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Introduction

The most distinctive silica producers in aquatic ecosystems are
the unicellular algae known as diatoms, of which well over
10000 distinct species are taxonomically classified based on
their intriguing siliceous exoskeleton morphology.[1] As is well
known, the diatom cell walls are made of nanostructured
amorphous silica (SiO2) with a hierarchically ordered porous
structural design[2,3] that exceeds current nanotechnological
manufacturing capabilities.[4] Similar to other biominerals, bio-
logically formed silica (or biosilica) is produced by controlled
mechanisms under ambient conditions. Moreover, the molecu-
lar and physicochemical mechanisms in biosilica morphogene-
sis appear to be integrated; their combinatorial roles, however,
are not yet well understood.[5,6] Diatoms prefer silicic acid
[Si(OH)4

�] monomers as a source of silicon, which then is pro-
cessed by depositioning of the species-specific siliceous struc-
tures.

Recent studies on the formation of biosilica have focused on
the evolution of colloidal chemistry in silicifying organisms, the
molecular and physicochemical mechanisms of silicon biomin-
eralization, and biomimetics of the ambient silicification pro-
cesses for innovative silica-based materials in nanoscience and
the silica industry.[4, 7–9] In understanding biosilica formation, it
is important to know whether and how organic and inorganic
components interact in vivo. Such interactions can be expect-

ed to occur at two different organizational levels, 1) the inter-
action between the inorganic silicic acid ions and small bio-
molecules during silica precipitation, and 2) the interaction

Biologically formed silica is produced at ambient conditions
under the control of molecular and physicochemical processes
that are apparently integrated in biosilica morphogenesis, but
the mechanisms are not yet fully understood. With the recent
identification of small polypeptides and proteins that are encap-
sulated inside the biosilica and functional in silica polymerization
in vitro, it is of importance to determine whether interactions be-
tween inorganic silica species and these organic compounds
occur in vivo. A time-resolved analysis of valve formation in syn-
chronously growing cells of the diatom species Navicula pellicu-
losa enabled us to characterize the relevant chemical bonds by
attenuated total reflectance Fourier-transformed infrared (ATR-
FTIR) spectroscopy. Typically, inorganic bonds of Si�O�Si (bands
at 1058, 843 cm�1), Si�OH (3689 cm�1), and P=O (1239 cm�1)
and organic bonds of proteinaceous matter (with the amide I
and II bands at 1642 and 1543 cm�1, respectively) were positively
identified during one cycle of valve formation. The observed var-

iations in FTIR band intensity and location represented specific
interactions between organic and inorganic molecules during the
major silicification event, during which stretching of the Si�O
bonds was predominantly noticed. The experimentally obtained
frequencies (n) of the major bonds corresponded to those that
were obtained by MM+ and PM3 FTIR simulations for organo–
silica interactions based on biomolecules that are proposed to be
involved in biosilica formation. The results indicated that hydro-
gen bonds originated from interactions, albeit weak, between
ACHTUNGTRENNUNGorganic phosphate or amine groups to the inorganic hydroxyl
groups or oxygen atoms from the silicic acid and/or silica. The
existence of covalent P�O�Si bonds and electrostatic interactions
could not be excluded. These interactions clearly suggest that
biomolecules actively contribute to the silica polymerization pro-
cess during valve formation in N. pelliculosa, and also might act
comparably in other diatoms species in which similar biomole-
cules have been identified.
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ACHTUNGTRENNUNGbetween larger biopolymers and oligomeric silica species and/
or solid silica in morphogenesis. The occurrence of the first has
been proposed from in vitro studies to determine the role of
isolated peptides and polyamines from diatoms in silica pre-
ACHTUNGTRENNUNGcipitation.[11,21] The suggested phase-separation processes also
indicate that these interactions might continue at a higher or-
ganizational levels.[10,11] Throughout the latter process, silicic
acid and/or silica interactions with lipids and carbohydrates
that are part of the membrane of the silica deposition vesicles
(SDV) and subsequently the protective casing, seems also obvi-
ous.[12] Therefore, unraveling the processes that are involved in
silicic acid polycondensation in vivo will lead to a further un-
derstanding of the mechanisms of biological nanopatterning,
and how molecular and physicochemical aspects contribute.

Nevertheless, the occurrence of these interactions has not
been demonstrated accurately. On the one side, non-invasive
in vivo approaches are not readily available, whereas on the
other side, the exact nature and composition of inorganic and
organic molecules that induce or remain present during and
after silica depositioning are not known. With respect to the
latter, however, progress has been made for diatom and
sponge biosilicas, and the biomolecular content such as silicon
transporters, casing proteins, small encapsulated polypeptides
(silaffins, silicatein), and long-chain polyamines (LCPAs) have
been identified and characterized.[8,13–18] Also, the physico-
chemical properties of the diatom biosilica, particularly the
specific surface area, fractality, surface roughness, and pore vol-
umes and distributions have been well documented.[3,6,19,20]

In the pennate diatom Navicula salinarum, it has been dem-
onstrated that valve morphogenesis is a rapid process with dis-
tinct stages in two- and three-dimensional valve develop-
ment.[21] Apparently, diatom biosilica formation is a highly dy-
namic process, during which interactions between silicic acid
and/or oligomeric silica species with organic molecules expect-
edly are of importance for growth and structure direction.
Silica–biomolecule interactions in organisms have been studied
in only a few instances, namely during silica formation that is
induced by the exterior surface of bacteria,[22, 23] and in the
functioning of a cell-wall-associated diatomaceous carbonic
ACHTUNGTRENNUNGanhydrase.[24,25] A time-resolved analysis of the evolution of
chemical bonds due to interactions of inorganic and organic
molecules in the course of diatom valve formation has not
been encountered. Such a study could further substantiate the
role of these interactions in silica depositioning, and perhaps
elucidate structure–direction processes in diatom biosilicifica-
tion. Insight into these silica–biomolecule interactions is also of
interest to tailor the (bio)physicochemical properties of a syn-
thetic route for the production of highly hierarchically ordered
silica structures, or to translate this knowledge to the design of
novel high-performance silica-based materials.[4]

We approached this challenge by analyzing the different
stages of valve formation in synchronously growing cells of
the pennate diatom species Navicula pelliculosa. For this spe-
cies, data on various organic and inorganic components and
physicochemical properties are known. The biosilica of these
species exhibit a low (specific) surface area, which is common
for diatomaceous silica,[5, 26] and indicates that this silica is

ACHTUNGTRENNUNGcondensed, or less hydrated compared to artificial silicas.[27]

Diatom biosilica of the frustules is located at the exterior of
the plasma membrane of the cells, and as such, is protected
against spontaneous dissolution in their aquatic ecosystems by
a quite inert organic casing. This casing covers the siliceous
frustule elements such as valves and girdle bands.[28] The thick-
ness of the casing and the casing/silica ratio can negatively
affect FTIR analyses, and this has been demonstrated for the
species N. minima, which has a casing of about 100 nm thick-
ness.[19] In the present study we have performed an attenuated
total reflectance FTIR spectroscopy on biosilica that was ob-
tained from a related but much smaller species, N. pelliculosa,
for which the organic layer is thin;[29] this ensures that the FTIR
spectra were not obscured by the bonds of the casing compo-
nents. For the interpretation of experimental data, interactions
were also analyzed by so-called PM3 FTIR spectroscopy simula-
tions based on the physicochemical properties of a few bio-
molecules that are known to be involved in biosilica formation,
namely: native silaffins, LCPAs, and silicatein. Silaffins and
LCPAs (or combinations thereof) exhibit the ability to induce
silica precipitation in vitro, and, depending of the reaction con-
ditions, control the morphology of the finally formed silicas ;
this has been extensively reviewed by Lopez et al.[8] and Foo
et al.[14]

Results and Discussion

Valve formation in N. pelliculosa

Molecular probing of valve formation in N. pelliculosa by using
2-(4-pyridyl)-5-((4-(2-dimethylaminoethylamino-carbamoyl)me-
thoxy)phenyl) oxazole (PDMPO) revealed that the new hypo-
valve was rapidly produced (Figure 1) and that the whole pro-
cess proceeds comparably to the sequence that was observed
for a closely related species, N. salinarum.[51] The premature
valve appeared to originate from the center of the cells, start-
ing at the central nodule in proximity to the cleavage furrow
(arrow Figure 1D). Already after 20 min, the newly formed
valves were clearly recognized at the axial area (Figure 1E and
F) and continued to expand in the next 40 min towards the
outer valve edges (Figure 1G–J).

Development of the valve in the third dimension or valve
thickening was readily observed at later intervals (�60 min;
Figure 1 I–L), during which also the transapical costae could be
identified, especially when the focal plane was adjusted man-
ually (not shown here). From these observations, it was clear
that silicification occurs mainly within the first hour (Fig-
ure 1A–J), during which macromorphogenesis, that is the for-
mation of the larger frameworks,[30] and micromorphogenesis,
that is, the subsequent formation of detailed structures during
valve thickening[30] were defined as distinct events. After 8
hours (Figure 1K and L), cell separation has been initiated; this
indicates completion of the new hypovalves; the cleavage
furrow is well visible upon separation of the PDMPO-probed
hypovalves (arrow in Figure 1L).
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FTIR analysis on N. pelliculosa samples

The FTIR spectra were obtained for synchronously growing
N. pelliculosa cells by subsampling over 1 cycle of valve forma-
tion. The collected subsamples represent snap-shots for a
time-resolved analysis, for which harvested cells were studied
as following: whole cells (Figure 2), analysis of the ratio be-
tween the initial stage and later stages (tn/t0 ; Figure 3), SDS-
treated cells (Figure 4) and HNO3-treated cells (Figure 5) that
correspond to a diminished contribution of organic matter. All
positively identified peaks that were used to assign bonds by
the frequency (n) are summarized per studied interval and
treatment (Table 1). The spectra obtained from samples of
whole cells displayed the most important fingerprints of silica
as part of diatom frustules (Figure 2A and B). The bands at
~1060 and 843 cm�1 were assigned as stretching vibrations of
Si�O groups, and were clearly identified over all of the valve
formation intervals. For whole cells however, a quite broad
band at about 1058 cm�1 was noticed, which possibly originat-
ed from PO4

3� from the organic molecules.[31] Other fingerprint
bands that were present at all intervals were those of amide I
at ~1642 cm�1 and amide II at ~1543 cm�1 (Figure 2); these

bands refer specifically to the presence of proteins.[32] The
broad band between 1000 and 1250 cm�1 with a maximum at
~1080 cm�1 (Figure 2A and B) was identified as the most
ACHTUNGTRENNUNGimportant band for inorganic matter because it represents the
sum of many bonds and/or interactions that are related to sili-
con and phosphate groups (Figure 2C).

This broad band most probably also includes the band of
Si�O�C bonds at ~1080 cm�1 [34] and P�O�C bonds with bands
at both ~1076 and 1085 cm�1.[34] The occurrence of bands for
the Si�C and P�O�Si groups (782–794 cm�1) were not identi-
fied and their presence was ruled out.[35,36] Also covalent inor-
ganic bonds between Si atoms and N or C atoms were not
identified, this is in agreement with earlier observations.[37] Sur-
prisingly, in the spectra of whole cells, two distinct bands were
observed in parallel at different stages of valve formation;
namely at the intervals of t=30, 50, 350 and 1440 min. The
bands appeared at 1734 and 3689 cm�1 (Figure 2B) and are
ACHTUNGTRENNUNGrespectively related to bonds of a C=O ester[19] and a C�OH or
an O�H.[38,39] Our FTIR analysis did not provide information on
the presence of other solids or mineral groups, such as
ACHTUNGTRENNUNGsulfate.[40]

Figure 1. Valve formation in synchronously growing Navicula pelliculosa cells visualized by PDMPO probing. All images were taken from cells that were orient-
ed in the girdle view. The fluorescence images (right columns) were aligned by their bright field ones (left columns). The sequence of valve formation is
shown as the duration of valve formation after replenishment of silicon to Si-synchronized cells (see also Table 1 in the sampled intervals) ; note that t=0
(a,b) refers to the cells in cytokinetic arrest just prior to addition of silicic acid and PDMPO.
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It should be noted that the band at 3689 cm�1 can also rep-
resent O�H stretching from highly ordered structures in rela-

tion to the chemical composition of the inorganic
surface.[38] In diatomaceous silica, OH groups indeed
are located at the silica surface.[5,41] The bands at
2924 and 2852 cm�1 (gray arrows Figure 2B) were as-
signed as C�H bonds (Table 1), which in general cor-
respond to presence of hydrocarbons or lipids;[42–44]

these bands, however, were not always clearly de-
tectable during valve formation in these whole-cell
samples.

Because of the importance of the 1770–950 cm�1

region, which concerns bonds between silicon and
other atoms, the spectra have been normalized in
order to determine whether the peak intensity and
bond occurrence varied during the course of valve
formation (Figure 2C). Indeed variations in peak loca-
tion and intensity were observed; this suggests dy-
namics in the contribution of bonds and the content
and composition of organic and inorganic matter in
N. pelliculosa cells when new valves are produced. In
the first stages of valve formation (between 0 and
10 min) two bands appeared in the region of 1563
and 1474 cm�1 (gray arrow Figure 2C) that most
probably relate to the hydrogen-bond interaction
ACHTUNGTRENNUNGbetween the amine group of a biomolecule and an
oxygen from another molecule.[45] After 40 min of
valve formation, an increase in the intensities of the
amide I (1642 cm�1) and amide II (1543 cm�1) bands
was observed (Figure 2C); this indicates that from
this stage, protein synthesis co-occurred in synchro-
nously growing N. pelliculosa cells. The presence of
weak C�NH bonds (1563 and 1474 cm�1; gray arrows
Figure 2C) suggested that the deformation (stretch-
ing) of amine groups towards oxygen atoms of, for
instance, silicic acid and/or silica, might have oc-
curred. The bands near 1086 and 1058 cm�1 (Fig-
ure 2C), which coincided with Si�O and Si�O�Si
bonds, seemed to change intermittently during valve
formation. Especially, the Si�O�Si band at 1058 cm�1

coappeared with the P=O band at 1239 cm�1, and
this suggests that a biomolecule might have mediat-
ed the silicification process. The presence of the C�
N�H stretching bands at 3263, 1563, and 1474 cm�1

(Figure 2A and C) in the earliest stage of valve forma-
tion (between 0 and 10 min) suggest an active inter-
action of biomolecules with inorganic compounds,
most probably silicic acid and/or silica oligomers, in
the first steps of silica polymerization.

For a qualitative analysis between the sampled in-
tervals of valve formation in N. pelliculosa, an addi-
tional normalization step was applied that was based
on a ratio analysis between every interval and the ini-
tial stage of cytokinesis arrest (t0 ; Figure 3). In this
way the obtained spectra at every later stage (tn) was
corrected for the contribution of the initial stage (t0)
and the relative difference between tn and t0 was de-

termined; moreover, the ratio analysis enhanced the variations
in the bond contributions between the compared stages,

Figure 2. FTIR spectra of the whole cells of the diatom Navicula pelliculosa, which were
collected during valve formation of synchronously growing cells (see also Table 1 for the
sampling scheme). The most clear-cut peaks are indicated and assigned to previously re-
ported bonds (see also Table 1). A) Two representative FTIR spectra at the starting stage
(t=0; lower spectrum) and after 50 min of valve formation (upper spectrum) and B) nor-
malized spectra that were obtained throughout the whole process of valve synthesis
that indicate variations between bonds at different stages of valve formation. C) Normal-
ized FTIR spectra for the region of 1770–950 cm�1.
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which were observed less clearly in the original spectra. The
ratio of 1 (t0/t0) is used as the baseline in order to define either
a decreased (ratio<1) or an increased (ratio>1) contribution
of chemical bonds or interactions at certain frequencies com-
pared to the starting stage of valve formation (t0). Clearly, the
contribution of chemical bonds varied during the course of
valve formation in N. pelliculosa because the relative contribu-
tion of the assigned bonds differed over time (Figure 3). Inter-
estingly, at almost all intervals the relative contribution of
amide I and amide II bonds was quite stable in the earliest
stages (0–30 min), and clearly was less variable than other
bonds with frequencies in the region of 1550 to 1100 cm�1

(Figure 3). This suggested that the level of protein synthesis
was also quite stable during these earliest stages of valve for-
mation, albeit with the remark that after 30 min the contri-
ACHTUNGTRENNUNGbution of first amide I (t>50 min) and second amide II (t>
40 min) bonds increased. From t=30 min onwards, the contri-
bution of bonds of CH2NH (1474 cm�1) and of CH2 and CH3

groups (both with bands at 1436 cm�1) also increased (Fig-
ure 2C). During the course of valve formation, variation in the
abundance of P=O bonds (band at 1239 cm�1; Figures 2C and
3) was also observed in the ratio analysis, regardless of the fact
that the contribution of these bonds in the normalized spectra
(Figure 2C) was quite low. Apparently biomolecules did inter-
act differently at different stages during the course of valve
formation in N. Pelliculosa.

The spectra of the SDS-treated samples of N. pelliculosa
were much clearer than those that were obtained for the
whole cells, and displayed a decreased number of peaks and
for several identified bands of lower peak intensities (Figure 4).
Certainly the extraction of intracellular matter by SDS has re-
sulted in a diminishment of the contribution of organic matter.
The typical band that is observed at 3685 cm�1 (arrow
Figure 4) was clearly identified in samples of whole cells (Fig-
ure 2A), but was much more intense in the spectra of SDS-
treated cells. This peak was assigned to O�H stretching that
was caused by a hydrated component that interacts with, or is
interconnected to a highly ordered or even semi-crystalline
structure.[31,38, 42,43] In SDS-treated diatom cells, solid silica of the
parental frustule and that of newly formed valves contributed
mostly (>90%) to the total sample mass, and exhibited such
semicrystalline features (on the micron scale) that relate to ho-
mogeneity in pore distributions.[3] Therefore, it was reasonable
to suggest that the identified O�H stretching would result
from interactions of organic matter, possibly the remnants of
the external protective casing or other associated compounds
with the solid silica matrix. This suggestion was further sup-
ported by the fact that these interactions did not remain when
nearly all organic matter was removed by nitric acid oxidation

Figure 3. The ratio analysis between the initial stage (t0) and later stages as tn/t0 to determine the relative differences between the two stages. The most
clear-cut peaks are indicated and assigned to previously reported bonds (see also Table 1). An alternative version of this figure showing a direct comparison
between all time points is given in the Supporting Information.

Figure 4. FTIR spectra of the SDS-treated cells of the diatom Navicula pellicu-
losa that were collected during valve formation. The most clear-cut peaks
are indicated and assigned to previously reported bonds (see also Table 1).
The spectra for the different intervals were vertically shifted for clarity; from
bottom to top the following intervals during the course of valve formation
in synchronously growing cells are shown: t=0, 30, 40, 110, 230 and
1440 min.
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(Figure 5). The SDS-treated samples clearly revealed both pro-
tein fingerprint bands of amides I and II (Figure 4) and other
organic compounds (Table 1). The C�H bonds with typical fre-
quencies at 2927 and 2848 cm�1 (gray arrows Figure 4) relate
to lipids,[45] whereas the bonds with frequencies at 1224 and
1038 cm�1 (arrowheads Figure 4) most probably coincide with
phosphorylated compounds and polysaccharides.[31,45] The
presence of these compounds indicated that the remnants of
the protective casing was still present after SDS treatment,
which is in line with previous molecular-probing studies.[46,47]

Most conspicuously, the FTIR spectra of HNO3-treated sam-
ples were nearly void of organic matter, and silica has been
ACHTUNGTRENNUNGretained almost exclusively (Figure 5A). In fact, HNO3-treated
diatom biosilica, depending on the species, contains at least
over 95% silica;[28,42] the organic source most probably consists
of analogues of the recently identified silaffins and/or LCPAs,
which only can be dissoluted from solid diatom biosilica.[8]

Consequently, a low contribution of protein-related bonds in
the FTIR spectrum was expected, and only a very small peak
was observed at 1632 cm�1 (gray arrow Figure 5A) which is
close to the amide II band at 1642 cm�1. Instead of a proteina-
ceous nature, adsorbed water molecules may also be responsi-
ble for this band.[38,48] The main siloxane and silane frequencies
are found between 1250 and 950 cm�1 (arrows Figure 5A),
while the major Si�O peak was observed at 1055 cm�1, with
one additional peak at about 1200 cm�1 (arrowheads Fig-
ure 5A and B).

These silica-related bands partially overlap with those that
correspond to the presence of carbohydrates and PO4

3� fre-
quencies,[31,34,45, 47] which explains why accurate band assign-
ment of silicon-related bonds in the region of 1250–950 cm�1

is quite difficult in whole cells (Figure 2) and SDS-treated sam-
ples (Figure 4). A wide O�H band with a peak at ~3356 cm�1

appeared to decrease in intensity in the course of valve forma-
tion in N. pelliculosa between the onset (t0) of valve formation
and the nearly 2D completion of the valve after 60 min (see
also Figure 1 I and J). The intensity increased again at a later
stage (350 min), which can be explained by a second silicifica-
tion event of, for instance, the synthesis of the girdle bands
and/or casing formation before the dividing cells finally sepa-
rate. Clearly, the previously assigned O�H bands at 3689 and
3685 cm�1 that were observed in spectra of whole cells and of
SDS-treated cells were absent; this indicates that the observed
O�H interactions must occur within the solid silica. Bonds that
are related to C�H and C�CH2 at 2916 and 1426 cm�1, respec-
tively, displayed a low but quite stable intensity over the
period of valve formation; this suggests that the contribution
of encapsulated organic matter remained constant. By normal-
izing the spectra for the frequency region between 1300 and
750 cm�1 (Figure 5B), the degree of tetrahedral ordering of
SiO2, or the periodicity of the silica network could be qualita-
tively assessed by integration of the peak areas and the posi-
tion of the maxima. By calculation of the ratio I800/I1055, the
degree of order was determined, and it was observed that the
degree of ordering in the silica network varied in the process
of valve formation in N. pelliculosa (Table S2in the Supporting
Information); the degree of ordering decreased at distinct
stages in the following order : t=80, 10, 350, 20 and 50 min.
The optimal ordering was seen after 80 min of synchronous
growth when the new valves of N. pelliculosa became devel-
oped completely in their second dimension, as determined by
PDMPO probing (Figure 1 J–L). At later stages, the degree of
order slightly decreased, which might indicate that completion
of the newly formed valves in the third dimension occurs with
more hydrated silica on a more dense silica base, namely the
completed 2D valve structure.

Figure 5. FTIR spectra of the HNO3-treated cells of the diatom Navicula pelliculosa that were collected during valve formation. A) The spectra for the different
intervals were vertically shifted for clarity; from bottom to top the following intervals in the course of valve formation in synchronously growing cells are
shown: t=10, 20, 50, 80, and 350 min. B) Normalized FTIR spectra for the region 1300–733 cm�1 from which the degree of order in the silica network was
qualitatively assessed by determining the I800/I1055 ratio. For assignment of bands see also Table 1.
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MM+ simulations

To obtain insight into the possible interactions between chemi-
cal groups from individual diatomaceous biomolecules or their
larger complexes that are due to docking with inorganic
groups from silica, we have performed MM+ simulations. By
combining geometry optimization and molecular dynamics for
establishing relaxation of the optimized structures, we deter-
mined a number of local energy minima for every tested
ACHTUNGTRENNUNGbiomolecule that was evaluated at different conformations
(Table S3). The most stable structure that was obtained for
native silaffin-1 corresponded to an a helix conformation with
energy of �3565.67 kcalmol�1. In this conformation, it was
possible for non-ionic silicic acid Si(OH)4 units to approach the
regions that are rich in PO4

3� and NH to form hydrogen bonds
(Figure 6).

Stretching of the Si�OH bonds, as was noticed in the experi-
mentally obtained FTIR spectra (Figure 5), could even further
facilitate such interactions in vivo. In contrast, in the modeled
interaction of this molecule with amorphous silica, only weak
hydrogen bonds were obtained (Figure 7A). For the modeled
silaffin–silica structure, it was found that oxygen from the
phosphate groups from the peptide were responsible for
building the hydrogen bonds upon interaction with the amor-
phous silica structure (Figures 6 and 7). By using the molecular
conformation with the lowest energy (Table S3), the distance
between the aforementioned groups in the silaffin–amorphous
silica models has been determined to be about 2.5 I in size
(Figure 7A).

Table 1. Assignment of detected FTIR frequencies of inorganic, organic and hybrid bonds for sequentially obtained samples from synchronously growing
Navicula pelliculosa cells ; these samples were examined for intact frozen (column 4) or freeze-dried (column 5) and for cell walls, following treatment of
cells with SDS (column 6) or HNO3 (column 7). The assignment is based on previously reported data (column 3). Frequencies that represent interactions
ACHTUNGTRENNUNGbetween -OH groups of silica and the C=O esters of a biomolecule are indicated in bold.

Frequency Assigned Refs. Intervals at which bands were identified [min]
ACHTUNGTRENNUNG[cm�1] bonds Whole cells Whole cells (frozen SDS-treated HNO3-treated

ACHTUNGTRENNUNG(frozen) + freeze dried) cells cells

~3700 Si�OH stretching (disor-
dered)

[19, 22,23] n.d. superimposed on other bands

~3689 (~3685) Si�OH stretching (ordered) [35, 37,38] 30 50, 350, 1440 0, 30, 40, 110, 230,
1440

n.d.

~3350 (~3338) O�H stretching [39, 45] 0, 40, 230 10, 30, 50, 110, 350,
1440

0, 30, 40, 110, 230,
1440

10, 20, 50, 80, 350

~3200 Si�O stretching [19, 22,23] superimposed on other bands
~2924 C�H stretching [45] 40, 230 30, 50, 110, 350, 1440 0, 30, 40, 110, 230,

1440
10, 20, 50, 80, 350

2852 C�H stretching [45] 40, 230 30, 50, 110, 350, 1440 0, 30, 40, 110, 230,
1440

10, 20, 50, 80, 350

1734 C=O [45] 30, 50, 110, 350, 1440 n.d. n.d.
1642 amide I [45] 0, 40, 230 10, 30, 50, 110, 350,

1440
0, 30, 40, 110, 230,
1440

n.d.

1543 amide II [45] 0, 40, 230 10, 30, 50, 110, 350,
1440

0, 30, 40, 110, 230,
1440

n.d.

1460, 1420 P�O�Si [35] –
~1430 C�CH2 [45] 0, 40, 230 10, 30, 50, 110, 350,

1440
0, 30, 40, 110, 230,
1440

10, 20

~1563, ~1474 C�NH [53] 0 10 n.d. n.d.
~1240 P=O [31] 230 30, 50, 350, 1440 0, 30, 40, 110, 230,

1440
n.d.

~1165 C�C [45] 0 50, 1440 – –
~1140 HPO4

2� [31] 10 – –
~1085 Si�O [22, 23] 0 30, 50, 1440 0, 30, 40, 110, 230,

1440
10, 20, 50, 80, 350

1077 Si�O [22, 23] not clear not clear 10, 20, 50, 80, 350
~1058 P�O�C, Si�O�Si PO4

3� [19, 22,23] 0 30, 50, 1440 0, 30, 40, 110, 230,
1440

10, 20, 50, 80, 350

~950, ~870 Si�O [22, 23] 0, 40, 230 10, 30, 50, 110, 350,
1440

0, 30, 40, 110, 230,
1440

10, 20, 50, 80, 350

~789 Si�O�Si [22, 23] n.d. n.d. 0, 30, 40, 110, 230,
1440

10, 20, 50, 80, 350

Intervals at which PDMPO probed N. pelliculosa cells
were harvested and their matching samples that were
analyzed by FTIR

0, 20, 40, 80, 230,
470

10, 30, 50, 110, 350,
1440

0, 40, 110, 230, 1440 10, 20, 50, 80, 350,
470

n.d. : not detected.

ChemBioChem 2008, 9, 573 – 584 = 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 579

Organo–Silica Interactions in Navicula pelliculosa

www.chembiochem.org


FTIR-PM3 simulations

In order to fit the FTIR spectra of our modeled structures to
those that were obtained experimentally, we have applied
minor horizontal corrections to align the distinctive fingerprint
bands, that is, those of the amides (amides I and II) and Si�O,
based on their reported assigned frequencies (Table 1). For the
organic molecules, a correcting factor of 0.85 was applied,
whereas for the silica-related bands the correction factor was
0.90. Despite these minor corrections, we noticed that the sim-
ulation of FTIR spectra was not readily straightforward because
of the occurrence of a few bands that could not be properly
assigned and because of minor variations between multiple si-
mulated FTIR spectra. It is known, however that diversity in
FTIR spectra appeared to be caused by small variations in the
molecular structures when a molecular dynamic approach is
applied. Nevertheless, the simulated FTIR spectra always re-
vealed clear-cut peaks of assignable bonds such as either
amide I (at ~1632 cm�1; arrow in Figure 7B) and Si�O (at
741 cm�1; arrowhead in Figure 7B). As stated earlier, the
a helix conformation of the modeled native silaffin-1 is the

one with the lowest energy, but this conformation might not
always occur during silica formation in diatoms, and conse-
quently more bands could be expected. Indeed, our experi-
mental FTIR spectra displayed more assignable bands than the
simulated ones (Figures 2–5). Also, in the FTIR simulations, sev-
eral typical additional bands appeared constantly (asterisks in
Figure 7B) that could not be assigned to any chemical bonds
so far. These additional bands in the simulated FTIR spectra,
however, might have originated from either inharmonic vibra-
tions due to coupling of atoms through the valence electrons
in the structures, or heterogeneity in the analyzed system.

Although the simulated FTIR spectra contained minor ob-
scuring signals, the comparison between experimental and si-
mulated FTIR spectra was achieved and provided evidence of
variation in silica–biomolecule interactions that specifically oc-
curred during the major silicification event in the synchronous-
ly growing diatom Navicula pelliculosa, namely the formation
of siliceous valves. Such interactions were already suggested
by various in vitro studies in which purified diatomaceous bio-
molecules (e.g. , silaffins and LCPAs) or synthetic proteins there-
of and other model proteins were used. The assignment of

Figure 6. A) The a-helix silaffin model interacting with a Si(OH)4 molecule in a region near a C�H from its side chain (marked box). B) Enlarged view of the
Si(OH)4 molecule interacting with the silaffin-1 structure with a PO4

3� group located in the proximity that most probably influences the interaction. The dis-
tance between the Si(OH)4 and the molecule is marked with a discontinuous line and has been calculated to be �2.5 I.
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bonds that were identified by FTIR also agreed with previously
reported data on biosilica,[22,23] but here the dynamics of possi-
ble hybrid interactions were analyzed in more detail. FTIR spec-
tra revealed that carboxylic, aliphatic, amine, and possibly also
phosphate groups are of main importance in their interactions
with silica species in N. pelliculosa (Table 1), but the electrostat-
ic interactions could not be excluded. Irrespective of the
sample treatment, the typical bands that are related to silica
(i.e. , those at 1058 and 843 cm�1) were always observed in the
FTIR spectra; obviously their contribution increased when or-
ganic matter was progressively removed (Figure 2–Figure 5).
The identified PO4

3� and carbohydrate bands at 1224 and
1038 cm�1, respectively, in SDS-treated samples (Figure 4) were
expected to originate from either the casing components and/
or other organic matter that remained firmly associated with,

or encapsulated in the diatom biosilica. These bands were
absent when cells were treated with nitric acid to remove any
bound organic matter (Figure 5). As previously demonstrated,
native silaffin appeared to be heavily phosphorylated and
modified with polyethyleneimine side chains, and as such,
could explain the observed phosphate band. A 31P NMR spec-
troscopic analysis also demonstrated the presence of phos-
phate in diatom biosilica.[49] The observed phosphate band
was not related to the phosphorus of nucleic acids, because
these bonds have different frequencies, namely, at 1100 and
1235 cm�1.[44]

In normalized FTIR spectra for whole cells (Figure 2C), the
deformation of weak C�NH or N�H bonds was determined
from variations in peaks at 1563 and 1474 cm�1, which were in-
dicative of interactions between both compounds that were
facilitated by stretching of hydrogen bonds between the
amine groups of a biomolecule towards solid silica. During the
course of valve formation in N. pelliculosa the contribution of
assigned chemical bonds clearly varied (Figure 2–Figure 5), but
also suggested that important cellular processes such as pro-
tein synthesis (as determined from the presence and contribu-
tion of the amide bands in the spectra) were not major events
during valve formation. However, upon initiation of valve for-
mation (at t=0), immediately following silicon replenishment
to cytokinetically arrested N. pelliculosa cells, the contribution
of most of the assigned bands was much higher. In fact, al-
ready after 10 min of silicon replenishment, the relative contri-
bution of all bands had increased in comparison to arrested
cells (Figure 2); this implies that the synthesis machineries of
both the biomolecules and biosilica were activated substantial-
ly. It is also noteworthy that the relative contribution of protei-
naceous matter (as defined from the amide bonds) over that
of inorganic bonds only increased at stages beyond 40 min of
valve formation (Figure 2C). This correlated quite well to our
observation of the stage where the siliceous valves of N. pelli-
culosa appeared to be fully developed in their second dimen-
sion, (Figure 1 I and J) and the dividing cells were preparing for
synthesis of the casing[29] and separation.

In the FTIR spectra of whole cells, the presence of the bands
that are assigned to N�H stretching (at 3263 cm�1) throughout
valve formation was not clear-cut because the relative contri-
bution of such bonds remained stable once silica formation
had been initiated (Figure 1A). Only at the earliest stage
ACHTUNGTRENNUNG(<60 min), could organic compounds that display N�H stretch-
ing towards silica be involved directly in the rapid silicification
process. Indeed our PDMPO probing demonstrated that valve
formation is a fast process, and that the 2D completion of the
new valve occurs within ~1 hour (Figure 1); this rate of valve
synthesis agreed with that of two other species such as the
ACHTUNGTRENNUNGrelated pennate species Navicula salinarum[51] and the centric
diatom Thalassiosira pseudonana.[52] The band that was ob-
served at 3689 cm�1 (Figure 2A, B) appeared at different stages
of valve formation, but the presence of these bands always co-
incided with a C=O band at 1734 cm�1 in the FTIR spectra of
whole cells (intervals indicated in bold in Table 1). The pres-
ence of the C=O band suggests that either an acidic molecule
(e.g. , with aspartic acid or glutamic acid) has been synthesized

Figure 7. A) Silaffin-1/silica model where the biomolecules in an a-helix con-
formation interact with the glass-like fragment. The hydrogen bonds are
marked as discontinuous lines and black arrows. B) The subsequent simulat-
ed FTIR spectrum of the interaction between silica and modeled native silaf-
fin-1 after optimization in water. For details in frequency assignment see
Table 1.
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or that the environmental pH had varied, causing changes in
FTIR spectral absorbances of amino acids.[53] For diatoms, it has
been demonstrated that the silica deposition vesicle acidifies
during valve formation,[46] and that this might explain changes
in the spectral behavior of amino acids. The band at 3685 cm�1

must be regarded as an assembly of chemical bonds that are
related to the silica surfaces at which O�H groups also are
present.[37,38,41] In fact, NMR spectroscopic studies on diatom
bio ACHTUNGTRENNUNGsi ACHTUNGTRENNUNGliACHTUNGTRENNUNGca always proved the presence of Q1 (SiO–3OH) and Q2

(SiO2–2OH) orientations of silica at the surface,[5,41] and it is
well possible that these “free“ hydroxyl groups form hydrogen
bonds with organic molecules such as those that are present
in the casing. This assumption was supported by the enhance-
ment of peak intensities of this particular band in FTIR spectra
of SDS-treated N. pelliculosa cells (Figure 3), where hydrogen
bonding of SDS molecules also might have co-occurred.

In general, the biosilica of HNO3-treated diatoms cells (incl.
N. pelliculosa) contains @95% of SiO2 with a minor amount
ACHTUNGTRENNUNGencapsulated organic matter and trace elements.[5,26] In the
samples of N. pelliculosa cells that were treated with HNO3,
only a few bands were assigned to organic matter. Based on
the assigned P�O�Si bonds with fingerprint bands at 1460
and 1420 cm�1 (Figure 6), a covalent linkage between silica
and phosphorylated organic molecules or inorganic phospho-
rus species must have occurred. Remarkably, when covalent
P�O�Si bonds were observed, the OH groups with the band
ACHTUNGTRENNUNGlocated at 3689 cm�1 were absent; this makes it tempting to
suggest that these hydroxyl groups originated from the silica
with hydrogen bridges that interacted with organic com-
pounds. Of interest is whether biomolecules that resemble the
native phosphorylated silaffins and LCPAs of Cylindrotheca fusi-
formis, or LCPAs that have been identified in other diatom
ACHTUNGTRENNUNGspecies also are active in silicification of N. pelliculosa.

Conclusions

The experimental data that were obtained indicated that,
throughout synthesis of the siliceous valve in cells of the
diatom Navicula pelliculosa, interactions between inorganic
and organic compounds occurred. Theoretically derived data
supported the experimental data, and this shows that hybrid
interactions between modeled diatomaceous silaffin-1 and
silica were favorable when silaffin-1 had an a-helix conforma-
tion. As proposed for silaffins and LCPAs on the basis of in
vitro studies, silica synthesis and most importantly silica parti-
cle size is controlled by the molecular arrangements of chemi-
cal groups such as amines and phosphates that are present or
interact with the biomolecules.[49,54] Apparently these interac-
tions occurred in vivo too, as has been demonstrated in FTIR
spectra on the SDS-treated cell walls of synchronously growing
N. pelliculosa cells that were collected at various intervals
during the course of valve formation. The nature of the inter-
action most probably relied on hydrogen bonds between the
organic compound and silica, but covalent bonds and also
electrostatic interactions between silicon and phosphorus
could not be excluded. A plausible mechanism for the synthe-
sis of the siliceous frustule parts, is that the local concentration

of silicic acid is raised to facilitate rapid polymerization, during
which biomolecules in N. pelliculosa—possibly analogues of
the silaffins or LCPAs currently identified in other species—in-
teract with silica and/or its precursors via hydrogen bonds to
further enhance the polymerization process. The presence of
bonds between organic and inorganic compounds in HNO3-
treated biosilica samples implied that interacting biomolecules
did remain encapsulated in the solid silica structure, as hap-
pens to be the case for silaffins and LCPAs. Whether the forma-
tion of the characteristic, hierarchically ordered pore structures
also relies on similar silica-biomolecules interactions is not
clear yet and the controlled synthesis and nanostructural prop-
erties of diatom biosilica should be further characterized in this
respect to determine the exact role of organic compounds in
vivo. For N. pelliculosa, the organic structures from which the
O�H and C=O bands at respectively 3689 and 1734 cm�1 origi-
nated, should also be related to the orientation of hydroxyl
groups at the surface of the silica that was formed and the dis-
tinctive features of the biopolymers that were involved and
their properties at different stages of valve development. A de-
tailed understanding of the biomolecule–silica interactions that
control biosilica formation is expected to lead to a better
ACHTUNGTRENNUNGunderstanding of diatom silicon biomineralization, and offers
potential for the design of novel synthesis routes for highly
ACHTUNGTRENNUNGordered silica-based materials.

Experimental Section

Culturing and synchronous growth : An axenic culture (1 L) of the
pennate diatom Navicula pelliculosa (strain CCMP543) was estab-
lished in artificial seawater[55] with a salinity of 32.5 practical salinity
units (PSU). The cells were grown at 16 8C under a 16 h light/8 h
dark cycle by using a light intensity of ~25 mmol photons m�2 s�1

(Biolux fluorescent tubes, Osram, Germany). The cells were
synchronized at the stage of cytokinetic arrest by silica starvation[29]

in such a way that immediately after silicon replenishment, valve
formation could be evaluated accurately.[51, 56] In short, the cells
were harvested by mild centrifugation (5 min, 160g, 16 8C) and
gently washed twice with silicon-free (Si-free) medium (500 mL).
The cells were then resuspended in Si-free artificial seawater (0.5 L)
in a 1 L polycarbonate bottle (Nalgene). Cytokinetic arrest was es-
tablished by 70 h incubation in Si-free medium after synchronous
growth was initiated by replenishing the culture with silicic acid
(final concentration of 0.20 mm) and the major nutrients nitrate
and phosphate (at final concentrations of 340 and 18 mm, respec-
tively).

Sampling and pretreatment of diatom biosilica : Synchronously
growing cells were harvested in duplicate at different time inter-
vals for the FTIR spectroscopy experiments (details on the sam-
pling scheme are available in Table 1). For every subsample, the
culture (10 mL) was centrifuged (5 min, 890g, 5 8C) and the pellet-
ed cells were subjected to one of the following treatments prior to
FTIR analysis: 1) immediately frozen (N2), 2) immediately frozen (N2)
and subsequently freeze-dried, 3) SDS extraction,[26,51] and 4) HNO3

extraction.[3,57] Cells that were either solely frozen or frozen and
subsequently freeze-dried were examined to determine whether a
water effect could be observed in FTIR spectra.

Molecular probing : To evaluate valve morphogenesis in synchro-
nously growing N. pelliculosa cells, we applied molecular probing
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by using 2-(4-pyridyl)-5-((4-(2-dimethylaminoethylamino-carba-
moyl)methoxy)phenyl)oxazole (PDMPO, LysoSensor yellow/blue
DND-160, Molecular Probes, Eugene, USA) as was described previ-
ously.[51,58] For this, the probe was simultaneously added at a final
concentration of 1.0 mm with silicic acid to the Si-synchronized
cells. During valve formation the samples of probed cells (1 mL)
were harvested by centrifugation (1 min, 890g, 5 8C) at quite simi-
lar intervals to those that were chosen for the FTIR data acquisition
(see Table S1). The pelleted cells were immediately resuspended in
chilled 98% (v/v) MeOH (�20 8C; 1 mL) and stored at �20 8C until
further microscopic analysis. Fluorescence microscopy was applied
by using an Axioscope (Zeiss, Oberkochen, Germany) that was
equipped with a bandpass filter for excitation at 365 nm and a
longpass filter to record emitted light at wavelengths above
397 nm.

FTIR measurements of diatom biosilica: The FTIR spectra were
obtained by using a single-reflectance accessory (Golden Gate,
Specac, UK) in an IFS-55 spectrometer (Bruker, Karlsruhe, Germany).
The spectra were recorded at the absorbance from 4000 to
600 cm�1 at a resolution of 4 cm�1 over 128 scans per silica speci-
men. The penetration depth of the beam was 2 mm[44] and sufficed
for a proper analysis of the small diatom species N. pelliculosa. To
determine the precise frequencies of the different chemical groups
that were produced in the experiments, a cross-referencing was
performed against previously reported group-specific frequencies
(Table 1).

FTIR normalization: To gain insight into the changes in the organ-
ic content during valve formation, a normalization by correction
for the baseline between the range of 1770–950 cm�1 was per-
formed for FTIR spectra that were obtained for whole cells and cell
walls that were obtained after HNO3 extraction. This normalization
allowed a qualitative view on changes in bonds over time. In a
second step, the normalized spectra were compared to the spec-
trum at t=0 (t0) by dividing the spectra of later intervals (tn) by the
spectrum of t=0. With this approach the difference in intensities
of bands became clearer, which made the qualitative analysis more
accurate. The chosen region comprised the bands that are known
for the amide I, amide II, and biosilica[22,23, 45] and could be used as
a qualitative index for the content of protein and silica.[23]

To qualitatively determine the different degree of structural order-
ing of the tetrahedral organization of SiO2 in the biosilica network
over time, a different normalization was implemented in the range
of 1300–733 cm�1 for the HNO3-treated samples. Because the
HNO3-treated samples contained only a very limited amount of or-
ganic matter, the normalization was based on the integrated sur-
face (I) of the silica-related bands that related to the energy that
was involved in the FTIR vibration mode, and depended on the
mass of silica analyzed.[48] The degree of order in the silica network
subsequently was computed according to the half-width and the
maximum absorbance (A) of the typical bands for silica at 1055
and 800 cm�1. By comparing both I and A for every interval, it was
possible to determine the degree of order in the silica network
over time as: I=DnA, where Dn is the half-width and A the maxi-
mum absorbance of the band. The intensity index for every inter-
val was defined as W= I800/I1055 and were evaluated for changes
during diatom valve formation.[48]

Computational Methods

The MM+ method : Molecular modeling studies were performed
by using molecular mechanics and quantum mechanics methods
as implemented in the HyperChem program Version 7.1 (Hyper-

Cube, Canada). Geometry optimizations were used to find the co-
ordinates of molecular structures that represented a potential
energy minimum. Full geometry optimization was performed by
using the HyperChem settings for the MM+ force field, the Polak–
Ribiere conjugate gradient algorithm, and a root mean square gra-
dient (RMS) of 0.0001 kcalI�1mol�1. Molecular dynamics relaxation
of the optimized structures was employed to look for possible
local minima (step size of 0.001 ps, constant simulation tempera-
ture of 300 K). The organic molecules were geometrically opti-
mized in both the a-helix and b-sheet to determine the most
stable conformation (MM+ method). In the case of the long-chain
polyamines (LCPAs) an optimization of the structures with hetero-
geneous and homogeneous distribution of [�C3H6NCH3]n was per-
formed. The number of this [�C3H6NCH3]n group was modified as
well, because these chemical modifications affect the functionality
and structure of the biomolecules. The models of LCPAs and Silaf-
fin 1A1 (here Silaffin-1) were performed from their most basic struc-
tures.[59] Secondary structure models were applied, because data
on their three dimensional structures were not available. The or-
ganic molecules (see Table S1) were chosen to solely interact with
silicic acid in presence of water molecules, and with the non-ion-
ized Si(OH)4 structure; the latter choice was based on the reported
non-ionic structure at pH values near 7.0.[60]

The PM3 semi-empirical method: The optimized geometries that
were obtained by the MM+ molecular mechanics method were
further optimized with PM3 semi-empirical methods by selecting
and editing the closest region to the non-ionic Si(OH)4 groups (at
least 20 structures were PM3 optimized), by assuming that the
closest places are responsible for the formation of the siloxane
bonds (Si�O�Si). In semi-empirical calculations, full geometry opti-
mization was performed with the Restricted Hartree–Fock (RHF)
basis, Polak–Ribiere conjugate gradient algorithm, and total root-
mean-square (RMS) gradient of 0.0001 kcalI�1mol�1 as was recom-
mended in the HyperChem manual, and mentioned previously as
the most suitable method for long biomolecules.[61] The Hyper-
Chem vibrational spectrum with active IR vector rendering has
been used to graphically display the normal modes that were asso-
ciated with the vibrations. The results of the calculations for the
chosen organic molecules are presented in Table S3.

Assignment of simulated IR hybrid bands : The bands of the dif-
ferent hybrid bonds of organic and inorganic groups were simulat-
ed in order to approach the silica–biomolecule interaction. The
ACHTUNGTRENNUNGfollowing compounds were optimized with the PM3 method and
their bands were obtained: (OH)3Si�NH2, SiO2, H3C�Si(OH)3, H3CO�
Si(OH)3, (HO)3P�O�Si(HO)3 and non-ionic silicic acid (Si(OH)4) to
obtain the Si�N, the Si�O, the Si�C, the Si�O�C, the Si�O�P, and
Si�O bands, respectively. In favor of the precise identification of si-
mulated FTIR bands, a minor horizontal correction was performed
for matching the well-known SiO2, amide I, and amide II.
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