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Diatom™ cell walls are outstanding examples of natural
hybrid materials and exhibit extraordinarily interesting
mechanical and optical properties.”) Their structure and
composition continue to inspire a variety of biomimetic
synthesis approaches.’! Diatoms are preferred model organ-
isms in silica biomineralization studies.”*! Their hierarchically
structured cell walls contain amorphous silica as well as
special biomolecules. Over the past decade, three different
classes of such biomolecules have been identified: 1) the
silaffins, highly post-translationally modified peptides/pro-
teins;®! 2) long-chain polyamines (LCPAs);! and 3)the
highly acidic silacidins.”) The zwitterionic silaffins self-assem-
ble into supramolecular aggregates. The same was observed
for LCPAs!® provided a properly chosen counterion such as
orthophosphate or pyrophosphate, or a negatively charged
peptide such as silacidin is present. Both the aggregated
silaffins as well as the long-chain polyamines induce rapid
silica precipitation in vitro from silicic acid containing
solutions. To identify these molecules, biosilica was dissolved
in HF or NH,F. Silaffins, LCPAs, and silacidins were then
found to be dissolved in the extraction solutions.

The diatom species Thalassiosira pseudonana is an
established model organism in this area; its genome has
been completely sequenced.”’) Recent ion-abrasion scanning
electron microscopic!'”! as well as atomic force microscopic
studies" on cell wall formation in 7. pseudonana revealed
the presence of filamentous nano- and microscale structures
within the growing cell wall which apparently contain central
templating organic structures (“linear proteins”).'” Chitin
(poly-N-acetyl-pD-glucosamine) occurs in numerous calcium-
based biominerals.'”! It is assumed to form insoluble scaffolds
or compartments, wherein chitin-associated biomolecules
control calcium biomineralization events. So far, however,
chitin has not been identified in biosilica formation in diatom
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cell walls. On the other hand, several diatom species such as
Thalassiosira sp. synthesize external fibers from highly crys-
talline B-chitin.'”! Interestingly, recent gene expression stud-
ies of T. pseudonana indicate a possible role of chitin in cell
wall biosynthesis."¥ Furthermore, signals characteristic for
polysaccharides such as chitin were observed in solid-state
NMR spectroscopic analyses of T. pseudonana cell walls."™
The aim of the present work is the elucidation of the possible
role of chitin in T pseudonana cell walls, in particular with
respect to the presence of “internal” chitin embedded in or
tightly bound to the biosilica.

SEM images of T. pseudonana cell walls are shown in
Figure 1. The cell walls were extracted using the established
method based on treatment with sodium dodecylsulfate
(SDS) and ethylenediamine tetraacetic acid (EDTA) (see
the Experimental Section). Cultures were grown under
identical conditions but harvested either with the use of a
flow centrifuge or a filter (see Experimental Section). The
filtered samples contain large amounts of the well-known
external chitin fibers (Figure 1, top). This observation is
confirmed by “C solid-state NMR spectroscopy (Figure 2).
The spectrum of the filtered sample is dominated by intense,
narrow resonances at chemical shifts characteristic of crys-
talline -chitin®. An intense fluorescence of the material can
be observed after staining with Calcofluor White, a fluores-
cence dye that preferentially binds to [3-1,4-bound polysac-
charides. This confirms the presence of high amounts of
external, dye-accessible chitin (see the Supporting Informa-
tion).

In contrast, external chitin is removed from samples
harvested with a flow centrifuge (Figure 1, middle). This is
confirmed by the complete absence of fluorescence for
centrifuge-harvested Calcofluor White stained cell walls
(see the Supporting Information). The "*C solid-state NMR
spectrum of centrifuge-harvested samples is a superimposi-
tion of various resonances. However, a well-resolved signal at
0 =104 ppm is observed which is characteristic for the C1
position of polysaccharides like poly-N-acetyl-p-glucosa-
mine.'”! In monomers such as N-acetyl-D-glucosamine this
signal would occur at approximately ¢ =93 ppm."'” In other
words, a significant amount of polysaccharide is indeed
integrated in the biosilica. The linewidth (full width at half
maximum height, FWHM) of the C1 signal is approximately
240 Hz. In contrast, for the external chitin fibers the linewidth
of this signal amounts to only 110 Hz (see Figure 2 A). This
observation indicates that the polysaccharide bound in the
biosilica is more disordered than that in the crystalline
external chitin fibers.
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Figure 1. SEM images of SDS/EDTA-treated T. pseudonana samples
harvested using a filter (top) and a flow centrifuge (middle). The
majority of the siliceous cell walls withstands both the of harvesting
procedures as well as the subsequent SDS/EDTA treatment. The
bottom image shows an organic scaffold extracted by NH,F treatment.
Scale bar: 2 um.

To obtain SEM images of the intact silica-embedded
organic matrix, diatom cell walls were placed on a sample
holder and desilicified using NH,F without any mechanical
treatment such as centrifugation (see the Experimental
Section). After this treatment, NH,F-resistant organic scaf-
folds remained (see Figure 1, bottom).
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Figure 2. "°C solid-state NMR spectra of SDS/EDTA-treated T. pseudo-
nana samples harvested using a filter (A) and a flow centrifuge (B).
Spectrum C was obtained after NH,F treatment (desilicification) of the
material shown in (B) and represents the organic scaffold shown in
Figure 1 (bottom). The bottom spectrum (D) was recorded after
NaOH treatment of the scaffolds.

These networklike scaffolds resemble the size and shape
of the diatom cell walls and consist of crosslinked fibers with
an average diameter of approximately 25 nm. The diameter of
the fibers varies between approximately 5 and 50 nm. The “*C
solid-state NMR spectrum of this material is shown in
Figure 2C. It is almost identical to the spectrum of the
whole, centrifuge-harvested cell walls shown in Figure 2B
although the linewidth of the former is somewhat greater. For
example, the FWHM of C1 amounts to 260 Hz after NH,F
treatment. The organic scaffolds remaining after NH,F treat-
ment correspond to approximately 8—10 wt % of the SDS/
EDTA-cleaned cell walls. GC-MS and HPLC (Dionex, see
the Supporting Information) analyses confirmed glucosamine
as a major constituent of this material. Since the solid-state
NMR investigations revealed significant amounts of a poly-
saccharide, these observations indicate the existence of
internal chitin or chitosan within the cell wall biosilica.

However, the “C solid-state NMR spectra show the
presence of further organic compounds in addition to chitin/
chitosan in the scaffolds. Chitin—protein composites as well as
chitin crosslinked by other organic compounds are well
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known from various organisms.[lg] It is, furthermore, interest-
ing to note that a chitin-binding protein was already identified
in the girdle band region of T. pseudonana.™ In order to
remove this organic material, the samples were subsequently
treated with 2.5M NaOH:?>?!! chitin is known to resist this
treatment. The *C solid-state NMR spectrum of the remain-
ing material is shown in Figure 2D. Comparison with
Figure 2C reveals that the NaOH treatment results, for
example, in the disappearance of signals for aromatic carbon
atoms at 0 =120-140 ppm and for aliphatic carbon atoms at
0 =30-50 ppm, which probably correspond to amino acids
with aromatic and aliphatic side chains, respectively. The
amide groups in proteins/peptides contribute to the C=0O
signal; their removal by basic hydrolysis necessarily results in
a decreased intensity of the C=O signal (Figure 2 C,D).

The spectrum of the remaining material exhibits strongly
broadened resonances at positions characteristic for chitin.
The polysaccharide found in the internal organic scaffolds
from T. pseudonana biosilica is acetylated, as can be seen
from the signals due to C=O and CH;. This means, it can
clearly be identified as poly-N-acetyl-D-glucosamine (chitin),
as was also confirmed by Raman spectroscopy (see the
Supporting Information). Gravimetric analyses show that the
chitin obtained after NH,F and NaOH treatment makes up
about 2—3 wt % of the SDS/EDTA-cleaned cell wall mate-
rial, which corresponds to about 25-40% of the NH,F-
extracted organic scaffolds. The aforementioned C1 signal
exhibits an FWHM of 500 Hz after NaOH treatment.
Removal of the other organic material from the scaffolds
apparently results in an even more disordered poly-N-acetyl-
D-glucosamine. It is important to note that $-chitin extracted
from squid pen as well as a-chitin extracted from marine
sponges also exhibit broadened “C solid-state NMR sig-
nals.'*2% This broadening was explained by the presence of
high amounts of surface-exposed poly-N-acetyl-D-glucosa-
mine molecules in these types of chitin. Electron diffraction
experiments with the extracted scaffolds shown in Figure 1
(bottom) did not exhibit the defined reflections typical for
crystalline chitin phases (see the Supporting Information).
This behavior confirms the highly disordered nature of the
extracted scaffold materials and is in agreement with the
severe broadening of the °C solid-state NMR signals. Similar
conclusions were made, for example, based on the X-ray
diffraction patterns of chitin-based fibrils isolated from squid
penl'® and the alga Poteriochromonas stipitata® as well as the
chitin-based scaffolds from the marine sponge I. basta.?™

In summary, we have shown for the first time that the cell
walls of the diatom species 7. pseudonana contain a network-
like chitin-based scaffold that resembles the size and shape of
the biosilica. These scaffolds consist of interconnected fibers
with an average diameter of about 25 nm that contain other
yet unknown biomolecules apart from chitin. It is tempting to
speculate that the chitin-based networks provide the scaffold
structure for silica deposition while other biomolecules—
maybe silaffins—actively deposit silica on these superstruc-
tures in analogy to calcium carbonate biomineralization
processes (see above). It is also possible that the chitin-
based networks are necessary to mechanically stabilize the
cell walls.
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Further work is in progress in order to further analyze this
scaffold material and its function, and to analyze the cell walls
of other diatom species with respect to the presence of similar
scaffolds. In any case, the involvement of the polysaccharide
poly-N-acetyl-D-glucosamine (chitin) in the formation of
diatom biosilica could be shown within the present work.

Experimental Section

T. pseudonana (clone CCMP1335) was cultured in a 20 L plastic
vessel in axenic culture medium prepared according to the recipe
from the North East Pacific Culture Collection.” In order to obtain a
sufficient signal-to-noise ratio in '*C solid-state NMR spectroscopy,
the diatoms were *C-labeled by adding NaH"CO, to the culture
medium.

Harvesting procedures: Filtered cell walls: Whole cells were
sampled by consecutive filtration of the culture medium on a 1 um
nylon sieve cloth (Stockhausen Sieb- und Filtererzeugnisse) and a
0.2 um ZAPCAP-CR nylon filter (Whatman). Centrifuged cell walls:
Cells were centrifuged in a Westfalia separator at maximum speed.

Isolation of chitin-based scaffolds: Step 1: Harvested cells were
boiled twice in a buffer containing 0.1M EDTA and 2% SDS. The
suspension was centrifuged and washed in distilled water until the
supernatant remained colorless and was then freeze-dried over night.
Step 2: Diatom silica was dissolved under relatively mild conditions
using an acidified ammonium fluoride solution (8 M NH,F/2 m HF at
RT, pH 4-5, 20 min). Afterwards, the samples were centrifuged,
rinsed four times with distilled water, and freeze-dried overnight.
Step 3: The samples were treated with 2.5M NaOH at 37°C for 2 h.
Afterwards the samples were centrifuged, rinsed four times with
distilled water, and freeze-dried overnight. Gravimetric analyses were
made on an analytical balance (Kern).

SEM: To avoid mechanical destruction of the scaffolds, experi-
ments were conducted directly on SEM sample holders (Plano
GMBH). Diatom cell walls were treated with NH,F and NaOH as
described above.

NMR spectroscopy: Solid-state *C NMR experiments were
performed on a Bruker Avance 300 spectrometer operating at
75.47 MHz for ®C using a commercial double-resonance 2.5 mm
MAS NMR probe. Ramped 'H-"*C cross-polarization (CP?) was
used (contact time: 4 ms). Spectra were acquired with a sample
spinning rate of 14 kHz and with SPINAL 'H decoupling®' during
signal acquisition.
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