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Abstract

Background: Biological silica production has drawn intense
attention and several molecules involved in biosilicification have
been identified. Cellular mechanisms, however, remain unknown
mainly due to the lack of probes required for obtaining
information on live specimens.

Results: The fluorescence spectra of the compound 2-(4-
pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl)methoxy)-
phenyl)oxazole (PDMPO) are affected by the presence of >3.2
mM silicic acid. Increase in intensity and shift in the fluorescence
coincide with the polymerization of Si. The unique PDMPO-silica
fluorescence is explored here to visualize Si deposition in living
diatoms. The fluorophore is selectively incorporated and
co-deposited with Si into the newly synthesized frustules

(the outer silica shells) showing an intense green fluorescence.
Conclusions: We suggest that a fluorescence shift is due to an
interaction between PDMPO and polymeric silicic acid. PDMPO
is an excellent probe for imaging newly deposited silica in living
cells and has also a potential for a wide range of applications in
various Si-related disciplines, including biology of living organ-
isms as diatoms, sponges, and higher plants, clinical research (e.g.
lung fibrosis and cancer, bone development, artificial bone
implantation), and chemistry and physics of materials
research. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Biomineralization; Diatom; Fluorescence; pH indica-
tor; Silica

1. Introduction

Silicon (Si), the second most abundant element of the
earth’s crust, is a highly valued element due to the wide
range of industrially produced silica-based materials, such
as zeolites and other porous materials. However, chemical
synthesis of many useful silica-based materials requires
extreme conditions of temperature, pressure and pH, as
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well as non-aqueous solvents, and highly ordered struc-
tures are still challenging to obtain.

In nature, Si is also an essential element both in plant
and animal life, including diatoms, sponges, mollusks and
higher plants [1]. Diatoms are microalgae that take up
dissolved Si from the water (fresh- or seawater) to produce
silicified cell walls containing amorphous silica (frustules)
with highly detailed species-specific morphological fea-
tures. The remains of these frustules preserved in ancient
seabeds comprise the diatomite or diatomaceous earth
mined from uplifted marine deposits on land. The wide
range of industrial applications of diatomite (such as fill-
ers, catalysts, insulators, molecular sieves or filters, abra-
sives and absorbents) is due to its uniformity in particle
size, its highly ordered structure and of course, its large
availability. Due to the remarkable and diversified struc-
tures of these ‘biosystems’, the search for new ‘bioinspired’
high performance composite materials has recently drawn
extensive attention to the mechanisms involved in biolog-
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ical silicification (diatoms and sponge spicules) [2-5].
Understanding those mechanisms leads to bioinspired ap-
proaches in materials science and may provide a key for
environmentally benign routes to manufacture silica-based
materials and novel complex materials with naive organic
compounds [6-8].

Diatoms take up dissolved Si as undissociated silicic
acid, Si(OH)y, [9] from their surrounding aqueous environ-
ment where Si(OH); concentrations are usually found at
the micromolar level (=80 uM and typically <10 uM in
the ocean). Physiological studies have shown that trans-
membrane silicic acid transport in diatoms is regulated by
an active transport system [10-12], Nat-dependent and
selective for Si [13-15]. Once incorporated, Si is trans-
ported into a membrane-bounded organelle called the Si
deposition vesicle (SDV) where daughter cell frustules are
synthesized [16-18]. After Si-transportation into the cell,
diatoms can maintain intracellular pools of unpolymerized
soluble Si ranging from 1 to 27% of the total Si content
[19-21]. Recent estimates and measurements have shown
that intracellular concentrations can reach 340 mM, and
up to 2 M in the species Ditylum brightwellii [21,22]. How-
ever, in aqueous solution, the threshold concentration for
spontaneous formation of colloidal or polymeric Si is only
~2 mM [23], at pH<10. At higher concentrations,
monosilicic acid polymerizes by dehydration to polysilicic
acid, forming colloidal silica (silica sol) and then silica gel
in supersaturated solutions [24,25]. It has been hypothe-
sized that uncontrolled Si polymerization within the cell
might be prevented by interaction of Si with organic mol-
ecules (such as ionophores [26]), or by the possible seques-
tration of Si into Si transport vesicles (STVs), but these
possibilities are largely unproven [27].

The recent isolation and characterization of molecules
have revealed some transport mechanisms involved in sil-
icification. New families of proteins and genes involved in
biosilicification have recently been identified from diatoms
[5,15,28-30] and sponges [2]. Various studies have focused
on morphogenesis and frustule formation (reviewed in
[31-33]) and on Si biomineralization processes [19,34,35].
However, the intracellular forms of Si and the molecular/
biochemical pathways involved in silicification are still not
elucidated.

It has been hypothesized that Si deposition occurs under
acidic conditions inside the SDV [33], and recently Vrie-
ling et al. [4] showed evidence of acidity inside the SDV by
observing the accumulation of an acidotropic agent in this
structure. Furthermore, polycationic peptides (silaffins)
isolated from diatom frustules have been shown to direct
formation of silica particles in vitro with their maximal
activity at pH 5 [5].

In recent years, studies of molecular/cellular dynamics
of inorganic compounds have progressed dramatically ow-
ing to the development of appropriate fluorescent probes
(fura-2 for Ca>* imaging, carboxyfluorescein for H*, e.g.
[36]), in conjunction with that of modern techniques in
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Fig. 1. Chemical structure of PDMPO [41].

microscopy and electronic imaging. For Si, rhodamine
123 has previously been used [37,38] but its low accumu-
lation efficiency relative to the bright autofluorescence of
the cells (due to pigments) requires diatom cell washing
and fixation prior to fluorescence observation. Bis(cyto-
pentadienyl)titanium dichloride was also reported as a
staining agent for biological silica [39], but this compound
is insoluble in aqueous solution and therefore not applica-
ble for living specimens. Hodson et al. [55] labeled plant
silica fibers with fluorescein through the silane coupling
agent, 3-aminopropyl triethoxysilane, to study the interac-
tions of the mammalian cells with the silica fibers which
may cause lung, skin and esophageal cancer. This method,
however, can be applied only for post-staining of silica
exposed on the surface of materials.

In this study, we describe a new application for a known
fluorescent pH indicator, the 2-(4-pyridyl)-5-((4-(2-di-
methylaminoethylaminocarbamoyl)methoxy)phenyl)oxazole
(PDMPO, Fig. 1) (LysoSensor® DND-160 yellow/blue
from Molecular Probes, Eugene, OR, USA) [40,41]. We
show that PDMPO quickly enters diatom cells and is spe-
cifically incorporated into the newly synthesized frustules,
and can therefore been used as an ideal fluorescent tracer
for Si. PDMPO possesses unique fluorescent properties in
the presence of polysilicic acid showing a bright green
fluorescence. In this paper, we present the characterization
of the fluorescent properties of PDMPO in relation with
Si, and the first results obtained as a biosilicification tracer
in living cells.

2. Results

2.1. Effect of pH and silicic acid on the spectral properties
of PDMPO

The absorption spectra of PDMPO at pH 3.0-7.0 are
shown in Fig. 2a,b, in the absence (Fig. 2a) or in the
presence (Fig. 2b) of 100 mM silicic acid. In accordance
with Diwu et al. [41] PDMPO shows a single absorption
peak at 380 nm at pH 3.0 without added silicic acid. The
spectrum is shifted to shorter wavelengths with increasing
pH, showing a single peak at 338 nm above pH 4.0. In the
presence of silicic acid, the absorption spectra of PDMPO
and the position of the peaks from pH 3.0 to 7.0 are not
significantly changed.

Using the maximum absorption wavelengths obtained
above as the excitation wavelengths, the emission fluores-
cence spectra of PDMPO were measured from pH 3.0 to
7.0 (Fig. 2c,d). At pH 3.0, the fluorophore shows a single
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Fig. 2. pH- and Si-dependent spectral response of PDMPO. (a) Normalized absorption spectra of PDMPO alone; (b) normalized absorption spectra of
PDMPO in the presence of silicic acid; (c) normalized fluorescence emission spectra of PDMPO alone; (d) normalized fluorescence emission spectra of

PDMPO in the presence of silicic acid.

peak at 534 nm. A pH increase results in a slight shift of
this peak toward 525 nm at pH 5.0-7.0 with the additional
occurrence of first a shoulder and finally a distinctive sec-
ond peak at 450 nm. The intensity of this 450 nm peak
increases with pH, resulting in two distinct emission peaks
at 450 nm and 525 nm in the pH range from 5.0 to 7.0
(Fig. 2¢). In the presence of 100 mM silicic acid (Fig. 2d),
the spectra are blue-shifted and a single peak occurs across
the entire pH range tested (pH 3-7); it occurs at 527 nm at
pH 3.0, and is shifted toward 510 nm at higher pH. Inter-
estingly, the fluorescence quantum yield of PDMPO in the
presence of silicic acid was 1.12 (£ 0.05) times greater than
that without silicic acid.

The fluorescence spectra of PDMPO at various pH val-

ues were also recorded in the presence of silica gel showing
similar characteristics (data not shown).

2.2. Range of Si concentrations modifying the fluorescence
emission of PDMPO

The emission fluorescence of PDMPO (338 nm ex.) at
pH 7.0 and various silicic acid concentrations was deter-
mined by ratiometric measurement of emission intensities
at 510 nm and at 450 nm corresponding to the emission
peaks observed with and without added Si respectively
(Fig. 3). The 510/450 nm ratio increases with silicic acid
concentrations and seems to reach a plateau above ~ 80
mM (Fig. 3a), probably due to the disappearance of the
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Fig. 3. Effect of silicic acid concentrations (0, 0.8, 1.6, 3.2, 4.8, 6.4, 9.6,
16, 32, 56 and 80 mM Si) on the fluorescence emission of PDMPO. The
510 to 450 nm emission ratio is plotted (338 nm ex.). (a) Emission ratio
in the presence of 0 to 80 mM silicic acid; (b) Emission ratio in the
presence of <10 mM silicic acid. Circles and bars represent averages of
three independent measurements and their respective standard devia-
tions.

450 nm peak. However, silicic acid concentrations < 3.2
mM do not significantly affect the fluorescence properties
of PDMPO (Fig. 3b).

2.3. Dynamics of Si polymerization monitored by
PDMPO fluorescence

Changes in the fluorescence intensity (338 nm ex./510
nm em.) of PDMPO were determined as a function of
time after addition of 100 mM silicic acid to the PDMPO
buffered solution (pH 7.0) (Fig. 4). Simultaneously, the
concentration of molybdate-reactive Si was monitored
through time as a proxy for Si polymerization as only
monomers and dimers of silicic acid are measured by the
molybdate method. In the absence of silicic acid, constant
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Fig. 4. Effect of Si polymerization on the fluorescence emission intensity
of PDMPO at 510 nm (338 nm ex.). The fluorescence intensity in the
presence (green) and absence (red) of silicic acid were recorded at 1 s in-
tervals. The concentration of molybdate-reactive silicic acid in solution
is shown.

fluorescence intensity was observed during the duration of
the experiment. After addition of silicic acid, the fluores-
cence intensity rapidly increases in the first 60 s, reaching a
seven times greater fluorescence after 10 min. Simultane-
ously to this emission intensity increase, concentrations of
molybdate-reactive Si in solution drop, indicating Si poly-
merization. Silicic acid decreased from 88 mM to 15 mM
during the first 15 s, and reached 5 mM after 10 min.

The concentrations of molybdate-reactive Si were also
monitored through time in the absence of PDMPO and
show the same pattern, suggesting that polymerization of
Si with time was not in any way caused nor altered by the
presence of PDMPO (data not shown).

Fig. 5. Fluorescence microphotographs of silica gel in the presence of
PDMPO. (a) Fluorescence image of silica gel mixed with PDMPO;
(b) fluorescence image of silica gel alone; (c,d) differential interference
contrast (DIC) images of the same fields as (a) and (b), respectively.
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Fig. 6. Fluorescence microphotographs of living diatom cells of 7. weissflogii. (a) Cells cultured without PDMPO; (b-h) cells (different individuals)
grown in the presence of PDMPO; (i-1) cells grown with PDMPO were treated with 10 pM monensin and 10 uM nigericin. Asterisks show fluorescent
areas in the intracellular region. Arrows indicate valves; white arrowheads, fluorescence in girdle bands; gray arrowheads, yellow vesicles.

2.4. Imaging of PDMPO fluorescence in the presence of scope. Fig. 5 shows results at pH 7.0 and similar results
silica gel were obtained at other pHs. The silica gel shows an in-
tense green fluorescence when PDMPO is added (Fig. Sa),

The fluorescence of PDMPO in silica gel buffered from while no fluorescence was observed without the fluoro-

pH 3.0 to 7.0 was observed under the fluorescence micro- phore (Fig. 5b).
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2.5. Imaging of PDMPO fluorescence in diatom cells

The diatom Thalassiosira weissflogii was cultured in the
presence of PDMPO and the emission fluorescence was
observed using a fluorescence microscope (Fig. 6). Fig.
6a shows the bright red autofluorescence of the chloro-
plasts in live cells before the addition of PDMPO. When
cultured in the presence of PDMPO, the cells rapidly (<5
min) show a very intense yellow/green — almost white —
fluorescence in wide portions of the intracellular region.
Those fluorescent areas (asterisks in Fig. 6b,c,e,h) were
often difficult to image due to the fast bleaching/fading
occurring after a few seconds of UV-light exposure. At
some occasions, some small bright yellow vesicles are visi-
ble in the cell (blue arrowheads in Fig. 6f). In some cells
and after less than 1 h, some areas of the frustules start
showing an intense green fluorescence (Fig. 6b-h), allow-
ing clear visualization of the areas of the frustule that were
newly deposited during the incubation with PDMPO. The
fluorescent areas of the frustules as well as the number of
stained cells increase as a function of culture duration, and
within short incubation times it is possible to observe dep-
osition of new valves (Fig. 6b,d,e,f,g,h) and girdle bands
(Fig. 6¢c).

Treatment of the stained cells with 10 uM solution mon-
ensin and nigericin ionophores caused the disappearance
of the intracellular fluorescent regions (Fig. 6i-1). How-
ever, this allowed the easier observation of the fluorescent
frustules as well as the bright yellow vesicles (blue arrow-
heads in Fig. 61).

Cells that had incorporated PDMPO into portions of
their frustules were cleaned of organic material and were
observed under the fluorescence microscope (Fig. 7). The
cleaned frustules, both valves (Fig. 7a) and girdle bands
(Fig. 7b), showed uniform intense green fluorescence, in-
dicating that the fluorophore has been incorporated into
the newly synthesized silica. For comparison, the large

Fig. 7. Fluorescence microphotographs of diatom frustules. Diatoms
cultured with PDMPO were treated with oxidizing agents to isolate or-
ganic-free frustules. (a) Fluorescence image of a valve; (b) a girdle
band; (c,d) DIC images of the same fields as (a) and (b), respectively.

Fig. 8. Fluorescence microphotographs of cleaned valves of the diatom
C. wailesii, and living cells of T. weissflogii after 24 h incubation with
rhodamine 123 and PDMPO. (a—) C. wailesii; (d—f) T. weissflogii. (a,d),
PDMPO; (b,e) rhodamine 123; (c,f) DIC images.

diatom Coscinodiscus wailesii was cultured in the presence
of PDMPO and of rhodamine 123. Fig. 8 shows the
cleaned valves of the cells after 24 h incubation with the
dyes, clearly demonstrating the more intense fluorescent
staining with PDMPO (Fig. 8a,d) than with rhodamine
123 (Fig. 8b,e).

The emission fluorescence of the PDMPO-stained and
cleaned frustules of 7. weissflogii (ca. 2 umol biogenic Si
suspended in 10 ml of pH 8 buffer) was measured at 338
nm, and showed an intense single peak at 484 nm (data
not shown).

3. Discussion

3.1. Modification of the fluorescence properties of PDMPO
by Si

As shown by Diwu et al. [41], PDMPO is a fluorophore
that exhibits both dual-excitation and dual-emission spec-
tral peaks that are pH-dependent (Fig. 2). In acidic organ-
elles (pH <5) the fluorescence is predominantly yellow,
while at higher pH (pH >6) it has a blue fluorescence
[41]. The low pKa (4.2) and the changes in excitation
and emission wavelengths with pH allow its use as an
intracellular pH indicator by emission ratio measurement.

In the case of our experiments pH determination was
not possible by color of fluorescence. It is known that
solution environment can modify the fluorescence proper-
ties of some fluorophores. Diwu et al. [41] observed that
the fluorescence of PDMPO is relatively insensitive to
ionic strength in aqueous solutions (in either the presence
or absence of 100 mM NaCl or KCI), as well as to other
halogen ions (Br~ or I7) and to cationic ions (Mg>* and
Ca?*). In this study, we observed that the presence of 100
mM silicic acid solution has significant effects both on the
emission wavelengths and on the emission intensity. Si
caused a significant shift of the emission fluorescence re-
sulting in a single 510-nm peak at any pH above 3, i.c.



spectra similar to those found in acidic solutions, con-
founding the determination of pH in the presence of Si.

The silicic acid concentration threshold for the forma-
tion of colloidal or polymeric Si is about 2 mM at pH < 10
[23,24]. In supersaturated solutions and neutral pH, mono-
meric silicic acid spontaneously polymerizes into oligo-
and polymeric silicic acid, silica sol, and finally silica gel
[25]. When the 100 mM silicic acid solution is added to
PDMPO, the increase of the emission fluorescence inten-
sity at 510 nm is clearly observed simultaneously with the
decrease of the molybdate-reactive silicic acid in solution
(monomeric or oligomeric silicic acid) (Fig. 4). The fluo-
rescence intensity increase is slightly slower than the Si
polymerization process, suggesting that the fluorescence
shift is due to the presence of polymeric forms of silicic
acid. This also is supported by the fact that the emission
fluorescence spectra is not shifted with silicic acid concen-
trations <3.2 mM (Fig. 3).

In addition, the presence of silicic acid results in a note-
worthy increase in the fluorescence intensity of PDMPO at
510 nm (Fig. 4), suggesting some ‘silica-philic’ properties
of PDMPO. Hence, the significant effects of Si both on the
emission wavelengths and on the emission intensity make
this compound an excellent new probe for imaging poly-
silicic acid and silica in a wide range of biological and
chemical studies.

3.2. Tracing frustule silicification in diatom cell cultures

In recent years, fluorescent pH indicators have widely
been developed [42] to monitor intracellular pH changes.
However, most of the dyes commonly used for this pur-
pose were little adapted to study acidic organelles because
they do not selectively accumulate in acidic compartments
or because their fluorescence is greatly reduced in acidic
media [36,43-48]. Recently, Vrieling et al. [4] suggested an
acidic environment inside the SDV of pennate diatoms
Navicula spp. by showing the accumulation of an acido-
tropic, non-fluorescent probe (DAMP), which they local-
ized with specific antibodies. In their study, they also used
several pH-sensitive fluorescent probes to determine the
compartmental pH but fluorescence ratio analysis was
not possible due either to the lack of specific accumulation
of the dyes into the SDV or due to the lack of sensitivity
of the fluorophores. PDMPO is an acidotropic probe with
a low pKa that has been shown to accumulate in acidic
organelles [41]. The novelty of this probe is that it shows a
fast accumulation into the SDV where silica is deposited
into the new frustules. This feature is also observed with
the fluorophore rhodamine 123. In previous studies [4,37]
rhodamine 123 has been used to label and visualize the
newly formed siliceous cell walls of fixed diatom cells by
fluorescence microscopy. Fixation and rinsing of the sam-
ples are necessary with rhodamine 123 because of the low
emission intensity of rhodamine 123 relative to the bright
red autofluorescence of the cells, and because of the high
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concentration of the dye in the growth medium necessary
to stain the cells. Brzezinski and Conley [38] used rhod-
amine 123 in order to quantify the amount of Si deposited
during each stage of the diatom cell cycle by using flow
cytometry and quantitative measurements of the incorpo-
rated dye. However, they disregarded the use of microsco-
py for this dye due to its limits for the visualization of
specific frustule elements in 7. weissflogii as described in
Fryxell et al. [49].

Hence, as for rhodamine 123, PDMPO is trapped within
the solid silica matrix of the frustule, but because of its
intense fluorescence, PDMPO can be visualized either in
living or fixed cells. In this study, we show that PDMPO
can be applied to the visualization on a fluorescent micro-
scope of live cells, and therefore to observe the timing of
the intracellular Si polymerization (polysilicic acid) and
deposition into the SDV (silica), without complex sample
preparations. The observation of frustule formation is
possible throughout the different steps of the cell cycle
with sequential staining of single elements such as the
central valve region (Fig. 6d,f,g,h), the whole epi- and/or
hypovalves (Fig. 6b,e,i), the girdle bands (Fig. 6c,j,k), and
some details of the fine structure of the frustules such as
striae and processes (Fig. 6e,1). The possibility to visualize
such frustule microstructures may be used for taxonomic
purposes with effortless sample preparation.

Control experiments with ionophores suggest that the
bright green/blue fluorescence observed in wide portions
of the intracellular region might be due to higher pHs
(cytosol, nucleus, mitochondria, or other microbodies).
Interestingly, the small bright yellow vesicles remain after
addition of the ionophores (Fig. 6f,i), suggesting a
PDMPO-silica (or polysilicic acid) interaction and may
be revealing STVs. Schmid and Schulz [29] have suggested
the existence of such cytoplasmic vesicles, however, these
have not clearly shown any Si content, and their role is
still uncertain.

3.3. Mechanisms of incorporation and co-deposition of
PDMPO with Si in diatoms

PDMPO and rhodamine 123 quickly enter the cells due
to their membrane-permeable properties. They both show
a fast accumulation into the SDV where silica is deposited
into the new frustules and they are both trapped within
the solid silica matrix of the frustule. It is conceivable that
the mechanisms involved in the incorporation of those
fluorophores are similar. They both are co-deposited
with Si, and stained frustules, cleaned of their organic
coating, still show their fluorescence, which can be kept
for months in the dark. Furthermore, when incorporated
simultaneously, their fluorescent properties do not change
(Fig. 8) indicating that they do not interact together.

Li et al. [37] hypothesize that rhodamine 123 accumu-
lation results from a transmembrane potential or a high
reducing potential in the SDV, but the exact mechanism of
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incorporation is not known [38]. PDMPO is supposed to
accumulate into lysosomes and other acidic organelles,
therefore suggesting acidity inside the silicalemma as pre-
viously hypothesized [4,33]. However, the change of the
fluorescent properties of PDMPO with Si might also sug-
gest some previous interaction of the molecule with poly-
meric silicic acid or silica (by hydrogen or covalent bonds)
in the STV or SDV and the subsequent deposition of the
new complex into the frustule.

4. Significance

In this study we showed the unique fluorescence proper-
ties of PDMPO in the presence of polymeric silicic acid
and silica, and its effective application for imaging silicifi-
cation in living diatom cells.

In addition, this molecule can be relevant for a wide
range of applications provided Si polymerization takes
place in the presence of PDMPO. In biology, this molecule
can be applied for studies on silicification in not only
diatoms but also sponges and higher plants. It is obvious
that the efficiency of the technique shown on diatoms is of
major interest in oceanography and plankton ecology, Si-
cycling and primary production in the oceans. Within the
clinical research field, one could envisage the use of
PDMPO to help explain how asbestos or other silica fibers
from grasses cause lung fibrosis and cancer, dermatitis,
esophageal cancer, thoracic tumors, to help elucidate the
requirement for Si in the formation of the vertebrate skel-
eton, and evaluate implantation of Si-containing artificial
bones. The wide range of industrial applications of silica
has encouraged inorganic chemistry and materials science
to search for new ‘bioinspired’ high performance compo-
site materials. The possible use of a new fluorescent Si-
tracer can allow straightforward studies of the dynamics
of silica chemistry in real time.

5. Materials and methods
5.1. Fluorescent dyes

PDMPO (1 mM in dimethylsulfoxide) was obtained from Mo-
lecular Probes (LysoSensor® yellow/blue DND-160, Fig. 1).
Rhodamine 123 was obtained from Sigma.

5.2. Absorption and fluorescence spectra of PDMPO

PDMPO was dissolved at a concentration of 20 uM in 0.1 M
Na-phosphate buffer (pH 3.0, 4.0, 5.0, 6.0 and 7.0). For experi-
ments in the presence of silicic acid, a 100 mM silicic acid solu-
tion was prepared by passing a 0.5 M Na,SiO3 solution through
a cation-exchange resin Rexyn 101(H) (Fisher Scientific, PA,
USA). The absorption spectra of PDMPO in buffer solution
with or without silicic acid were recorded on a spectrophotometer
DU-7, Beckman (CA, USA), and the emission fluorescence spec-
tra were recorded on a FluoroMax-2 spectrofluorometer (Instru-

ments SA, NJ, USA) using the excitation wavelength where max-
imum absorption was obtained. The relative fluorescence
quantum yield of PDMPO in the presence of silicic acid was
determined by comparison to that of PDMPO alone according
to Diwu et al. [41].

5.3. Effect of silicic acid concentration on the fluorescence
properties of PDMPO

A series of solutions of 1 uM PDMPO in 0.1 M Na-phosphate
buffer (pH 7.0) was prepared with different silicic acid concen-
trations ranging from 0 to 80 mM. The fluorescence of each so-
lution was then measured at 450 and 510 nm with an excitation
wavelength of 338 nm, and the ratios of those two emission fluo-
rescence intensities were calculated.

5.4. Effect of Si polymerization on the fluorescence properties of
PDMPO

Two silicic acid solutions prepared as above were added to
buffer solutions with or without PDMPO (100 mM silicic acid,
0.1 M Na-phosphate buffer pH 7.0, 1 uM PDMPO final concen-
trations). The fluorescence intensities of solutions with or without
PDMPO (338 nm ex.; 510 nm em.) were recorded at 1 s and 1 min
intervals, respectively. Aliquots of each solution were sub-
sampled at a 15 s interval for determination of molybdate-reac-
tive silicic acid concentrations to monitor Si polymerization (ac-
cording to Strickland and Parsons [50]).

5.5. PDMPO fluorescence in silica gel

A silica gel of 5 mg/ml final concentration (Aldrich) was pre-
pared with 0.1 M Na-phosphate buffer at pH 3.0, 4.0, 5.0, 6.0 and
7.0, either in the presence or absence of 1 uM PDMPO. Each gel
was laid over a glass slide and observed under a fluorescence
microscope (Olympus BX-60) equipped with a real-time enhance-
ment digital video camera (Optronics LE-Digital), and fitted with
a wide-band cube Olympus U-MWU filter (UV ex. light 330-385
nm; transmission > 420 nm).

5.6. PDMPO fluorescence in diatom cell cultures

Two different diatom species were tested in our experiments. C.
wailesii Gran and Angst was chosen because of its large cell size
(360-380 um) and T. weissflogii (Grunow) G. Fryxell and Hasle
was used because of its large internal pools of dissolved Si. Bind-
er and Chisholm [51] observed that internal pools can represent
up to 35% of total cellular Si in this diatom when Si-starved cells
were presented with a pulse of Si and that those pools can be
sustained for several hours.

The diatom T. weissflogii has been maintained in culture at
UCSB for several years. The diatom C. wailesii (clone
GB395G-CCMP 1818) was obtained from the Provasoli-Guillard
National Center for Culture of Marine Phytoplankton (CCMP)
at the Bigelow Marine Laboratory for Ocean Sciences (ME,
USA). Cells were cultured in f/2 enriched seawater medium
with added dissolved Si [52,53] at 17°C under a continuous pho-
ton fluence rate of approximately 100 pmol photon/m? s.

For the purpose of the experiments, 250 ml of dense (~ 400 000
cell/ml of T. weissflogii or 50000 cell/ml of C. wailesii) Si-starved
cultures were incubated in the presence of PDMPO and silicic
acid to allow cell growth and Si incorporation. Si was added to



a final concentration of 400 uM and the 1 mM PDMPO stock
solution was diluted to a final working concentration in the
growth medium for all diatom experiments. The concentration
of PDMPO for optimal staining may vary depending on concen-
trations of both dissolved Si and diatom cells as well as on the
length of incubation. Here we used 1 uM PDMPO which ap-
peared appropriate for our culture conditions, e.g. at this concen-
tration, growth rates were unaffected and optimal staining of the
frustules was obtained. The cells were incubated under appropri-
ate growth conditions for at least 1 day and observed at regular
intervals.

At different stages during the PDMPO incubation, 10 uM so-
lutions of the ionophores monensin and nigericin were added to
sub-samples of the stained 7. weissflogii diatoms and incubated
for 2 min to release any unbound PDMPO molecules from the
cells. Similar incubations of 7. weissflogii cells were performed by
using rhodamine 123 diluted to a final concentration of 2 ug.
ml~! in the growth medium.

After 3 days of incubation with PDMPO or rhodamine 123,
stained cells were cleaned following the procedure of Simonsen
[54]. Briefly, the cells were treated in saturated KMnQ, solution
for 1 h and then heated up to 80°C with equal volume of con-
centrated HCI. The remaining material was rinsed several times
with Milli-Q water until neutral conditions (pH >5) were ap-
proached.

Live cells and cleaned frustules were observed on a glass slide
using the previously described fluorescence microscope and digi-
tal camera. Only live cells stained with rhodamine 123 needed
further rinses before microscopic examination due to the high
fluorescent background in the medium. In addition, the emission
fluorescence spectrum of the cleaned frustules of PDMPO-stained
cells of T. weissflogii was recorded with an excitation wavelength
of 338 nm.
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