (Phasianidae, Southeast Asia, endangered species) contains a
2D-photonic crystal structure with varying lattice constant in the cortex of its blue, yellow,
green and brown barbules. The cortex consists of melanin rods of around 0.7 µM length,
connected by keratin and arranged in a square or rectangular lattice. The rod spacing
(lattice constant) and number of melanin rod layers (number of periods) along the direction
normal to the cortex surface determine the colour of the barbules (Zi et al. 2003).
The Seamouse Aphrodita aculeata (Polychaeta, Aphroditidae), found in coastal regions of
the Australian Sea and North Sea at depths up to more than 70 m, possess 2D-photonic
crystal structures within its spines. These spines consist of a wall region made of more than
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80 layers of regular hexagonal arranged cylinders surrounding a hollow core area. The
diameter of the cylinders increases from the surface to the spine core, accompanied with a
reduction of cylinder wall thickness. Even under low light conditions spines of the
seamouse show iridescence with a close to 100 % reflectance within the red spectral range.
The strong iridescence is thought to act as visual warning to discourage predators
(McPhedran and Nicorovici 2001, McPhedran et al. 2001, 2003).

Figure 7, 8, 9 and 10: Seamouse Aphrodita aculeata
overall view (upper left), tip of a spine (upper right) LM DF, 100x
Section of a spine at higher magnification (lower left and right) LM DF, 200x and 400x
Seamouse obtained from Prof. Dr. A. Wöhrmann-Reppening, University of Kassel
Pictures taken at the University of Kassel by M. Kucki

The almost transparent comb jelly Bolinopsis infundibulum (Ctenophora, Tentaculata)
showed to bear photonic structures within its iridescent plates (McPhedran et al. 2003). These
plates consist of fused cilia, are arranged in eight comb rows that follow the entire length
of the body, and help the comb jelly to actively move through the water column. In motion
the plates shimmer in all colours of the rainbow.
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2.2.3

3D-Photonic crystals

As mentioned before most metallic colorations in nature are produced by multilayer
systems. In contrast to this, the north-australian weevil Pachyrhynchus argus (Coleoptera)
shows patches of yellow-green metallic shine deriving from an opal analogous structure
within the body scales. This structure is made of spheres with a diameter of around 250 nm
in hexagonal-close packing order. It acts as three-dimensional diffraction grating with a
lattice constant of approximately half the wavelength of light and produces green reflection
for a wide range of incident angles (Parker et al. 2003).
Even much smaller biological structures like viruses can be arranged and act as photonic
structures. A common feature of so-called iridescent viruses (Iridovirus and Chloriridovirus, Iridoviridae) is the iridescence of their assemblies within the cytoplasm of
infected invertebrate cells. The infected tissue obtains blue-green iridescence, observable
especially in insect larvae (Xeros 1954). The icosahedral virus particles seem to be arranged
in six-fold-symmetry with particle sizes ranging from 120-200 nm (Just and Essbauer 2001).
These virus particles are under investigation to produce iridovirus-based photonic crystal
structures (Juhl et al. 2006).

2.2.4

Combination of fluorescent pigments and photonic crystal structure:

The wing structure of the Swallowtail Papilio nireus is the first known example in nature
in which the emission of a fluorescent pigment is controlled by photonic crystal structures:
a combination of a multilayer structure and 2D photonic crystal slab. The PC structure is
quasiperiodic, consisting of domains of triangular symmetry, which are composed of solid
cuticle material perforated with hollow air cylinders of ~ 240 nm diameter. A green
fluorescent pigment, with a peak excitation of around 420 nm and a peak emission of ~505
nm, is incorporated into the 2D-PC structure. Band structure calculations showed that the
peak fluorescence emission is localized in a frequency band, in which a prominent
depletion of the photonic density of states (pseudo gap) exists. The results indicate an
inhibition of the in-plane emission and an increase of the out-plane emission by the 2D-PC
structure. The 2D-PC slab is located above a three-layer stack, which forms the base of the
scale and reflects downward-emitted fluorescence upwardly, leading to a further
directional enhancement of the fluorescence signal (Vukusic and Hooper 2005, Vukusic 2006).
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2.3 Biomineralization
The scientific field of biomineralization deals with the investigation of molecular
mechanisms

producing

definite organic-inorganic-composite materials

by living

organisms/ biological processes. During the last decades scientists, especially material
scientists, showed an increasing interest in biominerals, due to the fact that those materials
are in many aspects superior to similar synthetic materials. Biomineral formation exceeds
technological capabilities by forming intricate patterns with nanoscale substructure under
physiological conditions. In contrast, the formation of non-biological minerals deserves
relatively harsh conditions (high temperatures and high pressures). Biominerals can be
formed in environments in which they would have never been built inorganically. Special
species-specific designs of biomineral structures confer exceptional properties. Examples
for biomineralization can be found in nearly all forms of live.
In general, biominerals consist of a composite material system made of an inorganic
component integrated into an organic matrix. The formation of biominerals is a multistep
process and under strict genetical control. The organic, predominantly proteinaceous
matrix acts as a structure-directing agent which controls the growth processes and
suppresses uncontrolled crystal formation. It influences the morphology, as well as the
properties of the biominerals and serves as scaffold which holds the organic and inorganic
components together. In addition, it prevents dissolution of the inorganic structures
(Volkmer 1999).

The ratio of organic and inorganic components predicts the (mechanical)

properties: the organic matrix provides tensile strength, fracture strength and resilience to
the system, whereas the inorganic part awards rigidity and compression strength (Kaim and
Schwederski 2004).

Biominerals can be found in various forms of skeletal elements (shells

and bone), teeth, and weapons. They can be localized intra- or extracellular (Mann 2001).
In comparison with the almost infinite variety of biomineralized structures found in nature,
the diversity of applied inorganic materials is rather small. More than 30-60 different
biomineral forms have been identified, predominantly calcium-bearing minerals (calcium
carbonates and calcium phosphates), silicates (opal) and ferric oxides/hydroxides
(Lowenstam 1981, Kaim and Schwederski 2004, Mann 2001).

In addition to this materials, traces of

other inorganic components can be present, to enhance certain material properties. It is
assumed that 80 % of all known biominerals are crystalline and 20 % amorphous.
Biominerals can occur in crystal shapes not existent in inorganic chemistry (Baeuerlein 2000).

18

Background: Biomineralization
Mineral form

Inorganic component

Organisms

Location/Function

Coccolithophores

Skeleton

Foraminifera

(shells, plates,

Sponges: Calcarea

spines, spicules),

Corals

Calcite

CaCO3

Molluscs
Echinoderms

Aragonite

Hydroxylapatite

CaCO3

Ca10(OH)2(PO4)6

Birds

Egg shells,

Trilobites

Eye lens,

Mammals

Statoliths (Sensors)

Molluscs

Skeleton (Nacre) ,

Gastropods

Love dart,

Fish

Otoliths (Sensors)

Vertebrates

Bone and teeth,

Brachiopoda (Lingula)

Shell

Diatoms

Skeleton

Testate amoebae

(shells, plates,

Radiolaria

spines, spicules),

Heliozoa
Foraminifera
Silicoflagellates

Silica

SiO2 * nH2O

Chrysomonades: Synura,
Mallomonas

Sponges: Demospongiae,
Hexactinellida

Molluscs: Patellacea

Radular teeth,

Bamboo

Phytoliths

Rice (Oryza)
Horsetails (Equisetum)

Magnetite

Fe3O4

Celestite

SrSO4

Atacamite

Cu2(OH)3Cl

Bacteria,

Sensors,

Snails (Chiton)

Teeth

Acantharia

Skeleton

Glycera dibranchiata

Jaw

Table 1: Examples of biominerals
(Lowenstam 1971 & 1981, Westbroek 1998, Campana S., Jones et al. 1966, Aizenberg et al. 2001,
Mann 2001, Lichtenegger et al. 2002, Mayama and Kuriyama 2002, Kaim and Schwederski 2004,
Westheide und Rieger 2004)
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The formation of biominerals can serve the following functions:
•

Mechanical support

•

Protection (from predators or unfavourable environmental influences)

•

Defence

•

Storage function

•

Deposition / Detoxication

•

Optical support

•

Sensor (e.g. Gravity sensors)

A sudden mass appearance of organisms performing biomineralization was recorded for
the so-called “Cambrian explosion” (~ 525 Mya) (Kirschvink and Hagadorn 2000). Within this
relatively short time, a huge diversity of organisms (especially organisms showing
biomineralization) developed, possessing several new designs and strategies that enabled
them to enter new ecological niches. Predominantly biomineral forming protists, like
foraminifera, diatoms, coccolithophorids, testate amoebae and other, are responsible for
huge biomineral deposits within the sediments of the world oceans and other aquatic
habitats, as well as in geological sites. Their skeletal remains are utilized in
paleoecological research due to their endurable character, their extremely high abundance
and their relatively long evolutionary life history. In general, the biomineralized structures
are used as tools in classical taxonomy to define species.

It is assumed that there is a common origin of biomineralization systems. Evidence
suggests that immunological similarities between different biomineralization systems exist.
Nacre of the bivalve mollusc Pinctada maxima was found to fail to elicit any
immunological reaction within the human body. It was accepted by the human tissue and
stimulated bone regeneration, whereas synthetic aragonite did not show such stimulating
effects (Westbroek 1998). As basic mechanism of matrix-mediated biomineralization, from
which all other matrix-mediated biomineralization processes of eukaryotic organisms
should have been evolved, is considered to be the magnetite-biomineralization (Kirschvink
and Hagadorn 2000).

Most famous examples for magnetite-biomineralization are magneto-

tactic bacteria, which possess a kind of “biomagnetic compass needle” made of an intracellular chain of magnetite crystals (magnetosomes) (Blakemore 1975). Up to now magnetite
biomineralization has been found in most animal classes (Kirschvink and Hagadorn 2000). On
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the other hand, biomineralization is assumed to have evolved independently in a wide
range of unrelated taxa. Considering biosilification, several taxa possess taxa-specific sets
of molecules catalyzing silica precipitation. Silica precipitating molecules, predominantly
proteins, were isolated from diatoms and sponges (Kröger et al. 1999, Sumper and Kröger 2004,
Shimizu et al. 1998).

They are of different molecular nature and differ in form of activity. But

it is to note that biosilification in sponges and diatoms share several similarities like the
presence of silica deposition vesicles (SDVs), the formation of structures composed of
silica nanoparticles and the sensitivity to germanic acid (Ge(OH)4 (Chiappino et al. 1977,
Simpson and Vaccaro 1974).

Although much has been learned within the last years, for most

organisms details regarding the mechanisms of biomineralization remain unknown.

2.3.1

Biosilification

Two major components of silica, oxygen and silicon, are the most abundant elements
within the earth’s crust, followed by aluminium (Birchall 1995). Biogenic silica is
predominantly formed by aquatic organisms like diatoms, synurophytes, radiolaria,
heliozoa, testate amoeba and sponges as part of their skeletons.

Figure 11: Radiolaria shells from Barbados
fossil territory, LM, 200x
shells obtained from Prof. Dr. A. Wöhrmann-Reppening, University of Kassel
(Picture taken by M. Kucki)
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Biogenic opal (SiO2 ⋅ nH2O) is also formed by metazoans like Patella vulgata (“common
limpet”, Patellacea, Mollusca, Gastropoda), where opal is located within the radular teeth
(Lowenstam 1971).

Aquatic organisms have to possess mechanisms for an active uptake and

concentration of monosilicic acid (Si(OH)4), as well as for the protection of precipitated
silica, due to the fact that seawater is undersaturated in respect to silica deposition (Mann
2001).
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Figure 12: Example for the molecular structure of amorphous silica

High amounts of biogenic silica are found in terrestrial plants like the horsetail (Equisetum
sp., biogenic silica content of up to 20-25 % of the dry weight) (Mann 2001), in crop,
especially rice (Oryza sp.), and grasses (Epstein 1999). Once deposited as biogenic opal, it is
not redistributed (Epstein 1999). A special type of opal like phytoliths (“plant stones”), called
Tabashir, was found in the hollow stems of bamboo. This material consists of more or less
spherical particles which contain around 86 % silicon dioxide (SiO2), next to small
amounts of alkaline metals and earth alkaline metals (Jones 1966).
For several organisms like diatoms and glass sponges the essentiality of silicon is more
than quite obvious. The physiological role of silicon to higher plants, as well as to animals
and humans, is still under debate. Silicon is not essential for higher plants, but it
significantly enhances their growth, development, resistance and productivity (Raven 2003).
Chicks showed a disturbed growth and development due to silicon-deficiency (Carlisle 1972).
In rats, silicon showed to be of certain physiological significance in the mineralization
process of bones (Schwarz and Milne 1972). In addition to this, it is suggested that silicon plays
a role in detoxification (Britez et al. 2002, Birchall 1995). It has a direct or indirect impact on the
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biological availability of several metal ions like aluminium (Al) and manganese (Mn). The
deposition of aluminosilicates (AS) and hydroxyaluminosilicates (HAS) in plants is
interpreted as a mechanism to reduce the aluminium concentration within the organism,
and therefore its toxicity (Epstein 1999).

2.3.2

Silica forming sponges

Due to the presence of an intricately structured skeleton, which is superior to the most
anthropogenic architectural elements, the presence of optical structures and the progress in
biosilification studies giving insights in molecular processes, an introduction to silica
forming sponges will be given here. Next to diatoms, silica forming sponges, both
demosponges and hexactinellids, belong to one of the best studied organisms depositing
silica. They possess a network of spicules which can comprise around 75 % of the dry
weight of the sponge body (demosponge Tethya aurantia) (Shimizu et al. 1998). For the
marine sponge Acarnus erithacus a silica content of single siliceous spicules was found to
reach about 95.7 % of dry weight (Schwab and Shore 1971). Silica itself would be fragile and
brittle, but the combination of organic and inorganic components leads to resilient 3Dstructures.
Within the last years detailed investigations of the complex hierarchically ordered skeleton
of the hexactinellid sponge Euplectella aspergillum (~20-25 cm in length, 2-4 cm in
diameter) were performed (Aizenberg et al. 2005, Weaver et al. 2007). As previously mentioned,
this species possesses spicules which can act as optical fibres (Aizenberg et al. 2004). The
skeleton is build up by a cylindrical lattice of sponge spicules comprising at least six
hierarchical levels. The skeletal lattice consists of a quadratic lattice superimposed by
diagonal, vertical and horizontal struts and external spiralling ridges, which stabilize the
underlying lattice. The architectural design and development of the skeleton allows
necessary flexibility during sponge growth next to strength and resistance to bending, shear
and torsion loads applied by hydrodynamic forces. The mesh-like architecture also
provides a high number of openings to support the water-filtering of the sponge. The
building blocks, the spicules, can range from micrometers to meters in length. Sponge
spicules in general are made of an organic proteinaceous part, the axial filament, which
exhibits a square or rectangular cross-section, and siliceous nanoparticulate deposits
surrounding it (Weaver and Morse 2003, Weaver et al. 2003).
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It is to note that interest in sponge biosilification dates back to the beginning of the 20th
century. At that time several researchers revealed the presence of an axial filament and a
concentric ring pattern made of alternating lamellae of organic and siliceous material.
Investigations were limited among other things by the resolution of the light microscope
and other technical means. These early findings were confirmed by Schwab and Shore in
1971 (Schwab and Shore 1971). Within recent years the investigations of the detailed structure
of siliceous spines were revived driven by the field of material science.
The axial filament serves as template dictating the gross morphology of the sponge
spicules. In the marine sponge Tethya aurantia the axial filament is predominantly (~90 %)
made of proteins, the so-called silicateins (silica proteins, α, ß, γ), which act as catalysts
for the polymerization of silica in vitro (Shimizu et al. 1998, Cha et al. 1999). In Euplectella
aspergillum, the deposited silica consists of silica nanoparticles (50-200 µm in size), which
are composed of small consolidated particles (~3 nm in size). The cortex of the spicule is
formed of silica lamellae (~0.1-2.0 µm in thickness) and organic interlayers (~5-10 nm in
thickness), which are said to be responsible for crack deflection. The silica layer thickness
decreases from the innermost cortex layers to the spicule periphery. This structural
organisation leads to an enhanced fracture resistance/mechanical stability of the spicules in
contrast to synthetic silica fibres (Weaver et al. 2007). But it also leads to similarities with
commercial optical fibres used in telecommunication technology. The spicules possess a
nonuniform refractive index profile with a lamellate low-index-cladding surrounding a
high-index core (Aizenberg et al. 2004). Nevertheless, the knowledge of sponge biosilification
is still fragmentary.

2.3.3

Testate amoebae

Testate amoebae are another example for organisms bearing biogenic silica. Since
observations on testate amoebae are part of this work, an introduction will be given here.
Testate amoebae (Protozoa, Rhizopoda) are amoeboid protists, which are surrounded by a
hardened cell covering, the test. They occur in soils and freshwater habitats, in form of
bottom living benthic or free-swimming planktonic forms. The size of a testate amoeba
ranges from 5-300 µm. Due to the high variability in material composition the more or less
general term ‘test’ is used to describe the cell enclosure. In general, the test is composed of
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an organic wall matrix in which several different materials can be incorporated. Some
species possess totally organic enclosures, whereas other species possess mineralized cell
coverings. The materials range from self produced silica plates and particles to a variety of
gathered foreign materials like small mineral particles or diatom shells (Anderson 1994).
Testate amoebae are phylogenetically divided into testate lobose amoebae and testate
filose amoebae, due to the presence of lobose or filose pseudopodia. Similar to diatoms the
morphology of the cell enclosure was used for taxonomy and phylogeny. But many testate
amoeba species show intra-specific variations in test size and morphology, dependent on
environmental factors. Therefore the traditional testate amoebae taxonomy deserves further
revision by molecular taxonomy. The number of species is uncertain and estimated to be
around 2000. Testate amoebae have a long fossil record, which ranges back to more than
150 mya. Therefore, their tests are used for paleoenvironmental reconstructions
(Smith et al. 2008).

Figure 13: Testate amoeba
two lobose pseudopodia visible, LM
(Picture taken by M. Kucki)

Due to the presence of a test, the movement of testate amoebae was expected to be limited.
Pseudopodia can protrude from the aperture (opening in the test) of the test. They serve
locomotion as well as the capture of prey.
There is no evidence that there is any growth of the test once deposited (Anderson 1987).
Formation of the testate amoebae shell occurs during the process of cell division. The
material for a new test is collected and/or synthesised by the mother cell. In some species
siliceous plates can be found predominantly in the posterior part of the cell, occurring in
different developmental stages. Prior to cell division, part of the cytoplasm of the mother
cell extrudes from the original test and is directly shielded by the mineral plates
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(previously synthesised within the mother cell) or stored exogenic material. This process
takes place until the new test reaches the size of the mother test and cell division occurs.
Similar to the diatom cell division cycle, both mother and daughter cell are protected by
the hard cover during the whole process. Not until termination of the division cycle both
cells separate from each other (Hyman 1940, Grassé 1953).
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2.4 Diatoms
Diatoms (Bacillariophyceae1, Heterokontophyta, Protista) are a major group of unicellular
phototrophic eukaryotic algae. Estimation of the diatom species diversity ranges from
10.000 to 100.000 extant species. Diatoms are abundant in nearly every aquatic ecosystem
and adapted to several moist environments, mostly as planktonic or benthic forms, free
floating, gliding or attached to a substrate (e.g. epiphytic, epizoic). They can be found as
solitary cells, chain forming or in form of colony-like habits. Cells can be either linked by
siliceous structures, mucilage pads or stalks, or embedded in mucilage sheets or envelopes
(Round et al. 1990).

As a major component of the phytoplankton of the world oceans, diatoms

are the basis of the aquatic food chain and responsible for ¼ of the global primary
production (Werner 1977).
Diatoms are characterized by a silica impregnated cell wall which has a species-specific
morphology. Its form and ornamentation is highly conserved from generation to generation
(Falciatore 2002)
al. 1990).

and is therefore the basis of the taxonomic classification of diatoms (Round et

But it is to note that the predicted phylogenetic relationship of certain diatom

species is questionable. The persistent cell cover is the reason for a high fossil record of
diatoms, ranging down to the Cretaceous. The presence of vast deposits of diatomaceous
earth, inland and at the bottom of the sea, reflects the dominance of diatoms within the
world oceans. Since far more than 50 years, diatomaceous earth finds application in a
broad range of industrial fields. Due to their extremely high and uniform porosity,
chemical inertness and good heat resistance, diatomaceous earth is applied as filter-aid,
carrier for catalysts or thermal insulators (Okuno 1964). The tiny and intricate structures of
their high ordered cell wall made diatoms a favoured object of interest for microscopists
not only to test properties of microscope lenses (Fritsch 1975).
Due to the facts that diatoms are important primary producers, ubiquitacous in aquatic
environments, and show sensitivity to several environmental factors (salinity, acidity as
well as pollution) they find application as biological indicators in environmental studies
(Coste et al. 2009).

Diatoms contain a wide range of biotechnologically relevant products. A summary can be
found in Lebeau and Robert (Lebeau and Robert 2003).

1

The term “Bacillariophyceae” derives from the name of one of the first described diatom species
Bacillaria paradoxa.
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2.4.1

Structure of the diatom cell with focus on Coscinodiscus granii and
Coscinodiscus wailesii

To evaluate the impact of a fluorescent dye on a diatom cell, knowledge of the detailed
morphology of the diatom cell, of vital cells as well as of disturbed and dead cells, is
necessary, especially to be able to identify the presence of morphological changes in cell
wall morphology (structural organisation, parameter).
The generic atlas in Round et al. 1990 gives an overview of the huge diversity of diatom cell
morphologies. Due to the great variety of diatom species and ornamental structures of the
cell wall, the following description of the cell morphology and cell wall structures is more
or less restricted to the wedge- and drum-shaped species Coscinodiscus granii and
Coscinodiscus wailesii which were subjects of investigation. Diatoms are divided into the
radial symmetric Centrales and the bilateral symmetric Pennales. C. granii and C. wailesii
represent typical members of the Centrales with circular shape in valve-view. A detailed
description of the cell wall structure of C. granii is given by Brooks (Brooks 1975). It will be
summarized and supplemented with observations and pictures made in the context of this
work.

The size of a single diatom cell ranges from less than < 2 µm (size of bacteria) up to more
than 2 mm, whereas the majority of diatom cells do not exceed 200 µm in size (Krammer
1986).

On an average, marine diatoms reach much larger sizes than freshwater species

(Fritsch 1975).

The diameter of the here investigated cells ranged from 90-230 µm for

C. granii and 120-240 µm for C. wailesii.

The diatom shell consists of two overlapping halves. The upper halve is called the
epitheca, the lower part the hypotheca. Each halve consists of a valve, called the epivalve
and hypovalve respectively, and attached girdle bands. The sum of all girdle bands of the
cell is called the girdle or cingulum. The sum of all siliceous parts of the cell wall is called
the frustule (“a little bit”) (Fritsch 1975, Round et al. 1990).
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Figure 14: Schematic structure of the diatom frustule

The valve of C. granii and C. wailesii is made of a bilayer sandwich design, which grants
maximum strength with minimum material investment. Small hexagonally arranged
chambers/cavities, the areolae, form a honeycomb-like structure. Each chamber possesses
a circular opening to the inner side of the cell wall (facing the protoplast), called the
foramen. On the opposite side, the chamber is covered with a cribrum / sieve plate, an
arrangement of fine pores. In most cases the foramina is located at the centre of a chamber.
Exceptions are the chambers that build up the valvar centre. In C. granii they mostly form
a kind of central rosette. The chambers are elongated in valvar plane and the foramina are
dislocated to the periphery (Schmid 1990). The rimmed foramina are mostly arranged in
concentric or radial rows. Symmetry is broken by the introduction of rows made of
adjacent elongated chambers with foramina dislocated to opposite directions. These rows
start at tubular processes, called the rimoportulae, and reach towards the valvar centre.
Rimoportulae or labiate processes (LPs) extent inwardly and end in form of a lip-like
structure. To the external valve surface each rimoportula opens up in form of a quite
elevated hole, the aperture. In C. granii two macrorimoportulae / macro-labiate processes
(mLPs) exist on each valve. These rimoportulae are approximately twice as large as normal
rimoportulae and show more pronounced lips. Due to the presence and arrangement of
these structures, the diatom cell walls are not truly symmetric (Schmid 1994a).
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Figure 15: C. granii, cell wall structures, SEM
Photos: Melanie Kucki

Figure 16: C. wailesii, cell wall structures, LM and SEM
Photos: Melanie Kucki
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Figure 17 and 18: Coscinodiscus wailesii, internal view on the valve
Left: face-valve jacket junction, underlying sieve plates, two rimoportulae
Right: detail with valve centre and two rimoportulae

In contrast to C.granii, the valve of C.wailesii can be subdivided into a valve surface and a
mantle which runs in an angle of 90° to the valve face. The valve surface is undulated,
upraised at the mantle-valve edge and at the valve centre, lowered in between. The valve
presents 2 rings of rimoportulae, one at the mantle-valve-edge, another at the mantle rim.
In addition to the rings, several LPs are scattered over the undulated valve face. The valves
of C. granii possesses only one set of LPs plus several scattered LPs. The additional set of
LPs present in C.wailesii enables a close connection of the cytoplasm to the valve corners
of the valve face-valve jacket junction (Schmid and Volcani 1983, Schmid 1990). Schmid stated
that the LPs serve as anchors/attachment points for the protoplast to the cell wall, playing
an important role in cytoplasmic orientation and nuclear migration. In case of a
plasmolysis or contraction of the protoplast, the protoplast keeps being attached to the
rimoportula. In C. wailesii it was observed that during interphase the nucleus is connected
to the mLPs via cytoplasmic strands. Without a connection of the protoplast to the cell
wall, diatoms are said to be incapable of division (Schmid 1994a). It is also stated that LPs
may be involved in the secretion of mucilage, uptake and excretion of nutrients and waste
products (Schmid 1994b).

Coscinodiscus granii possesses a bent pervalvar axis, resulting from an asymmetry in
valve and girdle band structure. Due to the rigidity of the cell wall, or rather of the valve,
growth of the diatom cell is unidirectional, only possible along the pervalvar axis by the
addition of girdle bands (Round et al. 1990). The number of girdle bands varies with the
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developmental stage of the cell as well as with the kind of diatom species (Schmid and
Volcani 1983)

and can be unequal in epi- and hypotheca. As in most centric diatoms, the

girdle bands of C. granii and C. wailesii are open hoops. The first girdle band, directly
attached to the valve is called the connecting band or valvocopula; the subsequent girdle
bands are called intercalary bands or copulae. The copulae possess an advalvar tonguelike structure called the ligula, which underlaps the slit of the adjacent advalvar (older)
girdle band. The valvocopula lacks a ligula and can therefore be distinguished from the
others (Round et al. 1990).

During interphase Coscinodiscus species show either 3 epithecal and 2 hypothecal girdle
bands (C. granii) or 4 epithecal next to 3 hypothecal girdle bands (C. wailesii). Prior to the
initiation of cell division, an additional girdle band is added to the hypotheca, so that the
hypotheca as prospective epitheca of one daughter cell possesses the same number of
girdle bands as the epitheca, which will become the epitheca of the second daughter cell.
Through this addition, both frustule halves become more or less equal. The mechanism of
the vegetative division cycle will be explained in detail within the next section.
Some species exhibit a change in girdle band morphology across the entire girdle (Round et
al. 1990).

In C. wailesii the width of the epithecal girdle bands decreases advalvar from the

valvocopula to the more distal girdle bands (data according to Schmid and Volcani 1993: width
of the valvocopula: 56-60µm, width of terminal girdle band: 7-9µm). The whole girdle
band area is interspersed with holes of equal size, which can be slightly extended inside,
leading to some kind of pear-formed chambers. These poroid areolae are arranged in
decussate rows forming a square pattern. The differences between the lattice parameters of
the valve and the girdle are not explained yet, but might be due to mechanical reasons. In
general, valves are rigid (Round et al. 1990), girdle bands are more or less flexible (Hamm et al.
2003).

But also optical reasons can not be excluded. By possessing a lattice constant within

the nanometer range they bear the potential to influence electromagnetic radiation within
the visible range (Fuhrmann 2004, Kucki 2006).
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Figure 19 and 20: Coscinodiscus granii (Centrales), living cells
In girdle view (left) and valve view (right), LM

Figure 21and 22: C. granii, living cells, in interphase (left) and prior to cell division (right)
Left: cell in girdle view, nucleus located within the cytoplasm apposed to the epivalve,
cytoplasmic strands connect the centre-points of the opposite valves, LM
Right: cell in valve view, nucleus located within the equatorial plane, LM

Figure 23 and 24: Coscinodiscus wailesii, living cells
cell in valve view (left) and in girdle view (right), LM
numerous star shaped chloroplasts,
brown to yellow-green colour due to the presence fucoxanthin,
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The ratio of the thickness of the diatom cell wall to the volume of the diatom cell as well as
the degree of silification can vary from species to species to a great extent. Bottom-living
diatoms possess a relatively thick cell wall, whereas planktonic diatoms are rather thinwalled (Fritsch 1975). A few diatom species lack the formation of a silified cell wall under
certain conditions (Mayama and Kuriyama 2002), but in presence of silica, without a decrease in
vitality or incapability of division (Fritsch 1975). A few diatom species, which live in
foraminifera lack to produce a siliceous frustule within their host, but if isolated and
cultured separately from the host, start to produce silified cell walls (Round 1990).

The silified cell wall is enveloped by several organic layers. To the external the cell wall is
covered by an organic layer preventing the cell wall from dissolution. It can be
supplemented by secreted mucilage, frequently found in planktonic diatom species and
said to aid floating (Fritsch 1975). To the internal, the cell wall (valve and girdle bands) is
covered by an organic layer (Schmid and Volcani 1983), which totally encompasses the
protoplasm. In C. granii and C. wailesii this layer, called diatotepum, seals the areolae
from the cytoplasm. It consists to a large extent of acidic polysaccharides (Round et al. 1990).
It is locally thickened at the rimoportulae and involved in adhesion of the protoplast to the
cell wall (Schmid 1994a). The development of the diatotepic layer might be correlated with
the degree of silification of the cell wall, since especially cell walls with sparse silification
exhibit a well-developed diatotepum, which can, in extreme cases, constitute nearly the
whole cell wall. Gaseous and nutritional exchange takes place via the pores, chambers and
apertures within the cell wall (Round et al. 1990).

The cytoplasm of the diatom cell forms a thin layer apposed to the cell wall, whereas the
majority of the cell volume is occupied by a large central vacuole, which is traversed by
several cytoplasmic strands.
As mentioned before, diatoms are eukaryotic algae with a diploid genome. The presence of
24 pairs of nuclear chromosomes was found in the genome of the marine diatom
Thalassiosira pseudonana (Armbrust 2004). During interphase the nucleus resides within a
cytoplasm cone next to the centre of the epivalve and internal to the location of the plastids
(Round et al. 1990).
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2.4.2

Vegetative cell cycle and cell wall formation

To understand the method of in vivo-fluorochromation of diatom cell walls it is necessary
to know certain details about the event of diatom cell division and cell wall formation. An
overview will be given here. Reproduction of diatoms can be asexual or sexual but the
dominating process performed is the vegetative division.

The whole lifetime a diatom cell is completely protected by a rigid and more or less
inextensible cell wall. Even during the formation of daughter cells this protection is kept
up. New cells are formed within the parent frustule. Each daughter cell inherits a frustule
halve of the mother cell and completes its frustule by the formation of a new hypotheca.
The daughter cell which inherits the epitheca of the mother cell is of identical size as the
mother cell concerning the valvar diameter. Normally, the other daughter cell, which
inherits the hypotheca of the mother cell as its epitheca, is of reduced size. Therefore in
most diatom species the formation of new frustule halves within the parent frustule leads to
a diminution of the average cell size within a diatom colony. Only a few diatom species
form uniformly sized mother and daughter cells presumably due to the presence of
extremely flexible girdle bands. Separation of the daughter cells does not take place as
long as the formation of all valve features like processes and the connecting-bands has not
been completed (Fritsch 1975).

Figure 25: Vegetative reproduction cycle of diatom cells
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Cell division takes place in valvar plane, transverse to the longitudinal axis of the cell, or in
other words, at the girdle equator. In general diatom division starts at night. After
movement of the nucleus into the girdle plane and its mitotic division, the protoplasm
sustains fission along the girdle equator. Next to the gap between the resulting two
daughter cells, formation of the new valves is initiated within the protoplasm. The
development of the valves is similar in C.granii and C. wailesii (Tiffany 2005).

The formation of the cell wall is a strictly regulated process and coupled to the cell cycle.
Due to the fact that silica is a major component of the diatom frustule, it is not astonishing
that silica-dependent checkpoints exist (Zurzolo and Bowler 2001). Within the 1960s Coombs
et al. investigated the effects of silicon starvation on the diatom cell cycle. Insufficient
silicon concentrations lead to a block of the division cycle after cytokinesis and of the
initiation of the wall formation. The daughter cells do not separate from each other until
enough silicon is present to complete cell wall formation. Due to this fact silicon starvation
can be applied to synchronize diatom cultures (Coombs et al. 1967, Darley 1976).

The formation of the cell wall takes place in silica deposition vesicles (SDVs), which are
specialized acidic intracellular compartments accumulating inorganic and organic
compounds of the diatom cell wall. Due to relatively low Si concentrations found in
seawater, an active and efficient silicon transport system is needed to enable the deposition
of large amounts biosilica. It is a fact that Na+-dependent transporter proteins enable the
uptake of monosilicic acid (Si(OH)4) into the diatom cell (Hildebrand et al. 1997). Hildebrand
et al. identified the first Si transporter (named SIT1) in any organism. Even diatoms that
lack silified cell walls showed to possess SIT genes (Hildebrand et al. 1998). The uptake of
monosilicic acid into the cell is not constant during the entire cell cycle. The rate of uptake
is increased during cell wall formation (Round et al. 1990).
It is assumed that the SDV, as well as the STVs (silicon transport vesicles), which are
supposed to transport biosilica precursor to the SDVs, derive from the Golgi apparatus
(Schmid 2003). The subsequent mechanisms of transport and storage of biosilica
precursors within the cell are not known up to date.

The formation of the prospective hypovalves starts at specific regions, the so called
primary silification sites. For centric diatoms the primary silification site is situated in the
centre of the valve face, often in form of an annulus (lat. Annulus = ring) (Round et al. 1990).
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The location of the primary silification site and the location of the initiation site for the
SDV respectively, correlate with the location of the nucleus (Schmid 1994a). In a first
horizontal differentiation a basal layer is built centrifugally to the margin. Within a
following vertical differentiation the addition of walls leads to the formation of
hexagonally arranged chambers. In a second horizontal differentiation the chambers are
closed by cribrum formation (Schmid and Volcani 1983).

Figure 26 (left) and 27 (right): C. wailesii, cell wall during second horizontal differentiation
Pictures taken by H. Rühling and M. Kucki, University of Kassel

As mentioned before, detailed investigations of girdle bands are relatively rare and there is
a lack of reports about their formation.
After completion of the cell wall within the SDV, the latter is fused with the plasma
membrane to exocytose the mature diatom cell wall to the exterior. Investigations on
silicon starved cells showed, that the formation of the entire hypovalve, with all its
hierarchical structures and ornamentations is completed within 240 min for Navicula
salinarum, whereas the two dimensional expansion of the valve occurs within 15 minutes
(Hazelaar et al 2005).

At a certain range of cell size and the presence of several environmental factors, sexually
or asexually auxospore-formation is triggered. Auxospores are diatom cells that restore the
maximum cell size by enlargement of the protoplast. During auxospore formation, the
diatom cell is quite vulnerable due to the fact that the cell has to leave the parent frustule. It
is surrounded by a thick organic auxospore wall, which can be covered by more or less
spherical siliceous scales. These scales can show perforations or other ornamentations.
Auxospore formation is followed by the formation of initial cells which possess two
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frustule halves again. Finally, vegetative valves are produced in course of a subsequent
division (Schmid 1994b, Schmid and Crawford 2001, Tiffany 2005).
In nature auxospore formation is said to be relatively rare (Fritsch 1975). Concerning diatom
cells in culture, some species fail to form auxospores (Round et al. 1990). Schmid reported
that the majority of cells of a clone of C.wailesii bypassed auxospore formation and
continued to perform vegetative division instead (Schmid 1990). Due to this the fraction of
auxospores, and auxospore scales respectively, within a culture is rather small.

It is to note that by a diminution of the valve diameter during cell division, a change in cell
proportions, like the change of the volume-surface-ratio, is inevitable. A size reduction
leads to a reduction of cell wall structures like the number of LPs or a size reduction of the
central valve area. In extreme cases, where the cell size is below the critical cell size
(where sexual reproduction can be triggered), the dimensions of the areolae can be altered
(Schmid 1990).

Due to the fact that the formation of the diatom cell wall is quite sensitive to

environmental factors, changes in morphology result in a great phenotypical spectrum
within species (Schmid 1994a).
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2.4.3

Character and chemistry of the diatom cell wall

In contrast to an artificial synthesis of silica-based materials, which requires extreme
conditions of temperature, pressure and/or pH, diatom biomineralization is performed
under ambient conditions with slightly acidic pH values. Up to now such regular highordered siliceous structures, as can be found in diatom cell walls, can not be achieved by
chemical synthesis. Therefore diatom biosilification came into focus of material science.

Even if diatom frustules and their formation were under extensive study by microscopists
for more than 150 years, some diatom cell wall structures are in regard of their function
and as well in regard of their formation, still completely unexplained. Most of the results
obtained are based on microscopical investigations. The underlying molecular processes,
responsible for the formation of the multitude of highly ornamented structures, are still
enigmatic (Zurzolo and Bowler 2001).
The silified part of the diatom cell wall is made of a composite material consisting of silica
within a proteinaceous matrix. The amorphous silica is arranged in form of fused primary
nanoparticles (Noll et al. 2002). According to Mann (Mann 2001), silica nanoparticles in
solution are slightly negatively charged and their aggregation limited by electrostatic
charge. A hierarchical arrangement of nanoparticles deserves the presence of structuredirecting agents/a matrix. Knowledge about the composition of the organic constituents of
the organic matrix, as well as the interaction between the matrix components and silicic
acid derivatives, is still fragmentary. An identification of several proteinaceous compounds
of the diatom cell wall was performed within the last ten years. Concerning the aspect of
pattern formation in diatoms, a phase-separation process is assumed (Sumper 2002). But the
detailed biochemistry of silica precipitation and cell wall formation still deserves further
investigation.

Kröger et al. isolated and characterized three protein families from diatom cell
walls: Silaffins, Frustulines and Pleuralines. As additional constituents, long-chain
polyamines (LCPAs) were found (Kröger et al. 2000, Sumper et al. 2005). According to Sumper
and Kröger,

LCPAs are the longest polyamines found in nature and show a diatom species-

specific chain length and methylation pattern. Four different silaffine proteins of low
molecular weight have been characterized: silaffin-1A1, silaffin-1A2, silaffin 1-B and
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silaffin-2 (Kröger et al. 2001, Sumper and Kröger 2004). Silaffine (“affinity for silica”) proteins
are occluded within and very tightly bound to the silica framework. They can only be
isolated by silica dissolution with hydrogen fluoride treatment (Kröger et al. 1999). The
presence of alkylated lysine residues adds a strongly basic character to their polypeptide
backbone, which is compensated by the addition of phosphate, sulphate or glucuronic acid
residues. Silaffines are structurally not related to the Silicateins which direct the formation
of silica spicules in sponges (Weaver and Morse 2003).
Silaffine proteins and cationic LCPAs from Cylindrotheca fusiformis were found to induce
silica precipitation in vitro and coprecipitate with silica leading to the formation of silica
nanoparticles. The size and structure of the precipitates is dependent on the protein or
polyamine type applied (Kröger et al. 2000). It is to note that silaffines possess oligo-Nmethyl-propylamine units (Kröger et al. 1999). The composition of silaffines and LCPAs
predicts the morphology of the precipitates and differs within the diatom species. In
C. granii and C. wailesii predominantly LPAs were found (Sumper 2002).
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Figure 28: Molecular structure of an LCPA

Investigations of LCPAs of Stephanopyxis turris showed that next to the type of polyamine
applied, the presence and concentration of phosphate anions has a strong influence on the
precipitation in vitro. The particle size of the silica structures increased with increasing
concentrations of phosphate anions (PO43-), phosphate anions with a higher negative
charge (e.g. pyrophosphate anion P2O74-) or other multivalent anions. Similar to this, a high
degree of phosphorylation showed to be essential for the precipitation of silica nanospheres
by silaffines isolated from Cylindrotheca fusiformis. Non-phosphorylated silaffines were
not able to induce the precipitation of silica unless phosphate or other polyvalent anions
were added. The character of the polyvalent anions which influence polyamine-directed
silica precipitation in vivo is unclear (Kröger et al. 2002, Sumper et al. 2003).
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Frustulines are calcium-binding glycoproteins which are loosely bound to the cell wall and
extractable with EDTA-treatment. Pleuralins (formerly HEPs), are highly anionic
molecules which are tightly bound to the silica wall. They were found to be associated with
the pleural band (terminal girdle band) within the overlap of the thecae. In interphase
pleuralines are epitheca-specific. During cell division they are added to the hypotheca in
course of the transition of the hypotheca into a potential epitheca by the addition of a
pleural band (Kröger and Wetherbee 2000). In contrast to silaffines and LCPAs, frustulines and
pleuralines are not involved in silica precipitation.
A recent study of the whole-genome sequence of the marine diatom Thalassiosira
pseudonana led to the identification of a large set of potential candidates (genes and
proteins) to be involved in diatom cell wall formation. A tight relationship between
pathways activated by iron and silicon availability was discovered (Mock et al 2008).

The silica-network itself is assumed to be made of tetrahedrally coordinated siloxane
centres of different hydroxylation levels (-O3SiO-, -O3SiOH, -O2Si(OH)2, -OSi(OH)3),
linked in a three-dimensional arrangement (Mann 2001). Spectroscopic studies of biogenic
silica of fossil and living diatoms, revealed a more or less poorly condensed silica network
in living diatoms (due to the presence of organic molecules embedded into it) and a highly
condensed silica network in fossil diatom samples. The nature of the interaction/binding of
the organic molecules to the silica network is still unclear. Electrostatic bonding in form of
Si-O- R+, as well as covalent binding via Si-C or Si-N, can be assumed. But up to date such
bonds could not be identified (Gendron-Badou et al. 2003). Solid-state
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showed that the molecular organisation of the diatom biosilica, concerning the degree of
condensation of SiOH units in diatom cell walls, can be considered to be identical in
different diatom species (Bertermann et al. 2003).

Next to silica, other inorganic compounds can be incorporated into the cell wall.
In trace concentrations, Germanic acid (Ge(OH)4) can be incorporated into the silica
network (Azam 1974). On the other hand, Ge was found to disturb diatom cell wall
differentiation at high Ge/Si concentration ratios (Chiappino et al. 1977). As mentioned before,
similar observations were done with sponges (Simpson and Vaccaro 1974).
Fourfold-coordinated aluminium (Al) was found within the frustule silica of several diatom
species. It is assumed that the presence of aluminium silicates supports the stability of the
diatom cell wall due to a reduced dissolubility of the aluminium silicates (Gehlen et al. 2002).
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2.4.4

Diatom Silica (Bio)technology

A controlled low-cost synthesis of structures on the scale of micro- to nanometers under
ambient conditions is of great interest for various technological applications. Within the
last decades a lot of progress in the growing field of biomimetic silica technology was
done. As mentioned before, several molecules were isolated from diatoms initiating the
precipitation of silica micro- and nanostructures in vitro from a variety of silica precursors
(e.g. TMOS (tetramethoxysilane)) under ambient conditions.

In vitro studies on silica formation were performed with a chemically synthesized short
19 amino acid peptide unit [H2N-SSKKSGSYSGSKGSKRRIL-COOH] of the silaffin-1
(Sil1) precursor polypeptide, originally isolated from the diatom Cylindrotheca fusiformis.
This protein unit, called “R5 peptide” was used to produce photonic structures made of
silica nanospheres by incorporation into a polymer hologram. After exposition to a silica
precursor, a 2D-array of high-ordered nanospheres (~ 450 nm in diameter) with the
periodicity of the polymer hologram was formed, showing an enhanced first-order
diffraction efficiency in contrast to the original polymer hologram (Brott et al. 2001). A
controlled manipulation of the silica formation by the R5 peptide, resulting in arch-shaped
and fibrillar silica structures, was performed by Naik et al. (Naik et al. 2003). More recently,
the design of two chimeric proteins, deriving from the fusion of the silica-precipitating R5
peptide and a synthetic self-assembling protein domain of the silk spider Nephila clavides,
led to nanoscale composite materials made of silica particles of 0.5 µm-2 µm in diameter
(Wong Po Foo et al. 2006).

Attempts to convert the intricate structure of diatom frustules into

technologically desired materials were performed. Synthesis of titanium dioxide (TiO2)
nanostructures by utilization of the above mentioned R5 peptide was recently done (Sewell
et al. 2006).

Several cationically charged polyamines (e.g. polyallylamine hydrochloride (PAH or
PAA), [-CH2CH(CH2NH2 ⋅ HCl)-]n with n ~ 160), which share similarities with molecules
involved in natural biosilification, were also found to facilitate the formation of silica
micro- and nanostructures in vitro (Patwardhan and Clarson 2002, Noll et al. 2002,
Brunner et al. 2004, Lutz et al. 2005)
and Clarson 2002).

being incorporated into the resulting structures (Patwardhan

A synthetic homopolymer of histidine, poly-L-histidine (PLHis)),
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precipitates partially fused silica spheres of 50-200 nm in size in vitro at neutral pH
(Patwardhan and Clarson 2003 (6)).

Attempts to tailor already present diatom cell wall material for specific application by
functionalization of the surface or modification of pore parameters were performed.
Losic et al. achieved to control the pore size of diatom cell walls of Coscinodiscus sp. and
Thalassiosira eccentrica by atomic layer deposition of titanium dioxide. By maintenance
of the original 3D-structure of the diatom cell wall, this method is said to be extendable to
other materials deposited, resulting in a diversity of surface modifications for various
applications (Losic et al. 2006).

2.4.5

Adaptation to light

As mentioned before, pennate and centric diatoms possess different cell wall
morphologies. Up to now it is unknown in what extent the form, thickness and
nanostructure of the diatom cell wall contributes to the protection from radiation or to the
harvesting of light. Even if we do not take the possible influence of the diatom cell wall on
the photosynthesis of diatoms in account, diatoms show various adaptations to the fast
changing light conditions within aquatic habitats.
Light availability, its spatial and temporal variability, is the major factor affecting the
growth and survival of photoautotrophic organisms like diatoms. Next to its function as
main energy source, light provides the diatom cells with information about their
environment. In aquatic habitats the availability and distribution of photosynthetic active
radiation (PAR, wavelength range of 350 to 700 nm) differs enormously in contrast to
terrestrial habitats. Only part of the incident PAR can transmit the water surface and
penetrate to greater depth. Red light is nearly completely absorbed at a water depth of
5-10 m, while light within the blue and green wavelength range can penetrate into greater
water depths (Boney 1975, Lobban 1994). Diatoms possess - next to the photosynthetic
pigments chlorophyll a, chlorophyll c and ß-carotin - the xanthophyll fucoxanthin, which
adds a golden brown colour to the diatom chloroplasts. As some other algae diatoms are
free of chlorophyll b (Van den Hoek 2003). Fucoxanthin enables diatoms to inhabit greater
water depth by utilising the predominant green light for an effective photosynthesis.
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Figure 29: Molecular structure of Fucoxanthin

Photosynthetic activity of diatoms was found to be more or less constant all over the
visible spectral range. The marine diatom Nitzschia closterium exhibited a constant
chlorophyll fluorescence quantum yield upon irradiation with light of ~ 436 nm, 470 nm,
578 nm, as well as at ~ 600 nm wavelength as a result of energy transfer by the accessory
pigments (Dutton et al. 1943). Wittpoth et al. observed a nearly constant photosynthetic
oxygen evolution of living cells, as well as of isolated plastids, of C. granii and another
marine centric diatom, Odontella sinensi, from 400 to 800 nm and beyond (Wittpoth et al.
1998).

Some Coscinodiscus species are adapted to low light intensities in depths around 100 m
(Ettl 1980).

In waters of the northern hemisphere planktonic diatoms are in general not found

below 90 m, while in tropical waters they are assumed to be found at depth up to 400 m
(Fritsch 1975).

In addition to the photosynthetic pigments, diatoms possess the xanthophylls

diadinoxanthin (DD) and diatoxanthin (DT) which have a photo-protective role (Lohr 1990,
Lavaud et al. 2004).

In general, centric diatoms possess numerous chloroplasts, lying parietal within the cortical
cytoplasmic layer apposed to the cell wall. In valvar region they seem to be arranged in
radial rows, in girdle region they are more or less randomly distributed (Schmid and Volcani
1983).

Their form and size varies from small discoid to large and digitate, dependent on

light conditions. Marine diatoms are said to possess one of the smallest chloroplasts in
plant kingdom.
Diatom chloroplasts are surrounded by four membranes. According to the endosymbiontic
theory, they have evolved by a secondary endosymbiosis of a single phototrophic
eukaryotic cell (containing a plastid from an ancestral cyanobacterium) taken up by a
second heterotrophic eukaryotic host cell (Falkowski et al. 2004).
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Thylakoids are arranged in stacks of threes. They are surrounded by a girdle lamella
(Wittpoth et al. 1998).

Diatoms of the order Centrales possess chloroplasts, that often contain

refractive and protein rich structures, the pyrenoids. Assimilates are stored in form of
chrysolaminarin (also chrysolaminaran), a ß-1,3-linked glucan (Round et al. 1990).

To cope with the fast changing light conditions within aquatic habitats diatoms have
evolved several other adaptations, like phototaktic movement, light dependent chloroplast
form (Peteler 1939) and distribution (Furukawa et al. 1998), photoadaptive rearrangement of the
photosynthetic apparatus (Janssen et al. 2001) and the production of UV-absorbing
compounds like the MAAs (mycosporine-like amino acids) (Helbling et al. 1996). To find
conditions that are optimal for photosynthetic growth, planktonic diatoms can regulate
their buoyancy within the water column. Benthic raphid diatoms show active phototaktic
movement and can change their position by sliding on mucilage layers. Motile diatoms in
the Wadden Sea showed a rhythmic vertical migration pattern with maximum migration
activity when illuminated with blue light of 443 nm wavelength (Wenderoth and Rhiel 2004).
Other intertidal migrating diatom species showed a high tolerance towards variations in
light intensity. Measurements showed that on a cloudless day these diatoms can be above
their compensation level even if they are buried within the sand at depths of around 2 mm
(Taylor 1964).

Some diatoms show unusual adaptations, like A. longipes who builds a stalk which
elevates the diatom cell above the substrate. This permanent adhesion structure can be seen
as an advantage in competition for nutrients and light within a biofilm. Other diatoms
produce processes made of cell wall material or chitin fibres. These processes are assumed
to reduce the sinking rate of the diatom cell to keep the cell in the upper water layers. On
the first sight the appearance of these processes might resemble optical glass fibres, but
apparently their optical properties have not been investigated up to date.

In 1996 and 2000 the first evidences of an association of hexactinellid sponges and diatoms
were reported. In the antarctic hexactinellid sponges Scolymastra joubini and Rossella
racovitzae numerous intact diatom cells were enclosed by the sponge body and found to be
adhered to the sponge spicules (Cerrano et al. 2000). In hexactinellids the spicules are made of
a composite material containing a high amount of silica. Cattaneo-Vietti et al. showed that
the siliceous spines of Rossella racovitzae can act as optical fibres (Cattaneo-Vietti et al. 1996).
In 2003 these findings were supported by optical studies on the spicules of the Venus
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flower basket sponge Euplectella (Hexactinellida) (Sundar 2003). Therefore it is assumed
that the diatoms survive within the sponge body by using light transferred by the spicules.
But until now there is no evidence for this kind of interaction between the sponges and the
diatoms. In general, most hexactinellids are said to prefer water depths around 200 m and
far below (Kaestner 1993), in other words close to or below the compensation depth. This is
inter alia due to their susceptibility to suspended load. On the contrary the investigated
sponges Scolymastra joubini and Rossella racovitzae were collected in depths of 20-40 m
and 120 m respectively. Therefore a more or less symbiotic relationship between sponge
and diatom is definitely assumable. On the other hand some of the above mentioned
authors suggested that the diatoms might utilize products of metabolism of their host as an
adaptation to survive darkness (Bavestrello et al. 2000).
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2.5 Fluorescence and Laser Dyes
The following section will give a short characteristic of the fluorescent dyes applied in this
work.

In general, fluorescence or laser dyes are dyes which usually exhibit a strong light
emission by the transmission of the excited S1 to the ground state S0. A conjugated
π-electron system is necessary for a molecule to become fluorescent in the visible range.
For an application as a laser dye, several requirements have to be fulfilled, which exclude
the majority of organic compounds (Drexhage 1990).

Desired characteristics of fluorescent / laser dyes are:
•

High fluorescence quantum yield ( φF near 1)

•

Low transition rate to the triplet state

•

High photochemical stability

For dye laser action in a solid matrix the latter point has a crucial impact. Dye molecules
that are incorporated into a solid matrix can not be replaced by circulation (Drexhage 1990).
By increasing the rigidity of the molecular framework, the fluorescence efficiency can be
increased by reducing the occurrence of non-radiative rotational deactivation processes.
Changes in spectral and fluorescence properties (changes in the intensity of certain
wavelength, shifts in absorption and/or fluorescence emission spectra) can be influenced
by several factors like changes in the environment of the dye (solvent effects, interaction
with ions or other molecules, temperature) or transitions from monomeric forms to di- or
polymeric forms.

Fluorescence dyes find several different applications ranging from biological stains,
fluorescence markers, chromophores in labelled antibodies, ion- or pH-Sensors, hydrogeological tracers, laser dyes, to guest dopants in organic LEDs.
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2.5.1

Rhodamines

The class of rhodamines is one of the most famous classes of fluorescence and laser dyes
due to their:
•

strong absorption in the visible spectral range

•

high fluorescence quantum yield

•

low rate of triplet formation

•

relative high photostability

•

high water solubility (not only for an application in biological systems)

They possess a 9H-Xanthene-Body with amino substituents in 3- and 6-position and with a
phenyl group in 9-position. The phenyl group carries a carboxyl- or ester substituent in
ortho-position.
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Figure 30: Molecular structure of the 9H-Xanthene-Body

The absorption and fluorescence behaviour of a rhodamine is primarily dependent on the
size and character of the amino substituents at the xanthene core. The higher the alkylation
of the amino groups is the higher is the influence of solvent polarity and temperature on the
fluorescence of the rhodamine. The carboxyl- or ester substituent of the phenyl group has a
minor influence on the location of the absorption and emission bands. It is not part of the
chromophore. But it has a considerable impact on the fluorescence quantum yield of the
dye. By the introduction of an ortho-positioned carboxyl- or ester group the phenyl ring is
locked into orthogonal position. This results in an increase of the quantum yield by a
decrease of rotational deactivation of excited dye molecules. This can be shown by a
comparison of the quantum yields of rhodamines and corresponding rosamines, where the
phenyl ring lacks a carboxyl- or ester substituent and can rotate. Pyronines, which lack the
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complete carboxyphenyl substituent, show similar fluorescence quantum yields than their
corresponding rhodamines. A further rigidizing of the dye molecule, through the presence
of a julolidine ring structure, leads to an additional decrease in rotational deactivation of
excited dye molecules. Thereby rhodamine 101 shows a higher and more solvent- and
temperature independent quantum yield than rhodamine 110 (Drexhage 1973, 1984 and 1990).

R = Aryl
COOR

R2N

O

+
NR2

O

R2N

Pyronines

+
NR2

O

R2N

Rosamines

+
NR2

Rhodamines

Figure 31: Molecular structures of several xanthene dyes

COO -

COO-

H2N

O

+
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N

O

+
N

Rhodamine 101

Figure 32: Molecular structures of Rhodamine 110 and Rhodamine 101

Cationic laser dyes are companied by a counter ion, which showed to have no influence on
the quantum yield of the dye dissolved in a polar solvent. Dissolved in a nonpolar solvent,
the dye fluorescence can be quenched by the counter ion, depending on the type of anion.
Perchlorate (ClO4) anions do not have a quenching effect on a rhodamine dye, whereas
chloride anions can lead to a reduction of the quantum yield and iodide anions nearly
totally quench the fluorescence (Drexhage 1973).
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A lot of rhodamine derivatives exist, tailored to enhance the above mentioned abilities of
the dye, to obtain different spectral characteristics or to direct/bind the molecule to other
targets by altering its attachment groups. Some rhodamines were used as fluorescence
tracer for hydrogeological investigations (giving information about the rate and direction
of flow) but are inadvisable due to unfavourable toxicological characteristics (Schudel et al.
2002).

More than 70 years ago scientists started to perform staining procedures on living cells and
tissues (Strugger 1938).
In 1963 Höfler investigated changes on the cell morphology of the diatom cell Biddulphia
titiana resulting from different stimuli. He describes the behaviour of the diatom cells to
several vital stains: Rhodamine B, Nile Blue, Acridine Orange and others. Due to the fact
that Biddulphia showed to be highly sensitive to the applied dyes in all tested
concentrations and suffered lethal morphological changes, Höfler classified these dyes to
be toxic for diatom cells (Höfler 1963). Subsequent investigations with centric plankton
diatoms approved the harmful effects resulting from the previously mentioned vital stains
(Höfler and Höfler 1965).

Interestingly, Rhodamine B was often stated to be of low toxicity to cells and actually
found application as food coloration agent “Food Red 15”. Today it is not permitted as
such in the EU, but can be still found illegally present in food according to the European
Food Safety Authority (“Europäische Behörde für Lebensmittelsicherheit”, EFSA). In
animal testing Rhodamine B led to liver damage and indicated to have genotoxical and
carcinogenic potential (EFSA 2005).

Rhodamine 123 finds application as mitochondrial marker (Johnson et al. 1980). Due to its
selective accumulation in mitochondria, low background and high-resolution fluorescence
images of mitochondria can be obtained. Rhodamine 123 has been used to study
mitochondrial membrane potential (Johnson et al. 1981) and multidrug resistance. It was under
intense investigation for (photodynamic) cancer therapy within the 1980s due to extended
retention times in carcinoma cells. Rhodamine 123 is washed out of the cells if the
energetic state of the mitochondria and its membrane potential is affected. It became more
and more replaced by other mitochondrial marker that exhibit a stronger association with
the mitochrondria, a higher selectivity to mitochondria and a higher photostability
(Haugland 2002).
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Figure 33: Molecular structures of Rhodamine 123 and Rhodamine B

In 1989 Rhodamine 123 (R123) found application as a marker for biomineralization
studies on the centric diatom Ditylum brightwellii (Li et al. 1989). Compared to Höflers
results, the application of a structural relative of Rhodamine B led to several questions,
which will be addressed in this work.
Rhodamine 123 is rapidly taken up by the living diatom cell and accumulated in the SDVs
(silicon deposition vesicles). Next to the SDVs it accumulates in other acidic
compartments like mitochondria and lysosomes. During the process of cell wall formation,
R123 is incorporated into the cell wall together with other cell wall materials.

Due to their water solubility and fast cellular uptake numerous rhodamine derivatives
(Texas Red, Sulforhodamine 101, Tetramethylrhodamine (TMR), Tetramethylrhodamine
isothiocyanate (TRITC)) find application as biological stains/markers or as fluorophores in
rhodamine-labelled antibodies.
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2.5.2

LysoSensor™ Yellow/Blue DND-160

In 2001 a second marker for diatom biomineralization, LysoSensor™ Yellow/Blue
DND-160, was discovered. Shimizu et al. showed that similar to rhodamine 123, the
fluorescent dye LysoSensor™ Yellow/Blue DND-160 accumulates in acidic cell
compartments like lysosomes or SDVs and is co-deposited with biosilica during cell wall
formation (Shimizu et al. 2001).
N

N

O
O

CH2CONH (CH2)2

N(CH3)2

LysoSensorTM Yellow/Blue DND-160

Originally the LysoSensor dye was developed as a selective pH-indicator. The
fluorescence of the dye is quenched by its weakly basic side chain. Protonation of the dye
molecule results in a pH-dependent increase in fluorescence intensity. In aqueous solution,
LysoSensor™ Yellow/Blue DND-16 exhibits a pH-dependent absorption spectrum as well
as a pH-dependent emission spectrum. Acidification of the environment results in a
bathochromic shift of the fluorescence emission. In acidic environments yellow
fluorescence can be observed, whereas in environments with higher pH the fluorescence is
blue-green (Haugland 2002).

Only recently a set of fluorescent dyes, predominantly dyes obtained from
Invitrogen/Molecular

Probes

with

similar

or

related

target

organelles

as

LysoSensor™Yellow/Blue DND-160, were tested. They are collectively referred as
LysoTracker or LysoSensors, which were developed to stain Lysosomes and other acidic
compartments, but differ in their molecular structure. Two of them led to no or weak
biosilica fluorescence, another one exhibited insufficient photostability. Only one tested
fluorescent dye, called LysoTracker™Yellow HCK-123 was found to be an alternative to
the established PDMPO. It is said to be less detrimental to cell viability due to an
excitation within the visible range. The authors mention that a combination of two
LysoSensors might be used for pulse-chase experiments (Desclés et al. 2008).
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2.5.3

Oxazone

Oxazines and Oxazones are composed of a 9H-Xanthene-Body with a nitrogen atom
replacing the =CH- group at the 9-position. This exchange leads to a spectral shift to
longer wavelengths, reinforced by the addition of a benzo-group. Oxazines are planar
molecules with rigidity similar to the xanthene relatives like rhodamines, but they show a
significant higher photochemical stability. In general they show a very low triplet yield.
But on the other hand they are susceptible to internal conversion. The fluorescence
efficiency is dependent on the mobility of the dialkylamino substituents. The addition of
another benzo group leads to a slight shift in absorption and emission spectrum to longer
wavelength (Drexhage 1990).
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Figure 34: Oxazine core
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Figure 35: Molecular structures of an oxazine and an oxazone

The here used long wavelength laser dye Phenoxazone 9 is also known as Nile Pink or
Nile Blue-A-oxazone. This name derives from the fact that Nile Pink was found as a minor
component of commercial preparations of Nile Blue A and can be obtained by boiling Nile
Blue A in dilute sulphuric acid (Greenspan et al. 1985).
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2.5.4

Stilbene

Stilbenes and stilbenoid substances are one of the best known molecular classes in
photochemistry. Stilbene, 1,2-diphenylethene, is a diarylethene where each carbon atom of
the ethene double bond is substituted with a phenyl group. At room temperature two forms
of stilbene exist, (E)-stilbene (trans-stilbene, trans-1,2-diphenylethene) and (Z)-stilbene
(cis-stilbene, cis-1,2-diphenylethene). Stilbenoid substances contain one or more stilbene
units, ranging from low-molecular compounds to polymers. A good introduction to the
photochemistry and synthesis of stilbenes and stilbenoid substances is given in Meier et al.
(Meier et al 1992).

Characteristics of stilbenes and most stilbenoid substances are
•

high absorption within the UV/VIS-spectrum

•

fluorescence emission within the blue to green spectral range

•

low ISC (intersystem crossing) transition rate from the S1 singlet excited state to
the T1 triplet excited state

•

high fluorescence quantum yield

Stilbene and its derivatives find application as
•

tracer substances in geohydrological investigations

•

laser dyes

•

biological stains (Darken 1961)

•

optical brighteners

(E)-stilbene

(Z)-stilbene

Figure 36: (E)-stilbene and (Z)-stilbene
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In nature several stilbenoid substances occur as phytoalexins. Phytoalexins are defence
compounds which are synthesized by plants in response to pathogen attacks or abiotic
stresses like UV-irradiation or mechanical injury. They show antimicrobial activity.
Examples are resveratrol (3,5,4’-trihydroxy stilbene), pterostilbene (3,5-dimethoxy-4’hydroxy stilbene) and ε-viniferin, which can be found in grapevines (Vitis vinifera) and
ground-nuts (Arachis hypogaea) (Langcake and Pryce 1977, Langcake et al. 1979).

OH

OH

MeO

HO

OMe

OH

Figure 37: Resveratrol (left), Pterostilbene (right)

In this work, for the production of blue emitting diatom cell walls, a blue fluorescent
stilbene derivative was investigated for in vivo-fluorochromation of diatom cell walls. As
suitable candidate for this purpose the water soluble laser dye Stilbene 3 (2,2’-([1,1’biphenyl]-4,4’-diyldi-2,1-ethendiyl)-bis-benzene sulfonic acid disodium salt) was tested.
Stilbene 3 shows absorption in the UV-range with an absorption maximum around 350 nm
(depending on the solvent) (Brackmann 2000).

NaOO2S

SO2ONa

Figure 38: Stilbene 3
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3

EXPERIMENTAL

3.1 Organisms
Small starter samples of pure cultures of the marine diatoms Coscinodiscus granii and
Coscinodiscus wailesii were obtained from Prof. Dr. Manfred Sumper, University of
Regensburg, Germany. Other tested diatoms, as well as testate amoeba, were collected
from a natural lentic freshwater habitat in Kassel, Germany.

3.2 Cultivation
3.2.1

Seawater Medium for marine Diatoms

Due to the fact that the diatoms C.granii and C.wailesii showed an incompatibility to full
artificial culture medium (ESAW/HESNW Culture Medium of the CCCM, Canadian
Centre for the Culture of Microorganisms) in preliminary trials, a semi-artificial medium
was prepared, in which the diatom cells started to prosper. Basis of this medium was dried
natural seawater salt from the Red Sea: “Coral Reef Red Sea Salt”, Red Sea fish pHarm
Ltd., Eilat, Israel. This salt seems to contain specific not identified substances which are
essential for diatom growth. 37.03 g Red Sea Salt per L water were dissolved. The solution
was enriched by the addition of a small amount (covering the tip of a spatula) of Na-EDTA
(Sodium-EDTA-dihydrate, Merck-Schuchardt, Germany) and the below mentioned
nutrient solutions. The density of the medium was measured by a precision aerometer (for
saltwater, JBL GmbH & Co. KG, Germany) with a precision of +/- 0.0005 and adjusted to
a target value of 1.023 by the addition of deionised water. After the addition of all
additives (except of the vitamin solution!) the pH of the medium was adjusted to 8.2 prior
to autoclaving at 121°C for 20 min. The vitamin solution was added after autoclaving to
prevent destruction of the vitamins by impact of heat. Precipitation in the medium, caused
by autoclaving, was filtered off. Finally the pH of the medium was controlled and
readjusted to 8.2 +/- 0.05 by the addition of hydrochloric acid or sodium hydroxide. The
nitrate (10 mg/L) and phosphate (2.5 mg/L) concentrations of the medium were controlled
by nitrate test sticks (10-500 mg/L NO3-, Merckoquant) and phosphate test kit (0.25-3
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mg/L PO43-, Aquamerck phosphate test kit for fresh- and seawater). The refractive index of
the medium was 1.34.

Nutrient

Nitrate

Substance / Formula

Sodium nitrate

p.a. (pro analysis)

NaNO3

Merck, Germany

di-sodium hydro-

Phosphate

phosphate-12-hydrate
Na2HPO4 * 12 H2O
Sodium selenite-

Selen

pentahydrate
Na2SeO3 * 5 H2O

Silicate

Sodium trisilicate
Na2O * 3 SiO2
Biotine

Vitamins

Notes / Production &
Sale

Thiamin hydrochloride
Vitamin B12 (cobalamin)

Concentration
stock solution

Volume
added to the
medium

46.7 g/L

1000 µL

p.a. (pro analysis)
Merck, Germany

p.a. (pro analysis)
Merck, Germany
pure
Fluka AG, CH
D-(+)-Biotin 98+%
Lancaster Synthesis GB
Sigma-Aldrich, Germany
98+%
Lancaster Synthesis, GB

7.8 g/L

1000 µL

0.24 mg/L

1000 µL

12.8 g/L

2000 µL

1.2 mg/L
100 mg/L

2000 µL

2.4 mg/L

Table 2: Stock solutions for Diatom Seawater Medium

3.2.2

Culture conditions

Marine Diatoms
The diatoms Coscinodiscus granii and Coscinodiscus wailesii were cultivated in batchculture (growth in a closed system). In regular intervals diatoms were sub cultivated from a
stock culture. The stock culture was kept in small BD Falcon Cell Culture Flasks
(Standard TC (Tissue Culture), Surface: 25 cm2, Total Volume: 50 mL, Canted Neck) and
transferred to fresh sea water medium once a week. All non-stock cultures were kept in
Fernbach flasks (Duran, Schott, Germany) or large BD Falcon Cell Culture Flasks, both
with a large ground area and a medium volume of 250 mL. Fernbach flasks were covered
by aluminium foil. A consistent gas exchange in cell culture flasks was provided by the use
of vented caps with a 0.2 µm hydrophobic membrane. Exchange of culture medium was
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performed in regular intervals by removal of ½ of the culture medium and restocking with
fresh culture medium. The exchange was combined with microscopical control to
determine the status, the vitality and morphology of the diatom cells. To keep the cells
under natural conditions, it was desirable to utilize solar light energy. Therefore the
cultures were initially kept in natural non-intense sunlight at a temperature of 20°C. These
conditions were suitable for a moderate growth rate to ensure the production of an
adequate amount of diatom cells on the one hand and to prevent strong size reduction of
the cells during cultivation on the other hand. Because of technical reasons the cultures
were later transferred to the Cool-Incubator Sanyo MIR 153 (Ewald Innovationstechnik
GmbH, Germany, Volume 126 L, integrated clock timer, Light source: Osram 15-W25).
The cultures were constantly kept at a temperature of 20°C +/- 1 °C. The day-night-cycle
was adapted to the respective season.

Season

Month

L:D

Winter
Spring
Summer
Autumn

December - February
March - May
June - August
September - November

10:14
12:12
14:10
12:12

Table 3: Light-Dark-cycles (L = light, D = dark)

Freshwater Diatoms / Testate Amoeba

Natural freshwater diatom community samples, including testate amoeba, were kept in
freshwater of their original habitat and cultivated under non-intense solar illumination, a
natural L:D cycle of 16:8 h and a temperature of 25°C. This cultivation conditions
resembled the conditions of the natural habitat.
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3.3 In vivo-Fluorochromation of diatom cells
3.3.1

Commercially available fluorescent dyes

LysoSensor™ Yellow/Blue DND-160
Molecular structure

Molecular weight
366.4

N
N

CH2CONH (CH2)2

O
O

N(CH3)2

Formula
C20 H22 N4 O3
Note
1 mM solution in DMSO
S: 23, 26, 36

Other names
PDMPO
N-[2-(dimethylamino)ethyl]-2-[4-[5-(4-pyridinyl)-2-oxazolyl]phenoxy]-acetamide
Production/Sale
Molecular Probes Europe BV
PoortBebouw
Rijnsburgerweg 10
2333 AA Leiden, Netherlands
www.probes.com

Rhodamine 110
Molecular structure

Molecular weight
366.8
COOH

H2N

+
NH2

O
Cl

Formula
C20 H14 N2 O3 * HCl
Note
S: 22-24/25

-

Other names
Rhodamine 560
Rhodamine N
3,6-diamino-9-(2-carboxyphenyl)-xanthylium chloride
[6-Amino-9-(2-carboxyphenyl)-3H-xanthen-3-ylidene]-immonium chloride
o-(6-Amino-3-imino-3H-xanthen-9-yl)-benzoic acid
Production/Sale
Fluka Chemie GmbH
9471 Buchs, Switzerland
www.sigma-aldrich.com

59

Experimental

Rhodamine 123
Molecular structure

Molecular weight
380.8
COOCH3

H2N

+
NH2

O
Cl

Formula
C21 H16 N2 O3 * HCl
Note
S: 22-24/25

-

Other names
3,6-Diamino-9-[2-(methoxycarbonyl)phenyl]-xanthylium chloride
[6-Amino-9-(2-methoxycarbonylphenyl)-3H-xanthen-3-ylidene]-immonium chloride
Production/Sale
Sigma-Aldrich Chemie GmbH
P.O.1120, 89552 Steinheim, Germany
www.sigma-aldrich.com

Rhodamine 19
Molecular structure

Molecular weight
514.9
COOH

H3C

CH3

HN

+
NH

O
CH3

ClO4

Formula
C26 H26 N2 O3 * HClO4
Note
S: 22-24/25

CH3

Other names
Rhodamine 575
9-(2-Carboxyphenyl)-3,6-bis(ethylamino)-2,7-dimethyl-xanthylium perchlorate
[9-(2-Carboxyphenyl)-2,7-dimethyl-6-ethylamino-3H-xanthen-3-ylidene]-ethylimmonium
perchlorate
2-[6-(Ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-yl] perchlorate
Production/Sale
Prof. Dr. K.H. Drexhage (em),
University of Siegen, FB 8
Adolf Reichwein-Str.
57068 Siegen, Germany
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Rhodamine 6G
Molecular structure

Molecular weight
479.0
COOCH2CH3

H3C

CH3

HN

+
NH

O
CH3

Cl

-

CH3

Formula
C28 H30 N2 O3 * HCl
Note
C.I. 45160
R: 40 (Limited evidence of
carcinogenic effect)
S:36/37/39-45

Other names
Rhodamine 590
9-[2-(ethoxycarbonyl)phenyl]-3,6-bis(ethylamino)-2,7-dimethyl-xanthylium chloride
[2,7-Dimethyl-9-(2-ethoxycarbonylphenyl)-6-ethylamino-3H-xanthen-3ylidene]ethylimmonium chloride
2-[6-(ethylamino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-yl]-ethylester monohydrochloride
Production/Sale
Sigma-Aldrich Chemie GmbH
P.O.1120, 89552 Steinheim, Germany
www.sigma-aldrich.com

Rhodamine B
Molecular structure

Molecular weight
479.0
Formula
C28 H30 N2 O3 * HCl

COOH
CH3

CH3
O

N
CH3

Cl -

N+

Note
C.I. 45170
S: 22-24/25

CH3

Other names
Rhodamine O
Rhodamine S
Rhodamine 610
9-(2-Carboxyphenyl)-3,6-bis(diethylamino)-xanthylium chloride
[9-(2-Carboxyphenyl)-6-diethylamino-3H-xanthen-3-ylidene]-diethyl ammonium chloride
2-[6-(Diethylamino)-3-(diethylimino)-3H-xanthen-9-yl] benzoic acid
Production/Sale
Merck
Darmstadt, Germany
www.merck.de
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Rhodamine 3B
Molecular structure

Molecular weight
570.7
COOCH2CH3
CH3

CH3
O

N

N
+

ClO4-

CH3

Formula
C30 H34 N2 O3 * HClO4
Note
-

CH3

Other names
Ethylrhodamine B
3,6-bis(diethylamino)-9-[2-(ethoxycarbonyl)phenyl]-xanthylium perchlorate
9-(2-ethoxycarbonyl)-phenyl-3,6-bis(diethylamino)-xanthylium perchlorate
[6-Diethylamino-9-(2-ethoxycarbonylphenyl)-3H-xanthen-3-ylidene]-diethyl ammonium
perchlorate
Production/Sale
Prof. Dr. K.H. Drexhage (em),
University of Siegen, FB 8
Adolf Reichwein-Str.
57068 Siegen, Germany

Rhodamine B Amine
Molecular structure

Molecular weight
457.6

NH2(H)

Formula
C28 H31 N2 O3

(NH2)H
COOCH3

CH3
O

N
CH3

N
+
CH3

Note
Mixed isomers:
2-([(6-Diethylamino-xanthen-3-yliden )diethylammonio]-9-yl)-4-aminophenylcarboxylate
and
2-([(6-Diethylamino-xanthen-3-yliden )diethylammonio]-9-yl)-5-aminophenylcarboxylate

Other names
3,6-bis(diethylamino)-9-[2-(ethoxycarbonyl)phenyl]-xanthylium perchlorate
[6-Diethylamino-9-(2-ethoxycarbonylphenyl)-3H-xanthen-3-ylidene]-diethyl ammonium
perchlorate
Production/Sale
Sigma-Aldrich Chemie GmbH
P.O.1120, 89552 Steinheim, Germany
www.sigma-aldrich.com
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Rhodamine 101
Molecular structure

Molecular weight
488.6
Formula
C32 H28 N2 O3

COO

N

O

N
+

Note
S: 22-24/25

Other names
Rhodamine 640
9-(2,3,6,7,12,13,16,17-Octahydro-1H,5H,11H,15H-xantheno-[2,3,4-ij:5,6,7-I’j’]-diquinolizin18-io)-2-phenylcarboxylate
8-(2-Carboxyphenyl)-2,3,5,6,11,12,14,15-octahydro-1H,4H,10H,13H-diquinolizino[9,9a,1bc:9’,9a’,1-hi]xanthylium
Production/Sale
Fluka Chemie GmbH
9471 Buchs, Switzerland
www.sigma-aldrich.com

Stilbene 3
Molecular structure

Molecular weight
562.6
NaOO2S

Formula
C28 H22 O6 S2 * 2 Na

SO2ONa

Note
LC 4200
CAS 27344-41-8

Other names
Stilbene 420
2,2'-([1,1'-Biphenyl]-4,4'-diyldi-2,1-ethenediyl)bis-benzenesulfonic acid disodium salt
Production/Sale
Radiant Dyes Laser & Accessories GmbH
Friedrichstr. 58
42929 Wermelskirchen, Germany
www.radiant-dyes.com
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Phenoxazone 9
Molecular structure

Molecular weight
318.4
Formula
C20 H18 N2 O2

N
O

O

N(C2H5)2

Note
LC 6750
CAS 7385-67-3

Other names
Nile Blue A-Oxazone, Nile red
9-Diethylamino-5H-benzo(a)phenoxazin-5one
Production/Sale
Radiant Dyes Laser & Accessories GmbH
Friedrichstr. 58
42929 Wermelskirchen, Germany
www.radiant-dyes.com

Nile Blue A
Molecular structure

Molecular weight
417.85
Formula
C20 H20 N3 O5 Cl

N
+
NH2

O

N(C2H5)2

Note
LC 6900
CAS 53340-16-2

Other names
Production/Sale
Fluka Chemie GmbH
9471 Buchs, Switzerland
www.sigma-aldrich.com
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3.3.2

Synthesis of rhodamine methyl- and ethyl ester derivatives

To complete in vivo-fluorochromation investigations concerning the dependency of
incorporation success and molecular structure of the rhodamine, the following dyes were
synthesized according the experimental description of the synthesis of rhodamine ester
derivatives published by Ramos et al. (Ramos et al. 2000). For a better overview, the
synthesized substances were named after the corresponding carbonic acid form of the
rhodamine:
R6

R7
R1
R2

R2
R3

O

N
R4

R5

R5

R3

N
R4

X

Dye

R1

R2

R3

R4

R5

R6

R7

-H

-H

-H

-H

-H

Counter
ion XCl

Rhodamine 110

-COOH

-H

Rhodamine 110-E

-COOEt

-H

-H

-H

-H

-H

-H

ClO4

Rhodamine 19

-COOH

-Me

-H

-Et

-H

-H

-H

ClO4

Rhodamine 19-M

-COOMe

-Me

-H

-Et

-H

-H

-H

ClO4

Rhodamine B

-COOH

-H

-Et

-Et

-H

-H

-H

Cl

Rhodamine B-M

-COOMe

-H

-Et

-Et

-H

-H

-H

ClO4

Rhodamine 101

-COOH

-(CH2)3-

-(CH2)3-

-H

-H

-

Rhodamine 101-M

-COOMe

-(CH2)3-

-(CH2)3-

-H

-H

ClO4

Rhodamine 101-E

-COOEt

-(CH2)3-

-(CH2)3-

-H

-H

ClO4

Table 4: Synthesized rhodamine esters (bolt) and their corresponding carbonic acid from;
Table according to Ramos et al. 2000

COOCH3

COOH
CH3

H3 C

+
HN

O
CH3

ClO4

NH
+
CH3

H3C OH

∆
<H+>

CH3

H3C
HN

O
CH3

ClO4

NH
+
CH3

Figure 39: Example for a rhodamine esterification: Esterification of R19 to R19-M
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Synthesis

For esterification the starting rhodamine (carbon acid form) was dissolved in a small
volume of alcoholic solution. For the synthesis of rhodamine methyl esters, the alcohol
solution contained methanol and 3% of sulphuric acid. For the synthesis of rhodamine
ethyl esters ethanol was used instead of methanol. The solution was heated with stirring at
50 °C for several days (depending on the rhodamine acid form used). After the conversion
to the ester, the solution was concentrated. Conversion to perchlorate salts was achieved by
the addition of an excess of a 14% aqueous solution of sodium perchlorate. Precipitated
rhodamine ester perchlorate salts were filtered off with a Hirsch-Trichter and dried in a
vacuum drying cupboard (for 1/2–1 d). Rhodamine 101-E was observed to form a resinlike precipitation.
The purity of the dye samples was checked by thin-layer chromatography.

Thin-layer chromatography

Progress of the conversion was monitored by thin-layer chromatography, as also described
by Ramos et al. (Ramos et al. 2000). TLC was performed on TLC aluminium sheets (covered
with a 0.2 mm layer of silica gel (Alugram® SIL G/UV254, Macherey-Nagel, Germany))
with the eluent n-butanol-water-ethanol (9:3:1) acidified with 1% acetic acid (100% p.a.).
The esterification was stopped if the band of the starter rhodamine had vanished and only
the characteristic ester bands remained.

Fluorescence spectroscopy See below “3.5.1.2. Fluorescence spectroscopy”
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Rhodamine 110-ethyl ester (R110-E)
Molecular structure

Calculated molecular weight
458.9
COOCH2CH3

O

H2N

+
NH2

Formula
C22 H18 N2 O3 * HClO4
Note
-

ClO-4

Other names
[6-Amino-9-(2-ethoxycarbonylphenyl)-3H-xanthen-3-ylidene]-immonium chloride

Rhodamine 19-methyl ester (R19-M)
Molecular structure

Calculated molecular weight
529.0
COOCH3
CH3

H3C
HN

O
CH3

Note
-

NH
+

ClO4

Formula
C27 H28 N2 O3 * HClO4

CH3

Other names
[2,7-Dimethyl-6-ethylamino-9-(2-methoxycarbonylphenyl)-3H-xanthen-3-ylidene]ethylimmonium perchlorate

Rhodamine B-methyl ester (RB-M)
Molecular structure

Calculated molecular weight
557.0
Formula
C29 H32 N2 O3 * HClO4

COOCH3
CH3

CH3
N

O
CH3

ClO4

+
N

Note
-

CH3

Other names
[6-Diethylamino-9-(2-methoxycarbonylphenyl)-3H-xanthen-3-ylidene]-diethylammonium
perchlorate
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Rhodamine 101-methyl ester (R101-M)
Molecular structure

Calculated molecular weight
603.1
COOCH3

N

O

N+

Formula
C33 H30 N2 O3 * HClO4
Note
-

ClO4

Other names
9-(2-methoxyphenyl)-(2,3,6,7,12,13,16,17-Octahydro-1H,5H,11H,15H-xantheno-[2,3,4ij:5,6,7-I’j’]-diquinolizin-18-ium perchlorate

Rhodamine 101-ethyl ester (R101-E)
Molecular structure

Calculated molecular weight
617.1
COOCH2CH3

N

O

N+

Formula
C34 H32 N2 O3 * HClO4
Note
-

ClO4

Other names
9-(2-ethoxyphenyl)-(2,3,6,7,12,13,16,17-Octahydro-1H,5H,11H,15H-xantheno-[2,3,4-ij:5,6,7I’j’]-diquinolizin-18-ium perchlorate

3.3.3

Dye solutions

All of the tested laser dyes were obtained in solid form, except of the commercially
available LysoSensor™ Yellow/Blue DND-160 (Molecular Probes Europe BV), which
was only available in form of a 1 mM solution in DMSO (Dimethyl sulfoxide). Therefore
all tested laser dyes were dissolved in DMSO as standard solvent to prevent from solventdependent effects. Stock solutions of 10 mM concentration were prepared and diluted to a
concentration of 1 mM.
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3.3.4

Cultivation conditions/ Applied dye concentrations

Coscinodiscus granii and Coscinodiscus wailesii

Cell cultures used for in-vivo-fluorochromation studies were kept under the above
mentioned culture conditions but experienced no exchange of culture medium during the
staining procedure. They were kept in small cell culture flasks (BD Bioscience Falcon Cell
Culture Flasks Standard TC, 25 cm2, 50 ml volume, canted neck, vented plug seal). Tests
were done with a standard final dye concentration of 1 µM. Prior addition of the cells, the
pH of the dye containing medium was controlled. In case of successful staining processes
the culture volume of the following staining procedures was up scaled to increase the
amount of attained fluorescing cell wall material. Cells were then cultivated in 1.8 L
Fernbach culture flasks with a large ground area. To investigate the impact of an increased
dye concentration on the vitality of the diatom cells and on the fluorescence intensity of the
cell walls, R19 was tested at the following final concentrations: 1, 2, 4, 6, 8 µM. To avoid
an increase in supplied DMSO, the volume of added dye solution was kept constant for all
culture samples. The DMSO concentration in all samples was 1 µM.

Natural diatom community and testate amoebae

Natural diatom community samples were taken at two different climatic conditions: the
first set of samples was taken at an outdoor temperature of around 25°C, the second at an
outdoor temperature of around 30°C. Next to diatoms and other small freshwater
organisms, the second set of samples contained testate amoeba. The organisms were not
separated from each other. The samples were kept in the same species composition as was
the case to the time of sampling. The in vivo-fluorochromation tests were performed
immediately after sampling and aliquots of the field samples were supplied with:

Diatoms:

R110, R19, RB, or R101

Testate amoeba:

R19 or R101
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Parts of the original samples were kept as controls. Cells were cultivated at cultivation
conditions resembling the conditions within their natural habitat: a constant temperature of
25°C or 30°C respectively, natural sunlight and a natural L:D-cycle of approximately
16:8 hours.

3.4 Isolation of the diatom cell wall
3.4.1

Sonification

Sonification was used to separate non-isolated cell walls from the rest of the diatom cell.
Cell wall material is obtained that still contains the organic matrix as well as the organic
cell wall covers. Cells were harvested and washed twice with deionised water. Samples
were transferred to 1.5 mL Eppendorf cups and treated with ultrasound in an ultrasonic
bath (Bandelin Sonorex Super RK514BH) for 2 minutes. After sedimentation of the cell
wall fragments the supernatant was removed and fragments washed in deionised water for
several times until the surrounding solution became clear and colourless.

3.4.2

Hot SDS-EDTA-treatment

Hot SDS-EDTA-treatment was used to remove the majority of the organic components of
the diatom cell wall (except of tightly bound cell wall proteins like silaffins).
Cells were harvested and rinsed two times in deionised water. The isolation medium was
prepared of 0.1M Na-EDTA (sodium-EDTA-dihydrate) and 2 % SDS (sodium dodecyl
sulphate) in water. Hot isolation medium was added to the cells and the sample was boiled
at 100°C until the solution was of intense coloration. After sedimentation of the cell wall
material, the isolation medium was exchanged and the cell walls were boiled at 100°C for
several hours. Isolated cell walls were rinsed in water until the solution was clear and no
foam remained on the surface.
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3.5 Optical characterization
3.5.1

Absorption- and Fluorescence Spectroscopy

UV/VIS-Spectroscopy

Absorption spectra of the fluorescence dyes in solution were recorded by using a PerkinElmer Lambda 900 UV/Vis Spectrophotometer and corresponding software.

Fluorescence spectroscopy

Fluorescence emission spectra were recorded by Hitachi F-4500 Fluorescence
Spectrophotometer and corresponding software. Dye solutions with a final dye
concentration of 0.01 µM were measured in high-precision quartz cuvettes (d = 10 mm,
Hellma, Germany) at roomtemperature. All dye samples were prepared from a initial
corresponding rhodamine stock solution.

3.5.2

Optical Microscopy

Light microscopy was performed with a Leica LMDM (Leica Microsystems).
•

•

Objectives:
HC PL Fluotar 10x, NA 0.30, BD

PL Fluotar L 20x, NA 0.40, BD

PL Fluotar L 50x, NA 0.55, BD

PL APO 100x, NA 0.90, BD

Filter blocks:
H3-filter block for violet-blue excitation:

BP420-490, DM510, LP515

(Note: BP= band pass excitation filter; DM = Dichromatic mirror; LP = long pass filter;
Numbers = wavelength(s) in nm)

•

Camera:
Nikon Coolpix E995 (3.34 Mega Pixel)
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3.5.3

Fluorescence Microscopy

To investigate living diatoms (or other organisms like testate amoeba) by fluorescence
microscopy, cells were washed in fresh Red Sea Medium or freshwater, depending on the
species, and transferred to multiwell plates (6-well). These plates proved to be suitable for
an observation of large living diatom cells due to their relatively high volumetric capacity
which prevents a concentration of the culture medium due to evaporation during long term
observations.
Light microscopy as well as fluorescence microscopy was performed using an
Olympus IX 70 + IX-FLA Epifluorescence microscope equipped with an U-RFL-T light
source (mercury lamp).
•

Objectives (Olympus):
Objective CPlanFl 10x, NA 0.30, PhC, ∞ / 1
Objective LCPlanFl 20x, NA 0.40, Ph1, ∞ / Cap-P 1.1 +/- 0.5
Objective LCAch 40x, NA 0.55, Ph2, ∞ / 1

•

Olympus Fluorescence Mirror Units:
U-MWU2 Filter module for Ultraviolet excitation:

BP330-385, DM400, BA420

U-MNB2 Filter module for Blue excitation:

BP470-490, DM500, BA520IF

U-MNG2 Filter module for Green excitation:

BP530-550, DM570, BA590

(Note: BP= band pass excitation filter; DM = Dichromatic mirror; BA = barrier filter;
numbers = wavelength in nm)

•

Camera:
CCD-Camera Colour View 12 (Soft Imaging System GmbH Germany)
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3.5.4

Measurement of the fluorescence emission of isolated diatom cell walls:
(stained and unstained), within intact cell walls and/or living diatom cells

University of Kassel

Measurement of the fluorescence emission of isolated diatom cell walls as a bulk was
performed via an Ocean Optics S2000 Fibre optic spectrometer (Ocean Optics, Inc., USA;
grating 660 lines blazed at 400 nm, bandwidth 200-850 nm, L2 Lens, UV2, 25 µm slit,
OFLV Detector). The samples were excited by a MSG 800 nitrogen laser (LT Berlin,
class 3 B laser, pulse duration ≤ 500 ps, max average power 12 mW) with an excitation
wavelength of 337 nm. Fluorescence spectra were obtained in air within a dark
environment.

To measure the fluorescence emission within single diatom shells, small shell areas and
single living diatom cells, the following measurement setup was developed. The above
mentioned fibre optic spectrometer was connected to the also above mentioned
epifluorescence microscope (Olympus IX 70 + IX-FLA) via an adaptor at the mirror reflex
camera plug of the microscope. Adaptor and fibre spectrometer were connected by an
Avantes FC-UV200-2 SR optical fibre. The adapter was fabricated by the “Mechanische
und Feinmechanische Werkstatt der Universität Kassel”.
Measurements were done within a dark environment. As a general rule, cells or cell walls
measured were adjusted with the valvar centre of the diatom frustule to the ocular centre of
the microscope. If other adjustments were performed it is explicit mentioned in the
presentation of the results. For fluorescence measurement the following filter modules
were used:

Dye
LysoSensorTM Yellow/Blue DND-160
Rhodamine 110
Rhodamine 123
Rhodamine 19
Rhodamine 6G
Rhodamine B
Rhodamine B Amine
Rhodamine 101

Filter modules
Olympus U-MWU2 Filter module for
ultraviolet excitation
(BP330-385, DM400, BA420)
Olympus U-MNB2 Filter module for
blue excitation
(BP470-490, DM500, BA520IF)
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Max Planck Institute of Microstructure Physics

Four fluorescence spectra of non-stained and in vivo-fluorochromated isolated diatom cell
walls were obtained during a short visit at the Max Planck Institute of Microstructure
Physics, Halle, Germany, Department 2, Research Area Silicon Photonics, as a guest of
Dr. Stefan Richter. Excitation: 325 nm, Barrier filter: 395 nm, Detection range 375-800 nm

3.5.5

Confocal Laser Scanning Microscopy (CLSM)

CLSM-(Confocal Laser Scanning Microscope)-investigations were done at the Department
of Cell Biology, Prof. Dr. M. Maniak with a Leica TCS SP (Leica Microsystem GmbH).
Excitation laser and other CLSM-parameters were selected according to the absorption and
emission spectra of the applied dye in DMSO. Prior to microscopical investigation cells
were rinsed in fresh sea water medium to minimize the fluorescence background.

Dye

Excitation at

Detection range

458 nm

468-588 nm

Rhodamine 123

488 nm

493-538 nm

Rhodamine 19

488 nm

501-532 nm

Rhodamine B

543 nm

555-600 nm

Rhodamine B-Amine

543 nm

555-600 nm

Rhodamine 101

543 nm

586-623 nm

LysoSensor

TM

Yellow/Blue DND-160

Objectives: PL Apo 100.0 x 1.40 Oil UV, HCX PL Apo 40.0 x 1.25 Oil PH3 UV

3.5.6

Scanning electron microscopy (SEM)

Samples of isolated diatom cell walls were transferred to aluminium specimen stubs
covered with conductive labels and coated with platinum (Sputter Coater). Scanning
electron microscopy investigations were performed with a Hitachi S-4000 SEM at an
accelerating voltage of 10 kV.
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4

RESULTS AND DISCUSSION

4.1 In vivo-fluorochromation of diatom cells
Aim of this work was the integration of several laser dyes into the diatom cell wall to
produce light emitting photonic crystal structures. These structures should be the basis for
a further investigation of the optical characteristics of the diatom cell wall, especially the
photonic crystal behaviour of the cell wall structures. To cover the whole spectral range
several laser dyes were tested, due to the fact that the exact positions of the calculated band
gaps are uncertain.
To investigate the impact of the photonic structure of the diatom cell wall on the emission
of an integrated fluorescence dye, the applied dye has to be equally distributed within the
nanostructural elements. To achieve a broad spectrum of fluorescent cell wall material with
emission maxima within the visible spectral range, the staining method “in vivofluorochromation” was applied. In vivo-fluorochromation is the staining of certain
structures within a living organism or cell by the use of a fluorescent marker.

Most common laser dyes cannot be expected to be applicable for this method. Major
requirement that excludes the majority of laser dyes is a moderate to high water solubility.
Other laser dyes showed to be biological critical and lead to lethal effects in living
organisms even if applied in low concentrations. In this work several laser dyes, especially
rhodamines, were tested for in vivo-fluorochromation of diatom cell walls. In vivofluorochromation of diatom cell walls is a very efficient method to make the formation of
the transparent diatom cell wall directly visible. It enables the investigation of the diatom
cell wall formation within living diatom cells.

In this work in vivo-fluorochromation studies started with the above mentioned
biomineralization marker, R123 and LysoSensorTM Yellow/Blue DND-160 (Molecular
Probes), which acted as reference substances to control the staining procedure. At a
standard concentration of 1 µM (standard concentration for all dyes tested in the present
work) they do not lead to an alteration of the diatom cell morphology. If changes in the
morphology of the diatom cells occur, it is an indication for a disturbed vitality of the cell
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culture, for example due to a change in quality of the culture conditions (lack of nutrients,
altered pH or density, unfavourable temperature and/or light conditions).
To investigate the whole process of cell wall formation in diatoms by in vivofluorochromation, an exposure time of several hours to days (depending on the growth
conditions) is needed. In this work the maximum exposure time tested was eight weeks.
Findings of such long term exposures give information about the biological compatibility
of the tested dyes. In the above mentioned staining procedures found in literature, the
exposure time was restricted to a maximum of 30 minutes. For biomineralization studies
the exposure time has to be extended so that the cells can undergo a minimum of one
division cycle to achieve fluorescent frustule halves. A “vital stain” is a stain which finds
application at living cells, but this term does not necessarily imply that the cells do not
receive damage during prolonged exposure. Some stains mentioned to be vital stains in
literature are not at all suitable candidates for an in vivo-fluorochromation of diatom cells
or other developmental studies, due to the fact that the cells do not survive even low
concentrations over an exposure time of several minutes to hours.
In principle, tests were done with non-synchronized cultures of the marine diatom species
Coscinodiscus granii and Coscinodiscus wailesii. Further tests were extended to other
diatom species from different orders to scan the universal validity of the test results. If a
laser dye can be applied to all diatoms regardless of their taxonomic position, fluorescent
nanostructures of a diversity of 100 000 estimated diatom species might be possible to
achieve.

76

Results and Discussion

4.1.1

As

Biomineralization marker: Rhodamine 123 and LysoSensorTM Yellow/Blue
DND-160
expected,

the

biomineralization

marker

LysoSensorTM Yellow/Blue DND-160

(PDMPO) and Rhodamine 123 (R123) were successfully incorporated into the diatom cell
wall. This can be illustrated by the following pictures obtained during CLSM
investigations of living diatom cells. In some pictures the natural chlorophyll fluorescence
was optically faded out.

Figure 40: Coscinodicus granii, Rhodamine 123, CLSM, valve surface
right: rhodamine 123 fluorescence (green),
left: R123 fluorescence (green) plus chlorophyll fluorescence (red) of the chloroplasts

Figure 41, 42 and 43: Coscinodiscus granii, LysoSensorTM Yellow/Blue-DND 160, CLSM, valve surface
right, middle: LysoSensorTM Yellow/Blue-DND 160 fluorescence (green),
left: LysoSensorTM Yellow/Blue-DND 160 fluorescence (green) plus chlorophyll fluorescence (red)

77

Results and Discussion

Figure Series 44: Coscinodiscus granii, LysoSensorTM Yellow/Blue-DND 160, CLSM
Series of optical cuts through the valve (valve surface to valve edge),
LysoSensorTM Yellow/Blue-DND 160 fluorescence (green),
Chlorophyll fluorescence (red) of the chloroplasts,
Several rimoportulae visible near the valve edge
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4.1.2

Rhodamines

Properties like the high water solubility, chemical stability, low photobleaching rate and
the high quantum yields of rhodamines were arguments to test several other rhodamines
next to rhodamine 123 for an in vivo-fluorochromation of diatom cell walls. In a first
section, the following commercially available rhodamines were tested at non-synchronized
cultures of the marine diatom species C. granii and C. wailesii:
•

Rhodamine 110

(R110)

•

Rhodamine 19

(R19)

•

Rhodamine 6G

(R6G)

•

Rhodamine B

(RB)

•

Rhodamine 3B

(R3B)

•

Rhodamine B Amine

(RBA)

•

Rhodamine 101

(R101)

Due to the fact that the cultures were not synchronized (e.g. synchronization by the means
of silicon starvation), cells in different stages of the cell cycle were existent, but
predominantly in interphase (nucleus near the valve centre of the epivalve).
Microscopical analysis of the diatom cells showed that incubation with the majority of the
above mentioned rhodamine dyes did not lead to visible morphological alterations of the
cell morphology. A short time after start of the incubation, numerous fluorescent bodies
were found spread all over the protoplast. They were predominantly accumulated near the
cell nucleus. Depending on the physiological status and stage of the cell cycle, incubation
led to fluorescent cell wall parts within 1-3 days. For the large diatom species C. granii and
C. wailesii even the smallest cell wall ornamentations were clearly visible in CLSM- or
FM-investigations. Dense cell wall structures (e.g. the valve centre, LPs), that consist of a
high amount of silica per area, showed a more intense fluorescence than comparably
structures with lower silica content per area (e.g. areolate valve structure). No
morphological aberrations of the cell wall structure were observable.
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Figure 45: Diatom division cycle & in vivo-fluorochromation of diatom cells
1.
2.
3.

uptake of silica precursors and fluorescence dye
formation of the new hypothecae
separation of the daughter cells

In general biomineralization marker stain the diatom frustule by being incorporated during
cell wall formation. As long as the diatom cells do not perform any step in cell wall
formation, no fluorescence of cell wall parts will be visible. For cells which performed
only one division cycle within the fluorescence medium, the in vivo-fluorochromation
allows to clearly determine frustule parts deriving from the mother cell and new
synthesized structural elements. Frustule parts which were built prior to cell division lack
fluorescence, whereas those synthesized during or after cell division show bright
fluorescence emission. Is for example the fluorescence dye added to the medium after
formation of the new thecae and separation of the daughter cells, the formation of the last
girdle band prior to the next cell division cycle can be visualised.
If in vivo-fluorochromated cells are washed in dye-free medium most of the fluorescence
of the cell is lost. Some structures retain the rhodamine dyes longer than others, but a very
tight bonding of the dye exists only at/in the cell walls. After isolation of the cell walls
from the living cell they still show a bright fluorescence. Bound to the cell wall,
fluorescence dyes overcome even isolation procedures that involve heat and chemical
attacks. The following section comprises detailed information concerning the in vivofluorochromation results of the tested rhodamines.
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Rhodamine 110
No evidence of an application of rhodamine 110 to diatoms could be found in literature.
At the beginning of the staining procedure the cytoplasm and small bodies accumulated
near the core area (are assigned to be mitochondria) became fluorescent. Whereas the
cytoplasm showed a slight diffuse fluorescence, the small bodies exhibited an intense
fluorescence. Configuration of the protoplast and distribution of the chloroplasts were of
normal appearance. Even after an incubation time of 8 weeks, cells were vital and capable
of division, leading to fluorescent cell walls.

Figure Series 46: C. granii and C. wailesii, FM, in vivo-stained with R110 (green)
a) Upper left: C. granii in valve view, fluorescent bodies around the nucleus
b) Upper right: C. wailesii, two daughter cells prior separation, girdle view,
fluorescent hypothecae and non-fluorescent epithecae
c) Lower left: C. wailesii, in valve view, fluorescent valve
d) Lower right: C. wailesii, in girdle view, fluorescent hypotheca (valve plus 3 girdle
bands) and non-fluorescent epitheca, cell incubated in R110 for 8 weeks.
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Rhodamine 19
Similar to rhodamine 110, evidence of an application of rhodamine 19 to diatoms could not
be found in literature. R19 showed a strong green fluorescence within the diatom cells. In
unwashed cells a huge amount of fluorescent bodies were found mostly accumulated near
the nucleus beneath the epivalve. In general, the cytoplasm near the hypovalve exhibited a
lower concentration of fluorescent bodies. All new formed parts of the cell wall showed a
strong green fluorescence, as is illustrated by the pictures below. Structural features like
the LPs, apertures, areolae and sieve plates were clearly visible in CLSM and FM.

Figure 47 and 48: Coscinodiscus granii in vivo-stained with R19 (green)
living cells, shortly rinsed, FM
fluorescent bodies distributed all over the valve face,
predominantly found near the epivalve and accumulated around the core area;
view on hypovalve (right), detailed view on the epivalve (lower left)

Figure 49: C. wailesii, in vivo-stained with R19
Living cell of ~ 200 µm in diameter, in valve view (left) and close-up of the valve centre (right),
lobed chloroplasts, intrinsic red chlorophyll fluorescence,
rimoportulae (LPs) visible as bright green fluorescent points
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Figure 50: diatom cell with half fluorescent frustule (C. wailesii)
Non-fluorescent epivalve (E) and mostly non-fluorescent epicingulum (three non-fluorescent girdle bands +
one small fluorescent girdle band which was added prior to the last cell division (arrow)). The hypotheca (H)
possesses three fluorescent girdle bands (1-3). For girdle band 1 (valvocopula) and 3 (copula Nr. 2) the slit,
for girdle band 2 (copula Nr. 1) the ligula, which closes the slit of the valvocopula, is visible.

Figure 51 and 52: diatom cells with full fluorescent frustule (C. wailesii)
Diatom cell (~200 µm diameter) after two ore more division cycles under exposition to R19.
both thecae are totally fluorescent and can only be discriminated by the number of present girdle bands

Figure 53 and 54: Coscinodiscus wailesii, adjacent slit-ligulate girdle bands
FM (left) and SEM (right)
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Figure 55: C. wailesii, CLSM, R19 (green), tilted vertical optical cut through the valve,
hexagonal arrangement of areolae and overlying sieve plates

Figure 56: C. wailesii, CLSM, R19 (green), series of optical cuts through the valve mantle

Figure 57 and 58: Coscinodiscus wailesii, CLSM, R19 (green)
undulated valve surface, parts of the rimoportulae visible (left), cross section through the valve, sieve
plates on the upper external side, loculae on the lower internal side(right),
lattice constant around 1 µm
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Rhodamine 6G
Due to earlier reports it was doubtable that rhodamine 6G can be applied for an in vivofluorochromation of diatom cells. In 1937 Weber reported that R6G inflicts damage on
chloroplasts of Helodea (Elodea, Hydrocharitaceae) leading to cell death within a few
hours (Weber 1937). Strugger reported of severe irreversible damage to mitochondria of the
epidermal cells of Allium cepa (Alliaceae) due to long term exposure to R6G (Strugger 1938).
The toxicity of R6G to cells was confirmed by Drawert (Allium cepa) (Drawert 1939) and
Johannes (fungal cells) (Johannes 1941). Latter reported of severe toxic effects within a few
minutes.

Cells of Coscinodiscus granii and Coscinodiscus wailesii incubated in R6G-containing
seawater medium (1µM) experienced severe morphological changes of the protoplast and
irreversible damage resulting in cell death. LM analysis showed that after several hours of
dye exposure, the cell exhibited plasmolysis-like contractions of the protoplast. At several
points, the protoplast started to detach from the cell wall and to draw back to the centre.
Several small pink-coloured bodies were distributed all over the protoplast but
predominantly accumulated near the core area. Chloroplast morphology and distribution
within the cell was modified. The chloroplast form was rounded. Cells died even before
they were able to start cell wall formation. R6G led to similar effects when applied at half
the standard concentration (0.5 µM instead of 1.0 µM).

Figure Series 59: C. granii, cell in vivo-stained with R6G, LM
left and middle: cells in valve view, star-shaped detachment of the protoplast from the cell wall
right: cell in girdle view, cell diameter ~ 120 µm
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The results confirm the toxicity of rhodamine 6G to cells reported in previous studies on
higher plant species and fungal cells. In contrast to these reports and the results obtained in
this work, Hildebrand and Palenik reported about the incorporation of R6G into the cell
wall of the pennate diatom Navicula pelliculosa (Hildebrand and Palenik 2003). A reason for
such different results is not clear, but may be due to varying sensitivity to R6G among
different diatom cultures or species.
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Rhodamine B and Rhodamine B Amine
On the one hand, Rhodamine B was seen as a potential candidate for an in vivofluorochromation due to the fact that in earlier reports RB was said to show no severe
effects on vital stained cells. Helodea cells which were kept in RB-containing medium for
up to 48 hours showed no damage in contrast to cells kept in R6G-containing medium.
Unfortunately the applied dye concentrations of these experiments were not mentioned
(Weber 1937).

On the other hand, Höfler reported of harmful effects on Biddulphia cells

(Höfler 1963).

The effects of Rhodamine B amine on diatom cells have not been previously

described in literature.
The results show that RB and RBA, when applied in standard concentration within the
culture medium, both do not have any visible negative effects on diatom cells. The cells
exhibited a normal morphological structure. The chloroplasts were found in different
developmental stages, varying from irregularly shaped forms to the butterfly form during
plastid division. They were randomly distributed throughout the cytoplasmic cortical layer.
In unwashed cells, a few yellow fluorescent bodies were observed. Based on visual
impression, the cell wall exhibited uniform fluorescence all over the entire areolate valve
surface.

Rhodamine 3 B
Rhodamine 3B was first applied as a vital stain in botany by Drawert in 1939. He observed
no toxic effects on Allium cepa and Helodea cells by application in a pH-range of 5-8,
even during long term exposure of up to 15 hours. He reported that RB and R3B show a
similar behaviour during vital staining procedures (Drawert 1939). This was confirmed by
investigations on fungal cells (Johannes 1941). It is to note that in vital staining procedure
made by Johannes the exposure time of the cells to R3B was only 30 seconds. The dye had
left the cells within 24 hours after onset of incubation.
In this work, R3B had a similar effect to diatom cells as R6G. An altered cell morphology,
plasmolysis-like contractions, and unusually rounded chloroplasts could be observed. As
mentioned above, RB did not show such morphological aberrations. The contrast between
the observations made by Drawert and this work might be explained by an enhanced
sensitivity of diatom cells to R3B compared to higher plants.

87

Results and Discussion

Figure 60: Coscinodiscus granii, in vivo-stained with Rhodamine B (orange), CLSM
living cell in valve view (left), and in girdle view (right),
fluorescent hypovalve with fluorescent girdle area and
non-fluorescent epivalve, in part visible by chlorophyll fluorescence shining through,
butterfly-formed chloroplast in division

Figure 61: C. granii, in vivo-stained with Rhodamine B (orange), CLSM
close up of the valve rim, LPs in cross section
Figure 62: C. granii, in vivo-stained with Rhodamine B Amine (yellow), CLSM
Overview living cell in valve view

Figure 63: Coscinodiscus wailesii, in vivo-stained with Rhodamine B (yellow), FM
left: valve view, cell diameter ~220 µm; right: detail of the girdle region, unstained epitheca next to
fluorescent hypotheca; slit ligulate girdle bands visible
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Rhodamine 101
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Figure 64: Molecular structure of rhodamine 101 (R101)

Similar observations were done as with R110, R123, R19, RB, and RBA. The dye was
successfully incorporated into the diatom cell wall. The results indicate that the success of
an in vivo-fluorochromation does not depend on the degree of substitution of the amine
groups.

Figure 65: Coscinodiscus granii, in vivo-stained with R101 (yellow-green)
Left: two attached daughter cells in girdle view, fluorescent hypotheca of the mother cell, both
daughter cells in stage prior to hypotheca formation, fluorescent bodies in protoplasm, CLSM
Right: isolated fluorescent girdle bands, upright standing and lying, one girdleband showing its
ligula; girdle band ~ 120 µm in diameter
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Summary Rhodamines I
At a final standard concentration of 1 µM rhodamine dye within the incubation medium,
two of seven tested rhodamines showed lethal effects on diatom cells. R123 was not taken
into account due to its function as control standard. The following table gives an overview
on the results:

C.granii

C.wailesii

R110

NT

NT

Incorporation into
the diatom cell wall
Yes

R123 (control)

NT

NT

Yes

R19

NT

NT

Yes

R6G

T

T

No

RB

NT

NT

Yes

R3B

T

T

No

RBA

NT

NT

Yes

R101

NT

NT

Yes

Rhodamine

Table 5: Results of the in vivo-fluorochromation test series: Rhodamines I: commercially available
rhodamine dyes; tested at a standard concentration of 1 µM rhodamine dye and an incubation
time of 3 days; NT = non-toxic, T = Toxic

Within the following sections, further dyes were tested for application as biomineralization
markers.
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4.1.3

Stilbene 3

To cover the whole spectral visible range, a blue fluorescent dye was investigated for in
vivo-fluorochromation of diatom cell walls. As suitable candidate for this purpose, the
water soluble laser dye Stilbene 3 (2,2’-([1,1’-biphenyl]-4,4’-diyldi-2,1-ethendiyl)-bisbenzene sulfonic acid disodium salt) was tested.
NaOO2S

SO2ONa

Figure 66: Molecular structure of Stilbene 3
(according to Brackmann 2000)

Cells of C.granii and C.wailesii were cultivated in Stilbene 3-containing medium under
standard cultivation conditions. Results were obtained by fluorescence microscopy (FM).
At a standard dye concentration of 1 µM, FM-investigations could not reveal any
fluorescence of the cells within the blue to yellow spectral range. Due to a lack of
fluorescence within the cells an uptake of the dye by the diatom cells was unsure. The cells
were vital and free of morphological changes.

Further tests were performed to investigate whether photodegradation of the dye prior to an
incorporation into the cell wall occurred, or whether the applied dye concentration was to
low to result in a detectable fluorescence signal within the cell wall.
The rate of degradation of a fluorescent tracer varies with the type of molecule, solvent
properties and light conditions. Stilbene, the underlying basic molecular structure of
Stilbene 3, is reported to be more or less incapable of fluorescence in cis-form, whereas the
trans-form shows bright fluorescence (Lewis et al. 1940). Rüchel et al. reported that
diaminostilbene derivatives are highly sensitive to UV-radiation if they are unbound in
aqueous solution. They “undergo irreversible bleaching upon irradiation by ultraviolet
light, which is due to trans-cis isomerization” (Rüchel et al. 2001). Binding of the
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diaminostilbene derivatives to other (macro-)molecules results in an obvious increase of
photostability. The strong photodegradation (within seconds) of unbound dye molecules in
contrast to bound dye molecules enables an investigation of biological structures without
counterstaining or rinsing (Rüchel et al. 2001, Rüchel et al. 2004). To exclude that any kind of
photodegradation of the dye prior to incorporation into the cell wall might have been
occurred, further test were performed on diatoms cultured in Stilbene 3-containing medium
in the dark. In addition to a cultivation of the cells in darkness, different concentrations of
stilbene 3 were applied (final dye concentrations: 1, 2, 4, and 6 µM). The dark-incubation
time was restricted to two days to prevent morphological and physiological changes of the
cells. Fluorescence microscopical analysis was performed directly after the end of the
incubation period.

After a cultivation of 48 hours in darkness, the culture medium still showed slight blue
fluorescence. The diatom cell walls showed a visible blue fluorescence at all applied
concentrations. Blue fluorescence was clearly visible in the girdle region when viewed in
valve view. It is to note that the blue fluorescence disappeared very fast within less than 5
seconds of illumination time, leaving slightly blue-green fluorescent cell walls behind. The
blue-green fluorescence was of low intensity and can be attributed to the intrinsic
fluorescence of organic compounds of the diatom cell wall. Cell walls illuminated for
several seconds were not distinguishable from cells of control cultures lacking stilbene 3.
These facts made it impossible to measure fluorescence of the cell walls due to the fact that
fluorescence vanished even during the short time of adjustment of the cells to the light path
of the microscope.
From the results it can be assumed that Stilbene 3 is not tightly bound to the cell wall
material because there was no stable fluorescence visible. According to previous reports
(Rüchel et al. 2001, Rüchel et al. 2004),

a tight binding of diaminostilbene derivatives to

(macro)molecules should have been resulted in fluorescence of sufficient photostability,
which was in fact not the case. It can be rather assumed that stilbene 3 was only associated
with outer organic envelope of the cell wall and not incorporated into the biosilica itself.
Even if it would have been incorporated, which is more than questionable, the sudden
disappearance of Stilbene 3 fluorescence with the onset of illumination, would exclude
stilbene 3 from an application as in vivo-fluorescence marker of the diatom cell walls.
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4.1.4

Phenoxazone 9 and Nile Blue A

The laser dye Phenoxazone 9, also known as Nile Pink, is a structural relative to
Nile Blue A. It was doubtable that Phenoxazone 9 can be applied as a biomineralization
marker due to the results obtained by Höfler. He classified Nil Blue A as toxic for diatom
cells (Höfler 1963). But based on the results obtained with the above tested rhodamines, the
question came up, if a small alteration within the molecular structure of the dye can
transform the toxic Nile Blue A into a possibly non-toxic Phenoxazone 9.

In fact, investigations with Phenoxazone 9 showed that diatom cells can be cultivated in
Phenoxazone 9-containing medium with a standard concentration of 1 µM dye for a period
of several weeks up to more than a month, depending on nutrient supply. During the whole
exposition time cells were vital and capable of cell division. Microscopical investigations
of living cells and spectroscopic investigation of isolated cell walls revealed no
fluorescence of the diatom cell wall. Merely the presence of colourless refractive bodies
within the cytoplasm could be detected. They exhibited bright yellow-orange fluorescence
and are an evidence for an uptake of the dye into the cells. Due to the fact that
Phenoxazone 9 finds application as fluorescence marker for intracellular lipids (Greenspan et
al. 1985)

and hydrophobic protein domains, as well as to the refractive character of the

bodies, it can be assumed that these bodies are intracellular lipid storages. Phenoxazone 9
is non-fluorescent in polar solvents. In non-polar environment it experiences a fluorescence
enhancement and large spectral shifts to the shorter wavelength. The detection of a
potential incorporation of Phenoxazone 9 into the diatom cell wall based on fluorescence
spectroscopic measurements is therefore more than just challenging.

N

N
+
NH2

O
Nile Blue A

N(C2H5)2

O

O

N(C2H5)2

Phenoxazone 9 (Nile Pink)

Figure 67: Molecular structures of Nile Blue A and Phenoxazone 9
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Figure 68 and 69: C. wailesii, in vivo-fluorochromated with Phenoxazone 9, LM, DF (left), H3 (right)

Figure 70 and 71: C. wailesii, in vivo-fluorochromated with Phenoxazone 9, LM
Close-up of the nucleus and the cytoplasm region surrounding it, containing chloroplasts and fluorescent
inclusions, in transmitted light (left) and with fluorescence filter H3 (right)

Figure 72 and 73: C. wailesii, in vivo-fluorochromated with Phenoxazone 9, FM
Left: Cross section through the diatom cell, showing the central plasma strand,
which connects the epithecal and hypothecal cortical cytoplasm layers,
Right: cell in valve view, high amount of large chloroplasts,
fluorescent bodies around the cell nucleus
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Due to the fact, that Höfler (Höfler 1963) had classified rhodamine B and Nile Blue A both
as toxic for diatom cells and the opposite results obtained for rhodamine B in this work,
Nile Blue A was applied to the diatom cells to test whether the observations made by
Höfler at Biddulphia spec. are valid for the diatoms C.granii and C. wailesii. Cells were
incubated at the standard dye concentration (1 µM). Three subsequent test series were
performed, all resulting in death of the complete tested diatom samples.

Figure 74 and 75: C. granii, living cells incubated in Nile Blue A, LM
after several hours (left) and more than a day (right)

Figure 76, 77 and 78: C. granii, details of living cells incubated in Nile Blue A, LM
in transmission (left and middle) and with H3-fluorescence filter (right)

Similar to cells incubated in Phenoxazone 9, cells stained with Nile Blue A exhibited
several refractive bodies within the cell, which showed bright orange fluorescence. Due to
their high refractivity and the fact, that Nile Blue A also serves as vital stain for lipids,
these bodies presumably correspond to cytoplasmic lipid droplets.
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In addition to the fluorescent bodies, cells incubated in Nile Blue A showed accumulations
of blue stained bodies randomly spread all over the protoplasm, predominantly near the
core area and the valve-girdle junction.

For the purpose of optical measurements on fluorescent diatom cell walls, both dyes
showed to be not applicable due to lack of fluorescence within the cell wall
(Phenoxazone 9) or lethal effects (Nile Blue A). But the behaviour of the diatom cells
towards these dyes and their structural similarity even more show that a small alteration in
molecular structure can transform a non-toxic dye into a toxic one.
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4.2 Structural investigation of the biological impact of a rhodamine dye
on marine diatom cells
The previously presented results show that a small alteration of a rhodamine molecule at
the ortho-positioned substituent of the phenyl ring can have a severe effect on cells of
C. granii and C. wailesii. Structurally related rhodamines, like R19 and R6G, can show
divergent effects on diatom cells: one being unobjectionable for diatom cells, while the
other evokes severe morphological alterations of the diatom cells leading to cell death.

COOH
CH3

H3C
HN

+
NH

O
CH3

COOCH2CH3

HN

CH3

ClO4

CH3

H3C

+
NH

O
CH3

Cl

-

CH3

Figure 79: Molecular structure of rhodamine 19 (left) and rhodamine 6G (right)

To systematically test the influence of the ortho-positioned substituent on the toxicity of a
diatom cell, rhodamine esters were synthesized due to a lack of commercial availability.
They were synthesized by esterification of the corresponding carbon acid form according
to the experimental description published by Ramos et al. (Ramos et al. 2000).

COOCH3

COOH
CH3

H3 C

+
HN

O
CH3

ClO4

NH
+
CH3

H3C OH

∆
<H+>

CH3

H3C
HN

O
CH3

ClO4

NH
+
CH3

Figure 80: Example for an esterification of a rhodamine carbon acid to a rhodamine methyl ester
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The following rhodamine esters were synthesized:

COOCH3

COOCH2CH3

CH3

H3C

H2N

+
NH2

O

HN

ClO-4

COOCH3

O
CH3

NH
+

ClO4

CH3

CH3
N

CH3

O
CH3

ClO4

+
N
CH3

Rhodamine 110-ethyl ester

Rhodamine 19-methyl ester

Rhodamine B-methyl ester

R110-E

R19-M

RB-M

COOCH2CH3

COOCH3

N

O

N+

N

O

N+

ClO4

ClO4

Rhodamine 101-methyl ester

Rhodamine 101-ethyl ester

R101-M

R101-E

The used abbreviations are introduced for a better overview and direct reference to the
form of ester (M = methyl ester, E = ethyl ester). According to this nomenclature the
commercially available rhodamines can be abbreviated as follows: R123 = R110-M, R6G
= R19-E, and R3B = RB-E, respectively.

Tests were performed on both diatom species: C. granii and C. wailesii. The results for
both species were consistent and will be discussed in summary. The samples were always
cultured together with a reference sample free of any dye supplementation.
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All tested rhodamine esters, except of rhodamine 123, resulted in similar morphological
alterations of diatom cells, as previously described in this work (see R6G and R3B):



alteration of the chloroplast distribution



alteration of the chloroplast form (they become more and more rounded)



detachment and shrinkage of the protoplast, resulting in plasma clusters

A transformation of the chloroplast outline from lobed to round is a clear sign for an
alteration of the cell physiology. This effect was described in 1939 by Peteler. He observed
round plastids as a sign of forthcoming cell death of diatom cells (Peteler 1939).
At a standard concentration of 1 µM dye within the medium, all rhodamine ester forms
tested resulted in lethal effects on diatom cells. Within several hours to a few days cell
death occurred.
The morphological aberrations of diatom cells can be illustrated by the following pictures.
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Figure Series 81: C. wailesii, in vivo-stained with R110-E

Figure Series 82: C. wailesii, in vivo-stained with RB-M, dye concentration within the medium: 0.5 µM

Figure Series 83: C. wailesii, in vivo-stained with RB-M, dye concentration within the medium: 1.0 µM
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Figure Series 84: C. wailesii, in vivo-stained with R101-M

Figure Series 85: C. wailesii, in vivo-stained with R101-E
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In contrast to this, cells incubated with the corresponding rhodamine carbon acid form
showed no morphological alterations and a successful incorporation of the dye into the
diatom frustule. In general, rhodamines with a methyl- or ethyl-group at the ortho-position
of the phenyl ring have an increased toxicity to cells in contrast to their corresponding
carbon acid form.
The following table gives an overview of all tested rhodamines, their molecular structure
and their toxicity (T) or non-toxicity (NT) at a final standard dye concentration of 1 µM.

R6

R7
R1
R2

R2
R3

O

N
R4

N
R5

R5

R3

R4

X

Figure 86: Molecular structure of a rhodamine

Dye

R1

R2

R3

R4

R5

R6

R7
-H

Counter
ion XCl

Rhodamine 110

-COOH

-H

-H

-H

-H

-H

NT

Rhodamine 123

-COOMe

-H

-H

-H

-H

-H

-H

Cl

NT

Rhodamine 110-E

-COOEt

-H

-H

-H

-H

-H

-H

ClO4

T

Rhodamine 19

-COOH

-Me

-H

-Et

-H

-H

-H

ClO4

NT

Rhodamine 19-M

-COOMe

-Me

-H

-Et

-H

-H

-H

ClO4

T

Rhodamine 6G

-COOEt

-Me

-H

-Et

-H

-H

-H

Cl

T

Rhodamine B

-COOH

-H

-Et

-Et

-H

-H

-H

Cl

NT

Rhodamine B-M

-COOMe

-H

-Et

-Et

-H

-H

-H

ClO4

T

Rhodamine 3B

-COOEt

-H

-Et

-Et

-H

-H

-H

ClO4

T

Rhodamine B

-COOH

-H

-Et

-Et

-H

-NH2/

-H/

-

NT

-H

-NH2

Amine
Rhodamine 101

-COOH

-(CH2)3-

-(CH2)3-

-H

-H

-

NT

Rhodamine 101-M

-COOMe

-(CH2)3-

-(CH2)3-

-H

-H

-

T

Rhodamine 101-E

-COOEt

-(CH2)3-

-(CH2)3-

-H

-H

-

T

NT = non-toxic* T = toxic*
* at a standard concentration of 1 µM dye
Table 6: rhodamines: substituents, counter ions, effects on C. granii and C. wailesii
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Despite these facts, R123 (R110-M) showed to be an exception. At the applied standard
dye concentration R123 did not lead to any visible alteration of cell morphology and is, as
previously mentioned, established as a marker for biomineralization studies on diatoms. It
is possible that the tolerance of the diatom cells to a rhodamine ester is to a certain degree
dependent on the substitution of the molecule rests R2-R5 (see Table above). There is no
evidence that the counter ion of the applied rhodamine has an influence on the toxicity of
the rhodamine to the diatom cell.

Up to date, the detailed mechanisms behind the rhodamine ester toxicity have not been
investigated by a completely systematic study. But part of the mechanisms might be
deduced by comparison with earlier observations made with rhodamines in different
contexts. Several studies on the effects of rhodamines to cells were performed in the 1980s.
In the context of cancer research, rhodamines were investigated as potential candidates for
photochemotherapy (Shea et al. 1989). Photochemotherapy deals with photosensitive
molecules that are accumulated in target cells and lead to the formation of toxic or reactive
species upon irradiation. It was observed that rhodamines are retained in cancer cells for
prolonged periods in contrast to normal cells (Summerhayes et al 1982), and therefore would
enable selective labelling of cancer cells. Finally, the tested rhodamines did not show
sufficient phototoxic activity. But the results of the effects of rhodamine dyes on cancer
cells should be transferable to diatom cells.
As mentioned before, in 1938 Strugger stated that RB and R6G show differences in
toxicity to living cells (Struggler 1938). Consistent to this, in this work R6G showed a high
toxicity to diatom cells whereas RB showed no disruptive effects within the concentration
ranges applied. In addition, Strugger stated that RB is a biological stain of substantial
interest for vital staining of mitochondria. In contrast to this, Johnson quoted that only
rhodamines that have a net positive charge at physiological pH (like R123, R6G and R3B)
are able to stain mitochondria, whereas rhodamines that are net non-charged at
physiological pH (like RB, R19 and R110) show no specific mitochondrial staining
(Johnson et al. 1980, Johnson et al. 1981).

This is said to be due to the high electric potential

across the mitochondrial membrane.

As mentioned before, in vivo-fluorochromated cells of C. granii and C. wailesii exhibited
numerous fluorescent bodies, which were predominantly accumulated near the nucleus in
interphase cells and were assigned to be mitochondria.
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In previous reports, several rhodamines showed to disrupt the mitochondrial energy
metabolism, leading to an inhibition of the cell cycle. The magnitude of the effects is, as a
matter of course, dependent on the concentration applied, the exposition time and the
physiological state of the cell. Studies on the effect of rhodamines on cell growth,
performed by Darzynkiewicz et al., showed that RB and R110 have minimal impact on the
growth rate of L1210 (mouse lymphocytic leukaemia) cells. R123, when applied at similar
concentrations, led to a reduction of the growth rate, coincidentally with a disruption of the
mitochondrion structure (Evenson et al. 1985). According to Darzynkiewicz et al., R123 has
cytostatic effects by arresting the cells in the G1 phase of the cell cycle. They assumed that
cell death is caused by a suppression of the synthesis of molecules essential for cell
progression through the cell cycle, resulting from a disruption of the energy metabolism
due to interaction with mitochondrial membranes. They presumed that RB and R110 do
not have a negative impact on the cell cycle due to the assumption that this dyes can not
bind to mitochondria and therefore can not disrupt the mitochondrial energy metabolism
(Darzynkiewicz et al. 1982). In contrast to RB, R6G found to disrupt the mitochondrial
respiration in the rat liver mitochondria (Gear 1974).

Gear assumed that the net positive charge of R6G seems to be essential for the observed
inhibition (Gear 1974). But next to the net positive charge, the lipophilicity of the dye
molecule has an impact on the staining properties. Studies concerning the structural
requirements for the inhibition of mitochondrial energy metabolism by fluorescent dyes
were made by Conover and Schneider. Investigations of the inhibitory effects of
predominantly cationic dyes were done at dye concentrations ranging from 1-20 µM. RB
showed no inhibitory effects across the whole concentration range. R6G and R3B led to an
inhibition of the mitochondrial energy metabolism. The concentrations needed to achieve
50% inhibition of the ß-hydroxybutyrate (Ketoacid) oxidation were lower for R6G than for
R3B. Pyronin B, a structural relative to RB and R3B, missing the carboxy phenyl ring,
showed to inhibit the ß-hydroxybutyrate oxidation at considerably lower concentrations. A
50% inhibition was achieved with concentrations 17- to 29-fold lower than needed
concentrations of R6G and R3B (Conover and Schneider 1981). Rhodamine B hexyl ester was
applied to living cells and found to stain membraneous networks. In contrast to this,
Rhodamine B which is less lipophilic, did not stain intracellular membranes. At high
concentrations of Rhodamine B hexyl ester mitochondria became swollen (Terasaki and
Reese 1992).
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Figure 87: Molecular structures of R6G, R3B, Pyronin B and Rhodamine B
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Figure 88: Rhodamine hexyl ester

Therefore it might be concluded that the here tested rhodamine ethyl esters exhibit the
highest cytotoxicity to the diatom cells, due to a stronger association with the
mitochondrion membrane, whereas the corresponding methyl ester and carbon acid form of
the rhodamine are of medium or low toxicity.
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Results of other structural relatives support the assumption that a net positive charge, as
well as the lipophilicity, has a crucial impact on the toxicity of a dye to a diatom cell.

Acridine orange is a structural relative to the above mentioned pyronin B. The molecules
differ in structure only in the type of atom bound within the central ring of the ring system.
Pyronin B possesses an oxygen atom, whereas acridine orange possesses a nitrogen atom.
Acridine orange (AO) has a net positive charge, leads to death of diatom cells within a
short time (Kucki, unpublished data of preliminary trials) and was reported to be toxic for HELA
cells within a few minutes (Robbins 1963). Paradoxically, AO was used to distinguish the
viability of cells via differential staining of nucleic acid distribution (Hathaway 1964). Tests
performed with hydrophobic AO-derivatives revealed that mitochondrial staining is not
exclusively driven by the presence of a net positive charge. The accumulation of the
cationic NAO (10-n-acridinium-orange-chloride) within the mitochondria is not affected
by substances which lead to an alteration of the trans-membrane potential (e.g.
ionophores). It is assumed that NAO is accumulated at the inner mitochondrial membrane
by hydrophobic interactions. NAO blocks enzymes of the oxidative phosphorylation
(Septinus et al. 1985).

In addition, a hydrophilic net non-charged AO-derivative called

DPPAO stains mitochondria (Erbrich et al. 1984).
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Figure 89: cationic dyes toxic to diatom cells:
Acridine orange (left), Malachite green (middle) and Nile Blue A (right)

As previously mentioned, the toxicity of Nile Blue A reported in literature (Höfler 1963) was
confirmed by tests on C. granii and C. wailesii. According to Tsekos (Tsekos 1970), at
physiological pH, Nile Blue chloride predominantly exists as monovalent kation. As
reported above, the non-ionic lipophilic Phenoxazone 9, also known as Nile Pink did not
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lead to any lethal effects when applied for a time of more than a week. Malachite green
also showed to be toxic to the diatom species C. granii and C. wailesii (Kucki, unpublished
data of preliminary trials).

Most of the tested cationic dyes differ slightly in molecular structure, but they are all
weakly basic amines, bearing one or more amine functions within their molecular
structure. Their toxicity seems to originate from the combination of a net positive charge
and a certain lipophilicity of the molecule. It can be assumed that positively charged
rhodamines are accumulated within the mitochondria for a greater extent than net
non-charged rhodamines. Therefore the ratio of rhodamine concentration within the
mitochondria to the rhodamine concentration in the culture medium would be much higher
for positively charged rhodamines than for net non-charged rhodamines. If we assume that,
all rhodamines would have an equal impact on mitochondrial respiration, the rhodamines
with the highest accumulation potential would show the most intense effects. In this case
the rhodamine concentration within the mitochondria would be proportional to the toxicity
of the rhodamine.

It is to note that the exposition time of the mitochondria to the dye is another crucial factor.
It is reported that unbound RB can be easily washed out of (Helodea) cells. In contrast to
this, R6G is retained within the cells for a much longer time. It can be retained within the
core area and cytoplasm for several days, whereas it is retained in the mitochondria for
additional days (Strugger 1938). Therefore the exposition of the mitochondria to dye
molecules is prolonged for the cationic rhodamine.
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Summary

Summarized, it is evident that the substituent at the ortho-position of the phenyl ring
showed to have a major influence on the toxicity of a rhodamine to a living cell. The
abolishment of the negative charge of the carboxyl group by introduction of an estersubstituent presumably increases the accumulation potential in the mitochondria and thus
the toxicity of a given rhodamine to a great extent. Therefore only rhodamines and
rhodamine derivatives with carboxyl groups instead of methyl- or ethylester groups at the
ortho-position of the phenyl ring and with net positive charge, respectively, should be used
for an in vivo-fluorochromation to prevent the diatom cells from unnecessary damage. The
investigations performed in this work showed that half of the tested rhodamines can be
applied to produce fluorescent diatom cell walls via in vivo-fluorochromation.

It is to note, that within this work it was not examined wether the tested toxic rhodamines
can be applied for pulse-labelling of diatom cell walls of synchronised diatom cells
immediately prior cell division. It is possible that an uptake and co-deposition of the dyes
might then lead to fluorescent cell walls. If this is the case, the divergence in the results
obtained by different authors is explainable. Due to the fact that the cell morphology was
disturbed by the toxic dyes within a few hours, it is unlikely that the cells of synchronized
cell cultures persist 2 division cycles and therefore lead to full fluorescent frustules.
Besides, the probability that morphological aberrations of the cell wall morphology occur
might be higher for the toxic dyes.
Nevertheless, it is always favourable to use dyes that are less toxic to the organism, to the
environment and to the scientist himself. Concerning absorption and fluorescence
behaviour of the rhodamines the substituent at the ortho-position of the phenyl ring has a
minor influence because the whole carboxy phenyl unit is not part of the chromophore of
the dye (see absorption and emission spectra of the tested rhodamine dyes below). The
esters and the corresponding carbon acid form exhibit nearly similar emission spectra. Due
to these facts, the rhodamine esters can be clearly ignored for an application in
biomineralization studies.
The results obtained within the here presented in vivo-tests on diatom species enables to
select and/or tailor rhodamines which are less harmful to biological cells without a
significant change of the wanted absorptions and emission spectra.
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4.3 In vivo-Fluorochromation of a natural diatom community
To investigate if the obtained results concerning the in vivo-fluorochromation of diatom
cells

by

rhodamines

is

transferable

to

diatom

species

others

than

marine

Coscinodiscus spec., a natural freshwater community was tested. The freshwater samples
were taken from a rather small lentic system. The samples offered a large amount of
diatom forms due to their broad species composition. An increase in available diatom
species was achieved by taking probes from the same location at two different climatic
conditions. Alteration of the climatic conditions by an increase in outdoor temperature
resulted in a shift of the diatom species composition. The first series of samples (outdoor
temperature ~25°C) was dominated by chain forming diatom species, whereas the second
series (outdoor temperature >30°C) was dominated by non-chain forming pennate diatoms.
Due to the occurrence of organisms like Volvox, Hydra viridis and Closterium spec. the
natural lentic water source was evaluated to be of water quality class II (Streble 1988).
Aliquots of the natural freshwater samples were supplied with the “non-toxic” rhodamines
R110, R19, RB or R101. Fluorescence microscopical investigation revealed a huge number
of in vivo-fluorochromated diatom cells in all samples.
In chain forming diatom species, the unstained epithecae of mother cells were visible as
non-fluorescent interrupts within the fluorescent cell chain. The following picture page will
give an overview of the diatom species predominantly present within the probes.
Gomphonema spec. Ehrenberg (1832) could be identified due to its conspicuous outline
and the presence of a single H-shaped chloroplast. The valves are symmetrical to the apical
axis and asymmetrical to the transapical axis. Due to the large head pole in contrast to the
rather small tail pole, it is assumed that the observed Gomphonema species is
Gomphonema acuminatum. Other diatoms observed are supposed to be Diatoma, Synedra,
and Fragilaria spec..

The results show that with the utmost probability the tested rhodamines R110, R19, RB
and R101 can be applied to all diatom species; to fresh- and seawater diatoms, pennate and
centric diatoms, due to the presence of a unique biosilification process. The sensitivity of
the individual diatom species to rhodamine dyes might be different, but at the tested dye
concentrations no obvious differences among the species were observed. To clear this
point in detail further tests would be necessary.
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Figure 90: pennate freshwater diatom, control (free of fluorescence dye)
intrinsic chlorophyll fluorescence (red)

Figure 91 and 92: pennate freshwater diatoms, R110 (green)

Figure 93, 94 and 95: pennate freshwater diatoms, R19 (green)

Figure 96 and 97: Gomphonema spec. (presumably G. acuminatum), valve view, R19
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Figure 98: chain forming diatoms in girdle view, R19

Figure 99: pennate freshwater diatom, R19

Figure 100, 101 and 102: pennate freshwater diatoms, RB (yellow)

Figure 103 and 104: pennate freshwater diatoms, R101 (yellow-orange)
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4.4 In vivo-Fluorochromation of testate amoeba
4.4.1

Testate amoebae

Testate amoebae are common inhabitants of freshwater habitats. The here investigated
testate amoeba were found in the samples taken from the above mentioned small lentic
freshwater source. Due to the fact that several testate amoeba species possess cell
enclosures made of self-secreted silica plates or particles, it was concerned to be an
interesting topic to investigate the in vivo-fluorochromation of testate amoeba cell walls.

Due to the low population of testate amoebae within the sample, only two dyes, R19 and
R101, were tested for in vivo-fluorochromation of testate amoebae shells. The testate
amoebae were exposed to the standard dye concentration and kept under equal culture
conditions as the previously tested diatom samples. Fluorescence microscopy
investigations showed an intense fluorescence of the shell resulting from the applied
rhodamine dye. All testate amoebae showed signs of vitality, which was tested on the basis
of photophobic movement. The mostly hidden and non-fluorescent pseudopodia became
visible. At the applied concentrations the tested rhodamines did not seem to have any
visible toxic effects on the testate amoebae. Vitality of the cells was detectable for several
days, up to the point where nutrients became a restricting factor and change in water
quality reached critical levels, due to decomposition of organic material and lack of fresh
water supply.

Due to morphological characteristics of the test, the here described species is assumed to
belong to the order Arcellinida, suborder Difflugiina. A clear classification on the basis of
the test morphology could not be achieved. The cells possessed an ovoid test, which was
free of a neck and circular in cross-section. Two or three lobopodia were observable, which
protruded from the single aperture. The aperture was free of a distinct rim but irregularly
and slightly undulated in shape. The test was made of irregularly shaped particles of
different size. Due to the small number of available testate amoeba cells, a detailed
investigation of the material composition of the test could not be achieved. There was no
regular substructure of the particles observable. This finding might lead to the assumption
that the particles do not derive from large fragments of diatom cell walls. However, it can
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not be excluded. It is reported that the testate amoeba Netzelia tuberculata (suborder
Difflugiina) refines exogenous (mineral and non-mineral) particles by additional deposition
of silica, leading to silica-coated particles with a relatively smooth texture. In addition to
this, N. tuberculata synthesizes silica particles de novo (Anderson 1987). In both cases, the
testate amoebae possess endogenous siliceous material in its test, bound to an organic
matrix.

Figure 105: live testate amoeba cell with two protruded lobopodia
In vivo-fluorochromated tests
Left: stained with R19, mixture of fluorescence microscopy (FM)
and dark field illumination,
green fluorescent test visible by FM (blue excitation),
unstained lobopodia visible by DF-illumination
Right: stained with R101, only FM

Figure 106 and 107: Testate amoeba, details of the test surface
Particles, inhomogeneous in size, form and fluorescence emission intensity,
tests in vivo-fluorochromated with R19 (left) and R101 (right), FM
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It is quite problematic to identify the origin of the particles in the test of the here observed
testate amoeba. But it is assumed that the fluorescence of the cell wall does only derive
from dye molecules incorporated into the network of biogenic silica.
It is conspicuous that the particles significantly differ in fluorescence intensity. If the
fluorescence intensity of the rhodamine dye within the cell wall is congruent to the amount
of biogenic silica present within or covering the particle, the test is composed of particles
of highly different silica content. Incorporation of several non-mineral particles to the test
is reported for Netzelia tuberculata and assumed to decrease the weight of the test
(Anderson 1987).

As is the case with diatom cell walls, the rhodamine dyes were bound to the cell wall.
Fluorescence did not vanish after washing of the cells. The question whether the
rhodamine dye is bound to organic molecules or to the silica network itself can not be
answered yet.

In several organisms (diatoms, heliozoa, testate amoeba), vesicles occur in which silica
deposition takes place. They are collectively referred as silica deposition vesicles, SDVs,
despite of partly unknown origin. The silica deposition vesicles (SDVs), found in diatoms,
are assumed to be conservative in all silicifying organisms (Schmid 1994a). In 2003 Schmid
stated: “Considering the relatively close relationship between diatoms and some scaleforming flagellates, chrysophytes and synurophytes…, it seems very likely that the SDV, as
a reaction-vessel for silica-condensation that fulfils the same function in all organisms, is
of the same origin” (Schmid 2003).
In other words, if the underlying mechanisms that lead to the formation of siliceous
structures in organisms are more or less identical, it should be able to apply in vivofluorochromation with the here tested fluorescence dyes to a variety of other silica-forming
organisms. It would enable to directly investigate the formation of siliceous structures
within living organisms (others than diatoms and sponges) by fluorescence microscopy or
CLSM.
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4.5 Fluorescence Emission

Within the following section, results of performed spectroscopic measurements will be
given. The results will be discussed in respect to a technical as well as to a biological
application of the tested rhodamine dyes, or rather of the obtained fluorescent biominerals.
For this purpose the Olympus Epifluorescence Microscope was connected to a fibre
spectrometer via a self designed adapter and a glass fibre. This set up allowed to record the
emitted fluorescence of single diatom cells/frustules and even small cell wall parts. The
majority of the here presented spectra were obtained with this set up. Other spectra were
obtained either with a fluorescence photospectrometer or two different optical set ups
including a nitrogen laser for excitation (performed at the MPI Halle or at the University of
Kassel).

4.5.1

Photoluminescence of the unstained diatom cell wall

Unstained isolated diatom cell walls show a more or less strong autofluorescence. The
intensity of the autofluorescence is dependent on the thoroughness of cell wall preparation.
The higher the elimination of the organic components of the cell walls, the lower is the
intensity of the autofluorescence. Even in well isolated cell walls, boiled for several hours
in SDS-EDTA solution, autofluorescence was detectable. This can be seen as an evidence
for the presence of organic compounds within the cell wall, which are tightly bound to the
rest of the cell wall materials and withstand even harsh treatments with heat and chemicals,
as Kröger et al. reported to be the case for silaffines (Kröger et al 1999). Therefore the term
“organic-free silica frustules” used by some authors is quite misleading and strictly
speaking not correct.

By excitation at 325 nm wavelengths, autofluorescence of the diatom cell wall of C. granii
was clearly visible between 400 nm and 700 nm wavelengths, with maximum intensity
between 450 nm and 550 nm.
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Figure 108: Emission spectrum of an unstained isolated frustule of C. granii in air
Excitation at 325 nm, Barrier filter at 395 nm, measured at the MPI Halle
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Figure 109: Emission spectra of an unstained isolated frustule of C. granii in air
(upper curve t0, lower curve t1, ∆ t = 2 min),
UV-filter unit (BP 330-385, LP 420), measured at the University of Kassel

Illumination with intense UV-radiation (UV-filter unit: excitation filter BP 330-385) led to
a significant decrease of the fluorescence intensity within a few minutes, which is
illustrated in the figure above.
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Figure 110: Emission spectra of the intrinsic autofluorescence of the isolated cell wall of C. granii
Comparison of results obtained with 2 different experimental setups

A comparison of spectra obtained with two different experimental setups confirms the
correctness of the obtained data. Spectra obtained in Kassel are cut off within the short
wavelength region below 420 nm due to the presence of a long pass filter. Therefore
reliable data was obtained for the wavelength range between 425 nm and 700 nm. Spectra
obtained at the MPI Halle show that the intrinsic fluorescence reaches down to shorter
wavelength.
The presence of photoluminescence (PL) of the diatom cell wall is confirmed by results of
De Stefano et al. (De Stefano et al. 2005). They measured the PL of isolated cell walls of the
diatom Thalassiosira rotula in air. The published PL spectrum shows several differences in
comparison with the here obtained spectra. The emission of the PL spectrum shows
maximum intensity at 533.4 nm. It is therefore shifted to the long wavelength range in
contrast to the spectra obtained for C. granii in this work. It decreases to 0 near 420 nm,
whereas the above shown spectrum (obtained in Halle) shows a significant fluorescence
intensity left at 400 nm. In addition, the PL spectrum published by De Stefano et al.
exhibits two shoulders within the long wavelength range, which can not be found within
the above shown spectra. It is to note that their investigations differ in sample preparation
and applied excitation wavelength. In addition to this, different diatom species with
unequal nanostructural elements are said to possess different sets of organic cell wall
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components, which might result in species-specific spectral shifts of the detected
maximum PL intensity.
The source of the here observed autofluorescence of the cell wall is not known, but it is
assumed to result from remaining organic compounds within the cell wall. According to
De Stefano et al., the measured PL lies within the PL-range of “surface oxidized silicon
nanocrystals, porous silicon and hydrogenated amorphous silicon” (De Stefano et al. 2005),
which would be the inorganic part. The fact that the autofluorescence decreases under
continuous illumination with UV light argues at least for a contribution of organic
compounds. It is to note that some naturally occurring fluorescent proteins are assumed to
provide photoprotection by absorbing UV-radiation and transforming it into radiation of
lower energy. Naturally occurring fluorescent proteins with emission wavelengths spread
all over the visible wavelength range exist (Veith and Veith 2005).
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4.5.2

Fluorescence emission of dyes incorporated into the diatom cell wall

For an investigation of living diatom cells it is to note that the detection sensitivity of a
fluorescent dye bound to the diatom cell wall is limited by the intrinsic fluorescence of the
organic parts of the cell wall and other organic components in the short-wavelength range,
as well as by the intrinsic fluorescence of the chlorophylls within the long-wavelength
range. Therefore, for the investigation of the cell wall formation in living diatoms, based
on the fluorescence of an incorporated dye, should be performed with dyes emitting in a
wavelength range mostly unaffected by the intrinsic fluorophores.

For technical applications of fluorescent diatom cell walls, the intrinsic fluorescence of the
chlorophylls does not need to be taken into account, but as mentioned above, the intrinsic
fluorescence of the cell wall is still present and showed to be a crucial factor.
Even after several month to years of storage in dried form, the majority of the stained cell
walls exhibited good fluorescence, adequate for fluorescence microscopy investigations
and spectroscopic measurements. But this was only the case for R19, RB, RBA, R101, as
well as for the LysoSensorTM Yellow/Blue DND-160.

Fluorescence microscopy and spectroscopic measurement of all samples was
predominantly performed with common filter sets for FITC (fluorescein isothiocyanate)
detection.

Filter

units

conventionally

used

for

TRITC

(tetramethylrhodamine

isothiocyanate) were not suitable for the investigation of living diatom cells, because the
visible red fluorescence of the dyes was not distinguishable in colour from the intrinsic red
chlorophyll fluorescence. In addition, with TRITC filter units the detected fluorescence
was of lower intensity than the fluorescence detected with FITC filter units. Blue excitation
(BP filter 470-490 nm) and detection above 520 nm made it possible to clearly
discriminate between the fluorescence of the applied dyes and the chlorophyll
fluorescence. As the above shown pictures (obtained by FM) illustrate, the presence of the
tested dyes within the cell and an incorporation of several dyes into the cell wall could be
clearly shown. But the detection of whole fluorescence spectra of incorporated dyes within
the cell, as well as within the isolated cell walls, was associated with several technical
problems, which will be stated below for the respective dyes.
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The following sections will present the fluorescence emission spectra of the successfully
incorporated dyes, measured either in living diatom cells or isolated cell walls (treated with
SDS-EDTA to eliminate organic components (inner and outer coatings) of the diatom cell
wall).
LysoSensorTM Yellow/Blue DND-160 (PDMPO)
The fluorescence emission of the LysoSensorTM Yellow/Blue DND-160 incorporated into
the diatom cell wall is shifted to longer wavelength (bathochromic) in contrast to the
emission spectrum obtained in dilute solution in DMSO. Maximum fluorescence emission
intensity of the dye in isolated cell walls of C. granii was measured within the blue-green
spectral range at around 488 nm. Due to the strong fluorescence intensity of the dye the
intrinsic fluorescence of the cell wall was covered and not visible. As mentioned before,
the fluorescence intensity of LysoSensorTM Yellow/Blue DND-160 in aqueous solution
increases with increasing acidity. In addition, the emission wavelength in aqueous solution
is pH dependent, being yellow in acidic and blue in less acidic environments. To what
extent the here observed blue-green fluorescence in solid state (diatom cell walls) can be
attributed to the presence of acidic groups within the close proximity of the dye within the
diatom cell wall is questionable.
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Figure 111: Emission spectra of LysoSensorTM Yellow/Blue DND-160
Emission spectrum in DMSO (thin line) and isolated cell walls of C.granii (thick line)
(Fluorescence measurement at isolated cell walls performed with an
excitation at 337 nm (nitrogen laser), detection by fibre spectrometer)
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Rhodamine 110, Rhodamine 123, Rhodamine 110-E

Free in DMSO, as well as incorporated into the cell wall, R123 shows an emission within
the yellow-green wavelength range. Detection of R123 within the living cell by FM and
CLSM was possible. Unstained cell walls were distinguishable from R123-stained cell
walls. But the measurement of a complete R123 emission spectrum of isolated cell walls
was connected with several technical problems. Isolated cell wall material in vivo-stained
with R123 showed only very slight fluorescence, enough to be able to discriminate
unstained and R123-stained cell walls from each other by visual appearance, but not
enough to discriminate intrinsic cell wall fluorescence and R123 fluorescence by
spectroscopic measurement. By blue excitation with a FITC filter unit, the spectra were cut
off in the short wavelength region. Therefore a UV-filter block was tested. By
UV-excitation, the intrinsic fluorescence totally covered the R123 fluorescence. Neither,
measurements of single frustules, nor of frustule clusters, led to a determination of the peak
emission of R123 within the cell wall. Measurements of fragmented cell walls in DMSO
obtained with a fluorescence spectrometer did not lead to reliable data.

Absorption and emission spectra of R110 and the R110-based dyes in DMSO show that the
esterification of R110 resulted in a bathochromic shift (~ 5-10 nm) of the emission spectra.

1

Dye
Rhodamine 110

518

2
539

Rhodamine 123

519

545

Rhodamine 110-E

519

548

Table 7: wavelengths of maximum absorption and fluorescence intensity (in nm)
of the applied fluorescence dyes ( (1) λabs in DMSO, (2) λem in DMSO)

Rhodamine 110 incorporated into the diatom cell wall shows a broad emission band
between 450 nm and 650 nm, with a maximum fluorescence intensity around 535 nm, as
can be seen in the spectra below, measured in living cells of C. granii. The emission of
R110 is clearly separated from the intrinsic chlorophyll emission (~ 680 nm).
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Figure 112: Absorption and emission spectra of R110, R123 (R 110-M) and R110-E
in dilute solution (DMSO)
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Figure 113: Emission spectrum of living cells of C. granii in vivo-fluorochromated with R110
rinsed in fresh seawater medium

Due to their structural resemblance and nearly similar emission spectra in DMSO, it can be
assumed that the peak emission of R123 incorporated into the cell wall can be found
roughly within the same wavelength region than the corresponding peak emission of R110.
In contrast to the emission spectra of R110 free in DMSO, the emission spectrum of R110
within the diatom cell wall is slightly hypsochromic (shifted to shorter wavelength). To
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remember, the incorporation of the LysoSensor™ Yellow/Blue DND-160 into the diatom
cell wall resulted in a bathochromic shift of the fluorescence spectrum.
Data obtained from another rhodamine indicate that an increase in solvent polarity can
result in a hypsochromic shift of the absorption and emission spectrum of the rhodamine
(Govindanunny and Sivaram 1980).

In water (ETN = 1.000; ETN = normalized empirical

parameter of solvent polarity (Reichardt 2003)) R110 shows a maximum fluorescence
intensity at 522 nm, in DMSO (ETN = 0.444) at 539 nm. In case of R110 and R123, a
hypsochromic shift of around ~ 20 nm was measured, which can be illustrated by the
following figure:
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Figure 114: Absorption and emission spectra of rhodamine 110 in dilute solution
two different solvents: DMSO (- -) and water (--)

In contrast to the emission spectrum in water, the maximum fluorescence intensity of R110
within living diatom cells is red-shifted, whereas it is blue-shifted in contrast to the
emission spectrum obtained in DMSO. The hypsochromic shift might be a hint towards a
relatively polar microenvironment of the dye. Hydrated silica with several free hydroxyl
functions can be seen as such a microenvironment. But that an alteration of the solvent
polarity is not always correlated with the size of the hypsochromic shift can be shown by
comparison of the ETN values of several solvents with the shift in absorption and emission
wavelengths of a rhodamine dye in different solvents (see later for R6G). This implies that
several other factors influencing the fluorescence emission are involved.
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Rhodamine 19, Rhodamine 19-M, Rhodamine 6G

Due to the toxicity of the rhodamine 19-esters to the diatom cells, emission spectra of dyes
incorporated into the cell wall were only obtained for rhodamine 19. R19 exhibits a bright
fluorescence within the cell wall of living diatom cells, as well as in isolated cell walls,
which is not disturbed by the intrinsic greenish fluorescence of the cell wall or the red
chlorophyll fluorescence. The differences in the relation of the R19 emission intensity to
the chlorophyll emission intensity can be explained by differences in the developmental
stages of the measured cells.
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Figure 115: Emission spectra of living diatom cells in vivo-fluorochromated with R19
C. granii rinsed and free of unbound dye,
fluorescence spectrometer, excitation at 480 nm,
R19 peak emission at around 546 nm,
chlorophyll peak emission at around ~680 nm

Measurements of living cells of both diatom species (C. granii and C. wailesii) showed
more or less identical peak emissions of R19. The comparison of the emission spectra of
R19 obtained in living cells and of isolated cell walls in air exhibits a measured difference
in peak emission of up to 10 nm. This can be explained by the elimination of organic
components within and surrounding the cell wall during the isolation procedure.
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Figure 116: Emission spectra of living diatom cells in vivo-fluorochromated with R19
C. wailesii rinsed and free of unbound dye,
fluorescence spectrometer, excitation at 325 (--) or 480 nm (- -),
R19 peak emission at around 545 nm
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Figure 117: Emission spectra of R19 incorporated into the diatom cell wall
isolated cell walls, measured in air, excitation at 337 nm (nitrogen laser),
detection by fibre spectrometer without interconnected fluorescence microscope,
maximum emission intensity at 537 nm
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1

3

535

2
561

541-547

4
537-540

Rhodamine 19-M

539

565

-

-

Rhodamine 6G

539

564

-

-

Dye
Rhodamine 19

Table 8: wavelengths of maximum absorption and fluorescence intensity (in nm) of the applied
fluorescence dyes
(1) λabs in DMSO [nm]
(2) λem in DMSO [nm]

(3) λem in cell wall of living diatom cell [nm]
(5) λem in isolated diatom cell walls measured in air [nm]

The location of the peak emission of R19 incorporated into the diatom cell wall shows a
hypsochromic shift in contrast to the peak emission obtained for R19 free in dilute solution
in DMSO. As mentioned above, a similar effect was observed for R110.
But the size of the hypsochromic shift cannot be directly used to determine the polarity of
the surrounding medium of the rhodamine dye molecules within the diatom cell wall. That
an alteration of the solvent polarity is not always correlated with the size of the
hypsochromic shift can be illustrated by the following table. Data was obtained from
literature: ETN values were obtained from Reichardt 2003; a summary of solvent dependent
absorption and emission wavelengths of R6G is found in Govindanunny and Sivaram 1980.

Solvent

ETN *

λAbs [nm]

λEm [nm]

Water

1.000

525

556

Methanol

0.762

530

556

Ethanol

0.654

531

558

Acetonitrile

0.460

527

554

DMSO

0.444

540

569

Acetone

0.355

528

562

Table 9: Spectroscopic parameters of R6G in various solvents
Data obtained from Reichardt 2003 (*) and Govindanunny and Sivaram 1980
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Rhodamine B, Rhodamine B-M, Rhodamine 3B and Rhodamine B Amine

Esterification of RB did not have a noteworthy effect on the location of the peak emission.

Dye
Rhodamine B

1

3

564

2
592

573

4
572-575

Rhodamine B-M

566

593

-

-

Rhodamine 3B

566

593

-

-

Rhodamine B Amine

560

593

573

573

Table 10: wavelengths of maximum absorption and fluorescence intensity (in nm) of the applied
fluorescence dyes
(1) λabs in DMSO
(2) λem in DMSO

(3) λem in cell wall of living diatom cells
(5) λem in isolated diatom cell walls measured in air

As the following spectra show, the incorporation of RB into the diatom cell wall led to a
hypsochromic shift of the RB emission spectrum, as was the case for the above mentioned
rhodamines. In living diatom cells, the RB emission was clearly separate from the
chlorophyll emission and the intrinsic cell wall fluorescence.

in DM SO
λ Ab s/Em = 566/593 nm
in Methanol λ Abs/Em = 555/578 nm
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Figure 118: Absorption and emission spectra of RBM
in dilute solution (DMSO and Methanol)
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Figure 119: Emission spectra of living diatom cells in vivo-fluorochromated with RB
C. granii rinsed and free of unbound dye,
fluorescence spectrometer, excitation at 325 (- -) or 480 nm (--),
R19 peak emission at around 573 nm
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Figure 120: Absorption and emission spectra of RB
in dilute solution (DMSO) and emission spectra of RB incorporated
into the diatom cell wall (measured at intact diatom cells)
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Figure 121: Emission spectra of RB incorporated into the diatom cell wall
measured at isolated valves and girdle parts,
maximum emission intensity at ~573 nm,
corrected spectra normalized to 1 (arbitrary unit)

In respect to the form of the emission spectrum and its peak position, the emission
behaviour of RBA was similar to the emission behaviour of RB.
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Figure 122: Emission spectra of RBA incorporated into the diatom cell wall
isolated cell walls in air, maximum emission intensity at ~573nm,
corrected spectra normalized to 1 (arbitrary unit)
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Rhodamine 101, Rhodamine 101-M and Rhodamine 101-E
1

Dye
Rhodamine 101

3

2

578-584

4
578-584

622

622

580

606

Rhodamine 101-M

588

615

-

-

Rhodamine 101-E

588

615

-

-

Table 11: wavelengths of maximum absorption and fluorescence intensity (in nm) of the applied
fluorescence dyes
(1) λabs in DMSO
(2) λem in DMSO

(3) λem in cell wall of living diatom cells
(5) λem in isolated diatom cell walls measured in air

The absorption and emission spectra of R101 in dilute solution (DMSO) show an emission
band with maximum fluorescence intensity at 606 nm respectively. The absorption and
emission spectra of the methyl ester and ethylester show a spectral (bathochromic) shift of
about ~10 nm. The spectra of both R101-esters are more or less identical.
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Figure 123: Absorption and emission spectra of R101, R101-M and R101-E in dilute solution (DMSO)

Incorporation of rhodamine 101 into the diatom cell wall leads to a fluorescence emission
spectrum which is not congruent with the emission spectrum of rhodamine 101 in dilute
solution.
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Figure 124: Fluorescence emission spectra of rhodamine 101
in dilute solution (DMSO, - - ) and solid state (isolated cell wall of
Coscinodiscus granii, measured in air, ─ )

In contrast to the emission spectra obtained in dilute solution and in contrast to the
fluorescence emission spectra of the previously described rhodamines, the emission peak
of R101 within the diatom shell exhibits a distinct shoulder at ~ 622 nm. Such shoulders or
bands can appear as a result of an altered chemical environment or molecular interaction,
like self association of the dye molecules.
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Figure 125: Corrected emission spectrum of R101 in an isolated frustule of C. granii
measured at the MPI Halle
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The emission spectrum above shows a significant amount of intrinsic fluorescence of the
diatom cell wall. There is only a very slight shoulder of the R101 peak visible.
Within a single diatom species and even within a single isolation charge, the measured
fluorescence emission spectra differed slightly in the position of the peak emission, around
~580. For C. granii, the measured maximum fluorescence intensity of R101 incorporated
into the cell wall was between 579 nm and 584 nm, for C. wailesii between 578 nm and
580 nm.

140

120

intensity [a.u.]

100

80

60

40

20

0
520

540

560

580

600

620

640

660

680

700

wavelength [nm]

Figure 126: Corrected emission spectra of R101 incorporated into the diatom cell wall
isolated cell walls, measured in air, blue excitation (470-490 nm),
two emission peaks: 575-580 and 622 nm, cell wall autofluorescence below 550 nm
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Figure 127: Normalized emission spectra of R101 incorporated into the diatom cell wall
isolated cell walls, measured in air, blue excitation (470-490 nm),
two emission peaks: 575-580 and 622 nm, cell wall autofluorescence below 550 nm
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The position of the peak emission, as well as the value of the shoulder, seems to vary with
the height of the autofluorescence signal and therefore with the amount of organic material
present within the cell wall material. This should be a hint towards an altered chemical
microenvironment of the dye due to the elimination of organic components.
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4.5.3

Dose-dependent fluorescence of in vivo-stained diatom frustules of
Coscinodiscus wailesii

The toxicity of a substance to an organism is always dependent on the amount of substance
applied. To determine to what extent the fluorescence intensity of stained diatom cell walls
can be elevated, without leading to severe morphological alterations of the cell, dosedependent fluorescence investigations were made.
Cells were incubated in rhodamine-containing sea water medium of different rhodamineconcentration (1, 2, 4, 6, 8, 10 µM). The concentrations selected did not exceed a value of
10 µM to avoid cell damage or a decrease in growth rate during incubation time. The ratio
between the amount of seawater medium and the amount of added rhodamine-solution was
constant in all samples, only the concentrations of the rhodamine-solutions were varied.
Tests were done with R19 based on its high fluorescence intensity within the cell wall.
Fluorescence measurements were performed under constant conditions and identical
microscopy- and camera-settings (e.g. constant exposure time). Cells were adjusted with
the valvar centre of the diatom frustule to the ocular centre.

Cells within the cultures were vital and showed a common number of plastids with natural
morphology and distribution. Even at the maximum applied concentration of 10 µM R19
within the medium and an exposure time of several days (20 d), the majority of cells of
C. wailesii were of normal appearance.

Several authors stated that the incorporation of a fluorescent biomineralization marker in
diatom biosilica is proportional to the amount of silica deposited, due to the fact that the
fluorescent probes (e.g. PDMPO/LysoSensor™ Yellow Blue DND-160) are co-deposited
with the diatom biosilica. Therefore, heavily silified cell wall parts show an increased
fluorescence. This can be confirmed by microscopical observations of in vivo-stained cell
walls obtained in this work.

According to Darzynkiewicz, there is a close relationship between the dye concentration
within the culture medium and the amount of dye accumulated within the cell
(Darzynkiewicz et al. 1982).

Therefore an increase in dye concentration within the medium is

expected to result in an increased fluorescence of the diatom cell wall. The following

134

Results and Discussion
pictures directly illustrate the correlation between the dye concentration within the medium
and the observable fluorescence within the cell wall. As mentioned before, the pictures
were taken at identical microscopy- and camera-settings, ensuring no alteration of the
visible fluorescence intensity by technical entities.

Figure 128: Comparison of the fluorescence of diatom frustules cultivated in seawater
medium with different R19 concentrations
Standard R19-concentration of 1µM (left), 10-fold R19-concentration (right).
Pictures taken with identical microscope- and camera settings.
Valve diameter ~ 220 µm.

The results obtained here indicate that the fluorescence of a stained cell wall structure does
only correlate with the amount of biogenic silica within a certain concentration range of the
applied fluorescent dye. Within a concentration range of 1-6 µM dye in the culture
medium, a positive correlation between the amount of dye and the over-all fluorescence of
the diatom cell wall could be measured. For relatively low final dye concentrations within
the medium, the proportionality of the measured fluorescence and the amount of
incorporated dye molecules should be given as stated by Darzynkiewicz (Darzynkiewicz et al.
1982).

For high concentrations it was expected, that above a certain dye concentration no

further dye molecules are accumulated and co-deposited with the biosilica due to the
presence of a cellular silica-uptake limitation. Cell wall fluorescence was expected to reach
a plateau where the amount of incorporated dye is rather constant despite the external
increasing dye concentration. But instead of a plateau, a decrease in all-over fluorescence
of the diatom cell wall was detectable for dye concentrations exceeding 6 µM within the
medium.
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Figure 129: Measured peak emission intensity at different R19 concentrations in the medium
Living cells of C. wailesii, rinsed in fresh medium
Note: Tests were performed with an unsynchronised diatom culture resulting in a divergence of measured
fluorescence within a sample of distinct concentration. The measured fluorescence in valve view is
dependent of the number of girdle bands of the frustule and therefore dependent of the developmental stage
of the cell.

For high concentrations of a fluorescence dye within the silica network and a resulting
inevitable close proximity of the dye molecules, effects seem to emerge that might be
comparable with those appearing in dye solutions of high concentration. The absorption
and emission of a rhodamine dye depends on the chemical environment. For rhodamine
dye molecules free in solution, several solvent dependent effects were found, e.g.
dimerization of chromophores, ion pair formation, and aggregation of ion pairs (Sens 1984).
The formation of non- or weakly fluorescent dimers, for example, leads to a reduction of
the total fluorescence intensity up to total quenching. With increasing dye concentration
the equilibrium between monomers and dimers shifts towards the formation of dimers
(Drexhage 1990).
al. 2005).

In solid state such interactions of molecules are said to be the rule (Hesse et

For the investigation of optical effects of the photonic structure of the diatom cell

wall on the emission of an incorporated emitter, it is to note that dimerization of rhodamine
laser dyes like RB and R6G in solution can be “severe enough to prevent laser action”
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(Drexhage 1990).

Another possible effect, that might explain the fluorescence decrease, is

reabsorption of the emitted radiation resulting from a large overlap of the absorption and
emission spectra due to a small Stoke’s shift (see figure below). The Stoke’s shift of a dye
in solution is solvent dependent. For R6G small Stoke’s shifts, ranging between 25-35 nm
wavelengths, were found in a variety of different solvents (Govindanunny and Sivaram 1980).
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Figure 130: Absorption and emission spectra of rhodamine 19 in DMSO

If such effects like dimerization are present within the fluorochromated diatom cell wall,
low concentrations of the rhodamine dyes within the cells should be clearly favoured. The
dimerization tendency of a rhodamine dye was found to be dependent on the size and
number of alkyl substituents. R110 has the lowest tendency to form dimers (Drexhage 1973).
The results obtained here should be also kept in mind, if the fluorescence of an
incorporated dye in the diatom cell wall should be used for the assessment of the biosilica
content.

It also has to be noted that an increase of the R19 concentration within the medium results
in a reduction of the chlorophyll emission of the cell, which indicates that the
photosynthetic activity of the cell is affected. Whether the rate of chlorophyll fluorescence
decrease is in a normal range has to be elucidated. But a reduction of the chlorophyll
fluorescence during in vivo-fluorochromation seems to be more or less unavoidable at
higher concentrations.
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Figure 131: obtained emission spectra of R19 within the cell wall of living diatoms,
Dye concentration of the medium 1 µM (--) and 4 µM (- -),
spectra obtained from six diatom cells
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4.5.4

Investigation of the fluorescence emission of incorporated fluorescence dyes in
dependence of the cell wall structure

Different parts of the cell wall of a single diatom species
To investigate the dependence of the emission spectrum of a fluorescence dye on the
present nanostructure of the diatom cell wall, the fluorescence at different cell wall parts
was measured. It was possible to measure the emission of the fluorescence within the
girdle area separately from the fluorescence of the valve region.
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Figure 132: Emission spectra of RB incorporated into the girdle bands ( - ) and valve (…)

Fluorescence emission spectra obtained from different locations of the frustule showed no
severe difference in fluorescence behaviour. Concerning the position of the emission
peaks, the emission spectra of the valve resembled the emission spectra of the girdle parts.
No special features could be observed. There is no evidence of structural effects on the
emission spectra of incorporated fluorescence dyes deriving from the photonic crystal
structure of the diatom cell wall.
Measurement of the girdle parts and valves of C. wailesii of the same isolation charge
indicate that if the autofluorescence is taken as reference, the ratio between the intrinsic
fluorescence of the cell wall and the R19 fluorescence is different in girdle and valve. As it

139

Results and Discussion
is assumed that the fluorescence intensity of a dye is proportional to the biosilica present,
and if the amount of intrinsic fluorescence of the cell wall is taken as a reference, the
obtained spectra indicate that the amount of silica in the girdle is lower than in the valve.
This might contribute to its higher flexibility.
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Figure 133: Emission spectra of a single R19-stained and isolated girdle of C.wailesii in air
(upper curve t0, lower curve t1, ∆ t = 2 min),
UV-filter unit (BP 330-385, LP 420)
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Figure 134: Emission spectra of a single R19-stained and isolated valve of C.wailesii in air
(upper curve t0, lower curve t1, ∆ t = 2 min),
UV-filter unit (BP 330-385, LP 420)
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Different diatom species

Similar results were obtained by comparison of fluorescence emission spectra measured at
single isolated cell walls or intact cells of different diatom species. For a certain dye, the
fluorescence emission spectra obtained from C.granii and C.wailesii showed no significant
differences. As members of the same genus, these diatom species possess a similar basic
structure of the cell wall, but vary considerably in pore size, lattice constant and other
structural dimensions.
In addition, fluorescence emission spectra of rhodamine B incorporated into the cell wall
of the previously mentioned freshwater diatom species were obtained. Concerning the
structure of the cell wall, these small pennate diatoms show in part huge differences to the
previously tested large marine centric diatoms. But no special features that might derive
from differences in the nanostructure of the cell walls could be observed within the
recorded emission spectra.
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Figure 135: Corrected emission spectra of diatom shells in vivo-fluorochromated with RB
intact cell walls of three different diatom species, cells washed,
highest emission intensity around 572-575 nm,
chlorophyll autofluorescence between 660 and 700 nm,
measured with FM (600x magnification) + fibre spectrometer (integration time 1000ms),
blue excitation filter block (470-490 nm)
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Different silica-forming organisms: comparison of the fluorescence emission of in
vivo-fluorochromated cell walls of diatoms and testate amoeba

As a final step, the emission spectra of R101 within the shell of the testate amoeba were
recorded. As mentioned before, the testate amoeba shells exhibited inhomogeneously
distributed fluorescence. The picture below shows that the investigated tests were
composed of particles of different size, shape and fluorescence intensity. Some particles
within the cell wall were nearly non-fluorescent, others in contrast brightly fluorescent.
Assuming that the fluorescence intensity is only due to the presence of an in vivo-stained
silica-network, the fluorescence intensity should depend on the silica content of the
particles.

Figure 136: Detail of the testate amoeba shell, in vivo-fluorochromated with R101
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Figure 137: Corrected emission spectra of testate amoeba shells in vivo-fluorochromated with R101
four different alive testate amoeba cells,
highest emission intensity around 580 and 624 nm
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Comparison of the fluorescence emission spectra of R101, incorporated into the diatom
and testate amoeba cell wall, showed that both spectra resemble each other. It is to note
that the testate amoeba shell and the diatom cell wall strongly differ in their macro- and
microstructure. LM-investigations could not reveal any regular highly ordered structures
within the testate amoebae shells whereas the strong hierarchical order of the diatom cell
wall of all here investigated diatom species was observable. In both kinds of organisms the
emission spectra of R101 exhibited two emission maxima, one around 580 nm and another
at 622-624 nm.
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Figure 138: corrected and normalized emission spectra of R101
within the diatom frustule of C. granii (dotted line) and the testate amoeba shell (solid line)

No structural effects, deriving from sculptured shells, on the emission spectra of the
rhodamines could be measured. On the other hand, the resemblance of the spectra
measured in diatoms and testate amoeba suggest similarities in the cell wall material of
both organisms.

Summarized, all obtained emission spectra of the applied rhodamines, incorporated into
highly ordered nanostructures of diatom cell walls as well as in irregulary composed testate
amoeba shells, did not show any special structural features that could be seen as an
alteration of the emission spectrum by a photonic crystal structure. As mentioned before,
the precise location of band gaps is not clear. Even if the here presented results did not
directly resolve any photonic effects, the obtained knowledge about the applied dyes, their
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molecular structure, their toxicity to diatom cells, their spectral shifts if incorporated into
the diatom cell wall, and their concentration dependent fluorescence behaviour, should
enable to find more suitable dyes for the investigation of the photonic structure of the
diatom cell wall.
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SUMMARY AND OUTLOOK
The aim of this work was to produce a variety of fluorescent diatom cell wall material as a
basis for spectroscopic investigations of the influence of the photonic structure on the
emission of an incorporated laser dye. This goal was achieved by the method of in vivofluorochromation, in which the fluorescence dyes are incorporated by the diatom cells
during cell wall formation. Several fluorescent dyes (mostly rhodamines) known as strong
laser dyes, were tested for a possible application within this method. The results of this
work show that half of the tested rhodamines can be applied for an in vivofluorochromation of diatom cells. For a successful incorporation into the diatom cell wall,
a relatively low toxicity to diatom cells is necessary. Replacement of the carbon acid
function at the carboxyphenyl ring of the rhodamine by a methyl or ethylester function
showed to convert a rhodamine of relatively low toxicity to a rhodamine leading to severe
lethal effects within the cells. In contrast to their carbon acid forms, which posses a net
neutral charge of the molecule, rhodamine esters exhibit a net positive charge. The
enhanced toxicological effects seem to be due to an increased accumulation of positive
charged rhodamines within the mitochondria, an increased hydrophobicity due to the
attachment of an alkyl substituent, an increased retention time of the dyes within the
mitochondria and a therefore stronger negative effect on the mitochondrial membrane
bound energy processes of the diatom cell. Therefore rhodamines with a positive net
charge deriving from a methyl or ethylester function at the carboxy phenyl ring instead of a
carbon acid substituent showed not to be suitable for long-term investigations/
biomineralization studies of diatoms. Investigations performed on diatom species of
different orders showed that rhodamine 19, rhodamine B, and rhodamine 101 can
presumably be successfully applied for in vivo-fluorochromation to all diatom species. The
results obtained here can help to find further laser dyes for an in vivo-fluorochromation of
diatom cells and therefore for the production of fluorescent nanostructural elements for a
detailed optical investigation of the diatom cell wall.
First optical measurements performed on in vivo-fluorochromated cell walls did not give
any hints concerning the photonic structure of the diatom cell. Cell wall parts with
different nanostructural elements were investigated and by comparison of the obtained
fluorescence emission spectra, no special features that might derive from photonic
structural effects could be observed. Results concerning the concentration dependent shifts
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within the emission spectra, as well as the decrease of fluorescence intensity of the stained
cell wall structures with increasing dye concentration, depict that several effects occurring
by interaction of the molecules within the cell wall can have an impact on the technical
application of fluorescent cell walls. It can be assumed that the investigation of the
photonic crystal behaviour and the possibility to achieve laser action within the diatom cell
wall can be hampered by molecular interactions. The results give hints to prevent such
obstacles.

Next to the production of fluorescent diatom cell walls as a basis for optical investigations,
it could be shown that in vivo-fluorochromation might be a method that enables to
investigate biomineralization processes in a great variety of biosilicate-forming organisms.
With rhodamine 19 and rhodamine 101 an in vivo-fluorochromation of testate amoebae
shells was possible. Comparison of the recent findings and state of the art of in vivofluorochromation of diatom cell wall material, make clear that the here presented results
are of importance and can offer a considerable contribution to the development and
establishment of new biosilification markers, for diatoms as well as for other biosilifying
organisms. In addition Rhodamine 19 should be a potential candidate to compete with the
two established LysoSensors based on 1) the lack of non-toxic effects to diatoms even if
applied in relatively high concentrations, 2) absorption and fluorescence within the visible
range 3) intense green fluorescence, and therefore within the range of the highest
sensitivity of the human eye, 4) low costs due to industrial application.

At the time where the initial research of the here presented work was performed only a few
publications dealing with optical properties of the diatom cell wall existed. Within the
decades before, some scientists were interested by the optical structures, but it seems as if
it was ahead of the time, due to restricted technical opportunities.
Within the last six years a growing interest on the optical properties of the diatom cells
emerged. Several research groups started to examine diatom frustules from different
perspectives. Most of them being scientists that have no diatom based publication record
but became fascinated by those tiny creatures: their structural properties and possible
applications. The interaction and communication of scientists of several different fields
bring more and more optical and other properties concerning the diatom cell wall, into
light. It is more than just satisfying to be able to contribute some part to this challenging
field. The results of this work might be of use for a further investigation of the diatom
146

Summary and Outlook
frustule and its optical properties, as well as of other biosilica forming organisms and
might help to bring a little more light into this topic, from both, biological and
technological side.
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Zusammenfassung (German)
Ziel der Arbeit war es, fluoreszierende Zellwände bzw. Zellwandmaterial von Diatomeen
herzustellen, die als Basis für spektroskopische Untersuchungen des Einflusses der
photonischen Kristallstruktur auf das Emissionsverhalten eingebauter Laserfarbstoffe
genutzt werden können. Dieses Ziel wurde mit Hilfe der in vivo-Fluorochromierung
erreicht, einer Methode bei der die Fluoreszenzfarbstoffe während der Zellwandsynthese
von den Diatomeenzellen mit in das Schalenmaterial integriert werden. Verschiedene
Fluoreszenzfarbstoffe

(hauptsächlich

Rhodaminfarbstoffe),

welche

als

starke

Laserfarbstoffe bekannt sind, wurden auf eine mögliche Anwendung innerhalb dieser
Methode getestet.
Die Ergebnisse dieser Arbeit zeigen, dass die Hälfte der getesteten Rhodaminfarbstoffe für
eine in vivo-Fluorochromierung von Diatomeenzellen Anwendung finden kann. Die
Untersuchungen zeigten, dass für einen erfolgreichen Einbau der Farbstoffe in die
Diatomeenzellwand eine relativ geringe Toxizität der Farbstoffe notwendig ist, welche
stark von der Struktur der Farbstoffmoleküle abhängig ist. Der Austausch einer
Carboxylgruppe am Carboxyphenylring eines Rhodaminfarbstoffmoleküls durch eine
Methyl- oder Ethylestergruppe wandelte ein relativ untoxisches Rhodamin in ein
strukturell sehr ähnliches Rhodamin um, welches zu schweren Schäden an den
Diatomeenzellen führte. Im Gegensatz zur Carbonsäureform des Rhodamines, welche eine
insgesamt neutrale Ladung besitzt, zeigte ein entsprechender Rhodaminester eine netto
positive

Ladung.

Die

erhöhte

toxische

Wirkung

scheint

aus

einer

erhöhten

Akkumulationsrate der positiv geladenen Rhodamine in den Mitochondrien, einer erhöhten
Hydrophobizität durch angehängte Alkylsubstituenten, einer erhöhten Retentionszeit der
Farbstoffe innerhalb der Mitochondrien und daher einer höheren Summe von negativen
Einflüssen auf die membrangebundenen Energieprozesse zu resultieren. Daher sind
Rhodamine mit einer netto positiven Ladung, welche durch das Einfügen einer Methyloder Ethylfunktion an den Carboxyphenylring resultiert, nicht für eine Anwendung in
Biomineralisationsstudien

an

Diatomeenarten

dass

zeigten,

Diatomeen
Rhodamin

geeignet.
19

und

Untersuchungen
Rhodamin

101

an
zu

anderen
großer

Wahrscheinlichkeit bei allen Diatomeenarten eingesetzt werden können. Die Ergebnisse
können dazu genutzt werden weitere Laserfarbstoffe für eine Anwendung in der in vivoFluorochromierung zu finden und daraus resultierend fluoreszierende Nanostruktur-
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elemente zur detaillierten Untersuchung der optischen Eigenschaften der Diatomeenzelle
zu liefern.
Erste optische Messungen an in vivo-fluorochromierten Zellwänden gaben keine Hinweise
bezüglich der photonischen Struktur der Diatomeenschale. Zellwandbereiche mit
unterschiedlichen Nanostrukturelementen wurden untersucht. Der Vergleich der erhaltenen
Fluoreszenzspektren zeigte keine speziellen Verläufe auf, die auf photonischen
Kristalleffekten beruhen könnten. Ergebnisse bezüglich der Konzentrationsabhängigkeit
der erhaltenen Fluoreszenzspektren angefärbter Zellwandstrukturen verdeutlichen, dass
verschiedene intermolekulare Effekte zwischen den Farbstoffmolekülen innerhalb der
Zellwand auftreten, die wiederum einen Einfluss auf die technische Anwendung von
fluoreszierenden Diatomeenschalen haben können. Es kann angenommen werden, dass
solche molekularen Wechselwirkungen eine Untersuchung des Photonischen-KristallVerhaltens und die Möglichkeit Lasertätigkeit zu erzielen erschweren können. Die
erhaltenen Ergebnisse geben Hinweise darauf, wie sich solche Hindernisse vermeiden
lassen.
Neben der Herstellung fluoreszierenden Zellwandmaterials als eine Basis für optische
Untersuchungen,

konnte

gezeigt

werden,

dass

sich

mit

Hilfe

der

in

vivo-

Fluorochromierung andere biosilikatbildende Organismen untersuchen lassen.
Ein Vergleich mit neuen Forschungsergebnissen zeigt, dass es bisher nur wenige
anwendbare Farbstoffe für Biomineralisationsstudien gibt und die hier gewonnenen
Ergebnisse somit einen wesentlichen Beitrag zur Entwicklung und Etablierung weiterer
Biomineralisationsmarker

leisten

können.

Zudem

konnte

gezeigt

werden,

dass

Rhodamin 19, aufgrund seiner geringen Toxizität, Absorptions- und Emissionsspektren im
sichtbaren Bereich, einer intensiven grünen Fluoreszenz und geringer Kosten (aufgrund
von industriellen Anwendungen), als ein potentieller Kandidaten für Biomineralisationsstudien angesehen werden kann.
Die Ergebnisse dieser Arbeit können für weitere optische Untersuchungen der
Diatomeenschale und ihrer optischen Eigenschaften, sowie für Biomineralisationsstudien
von anderen biosilikatformenden Organismen, dienen und können somit dazu verhelfen ein
bisschen mehr Licht in dieses Forschungsgebiet zu bringen, sowohl von biologischer als
auch von technologischer Seite aus.
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AO
CLSM
DF
DMSO
EDTA
FITC
FM
LCPA
LM
LP
mLP
Mya
NAO
PAA
PAH
PC
PLHis
R
SDS
SEM
TMOS
TRITC

Acridine Orange
confocal laser scanning microscope
darkfield-illumination
dimethyl sulphoxide
ethylendiamin-tetraacetic acid
fluorescein isothiocyanate
fluorescence microscope
long-chain polyamine
light microscope
labiate process
macro labiate process
million years ago
10-n-acridinium-orange-chloride
polyallylamine
polyallylamine
photonic crystal
poly-L-histidine
rhodamine
sodium dodecyl sulfate
scanning electron microscopy
tetramethoxysilane
tetramethylrhodamine isothiocyanate
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