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Abstract
Diatoms are algae producing micro- and nano-structured cell walls mainly containing amorphous silica.
The shape and patterning of these cell walls is species-speci�c. Herein, the biosilica of Cyclotella cryptica,
a centric marine diatom with a massive organic matrix, is studied. Solid-state NMR spectroscopy is
applied to gain deeper insight into the interactions at the organic-inorganic interface of the cell walls. The
various organic compounds like polysaccharides as well as proteins and long-chain polyamines (LCPAs)
are detected by observation of heteronuclei like 13C and 15N whereas the silica phase is studied using
29Si NMR spectroscopy. The sensitivity of the NMR experiments is strongly enhanced by isotope-labeling
of the diatoms during cultivation with 13C, 15N and 29Si. The presence of two different chitin species in
the biosilica is demonstrated. This observation is supported by a monosaccharide analysis of the silica-
associated organic matrix where a high amount of glucosamine is found. Moreover, the Rotational Echo
Double Resonance (REDOR) experiment provides distance information for heteronuclear spins. 13C{29Si}
REDOR experiments reveal proximities between different organic compounds and the silica phase. The
closest contacts between silica and organic compounds appear for different signals in the 13C-chemical
shift range of 40–60 ppm, the typical range for LCPAs.

Introduction
Diatoms are unicellular algae and frequently studied model organisms in biomineralization research.
Their micro- and nano-structured cell walls with species-speci�c patterning mainly contain amorphous
silica.1–4 Insights into the biomineralization process, the involved biomolecules as well as the properties
of the formed materials are of special interest also for bioinspired materials syntheses because diatoms
form minerals under relatively mild conditions. The process of biomineralization is not fully understood
until today although various involved compounds could be identi�ed meanwhile.5–10 Apart from the
identi�cation of relevant biomolecules, the investigation of the formed mineral phases is interesting for
materials science and technology.11,12 Studying the organic-inorganic interface of diatom biosilica
combines identi�cation of tightly silica-associated biomolecules and determination of their spatial
arrangement in the biomineral phase. Solid-state NMR spectroscopy is a powerful method for the
investigation of biominerals.13–16 The silica phase of the diatom cell walls can be characterized using
29Si solid-state NMR spectroscopy whereas the organic compounds are investigated by 13C and 15N
solid-state NMR spectroscopy.17–21 The sensitivity of the experiments is strongly enhanced by isotope-
labeling. This is achieved by diatom growth in isotope-enriched culture medium. Furthermore, the
application of distance-sensitive NMR techniques like the Rotational Echo Double Resonance (REDOR)
experiment22 help to gain a deeper insight into the organic-inorganic interface of the biosilica. This solid-
state NMR experiment (cf. Figure S6) is used to determine the distance between hetero-spins I and S by
the re-introduction of the dipolar coupling, which is usually averaged by the MAS (magic angle spinning)
technique.22,23 This is achieved by application of π-pulses in the I-spin channel. A spectrum with reduced
signal intensity Sr is then acquired and compared with the signal intensity S0 measured without
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dephasing of I spins. The so-called REDOR fraction (S0 – Sr)/S0 = ΔS/S0 depends on the echo time (NTr)
where Tr is the rotor period and N the number of rotor cycles within the echo time. The heteronuclear
dipolar second moment can be extracted directly from the experimentally determined REDOR curve using
the �rst order approximation, which is especially interesting for materials of unknown spin system
geometry like glasses or the amorphous biosilica studied here. This �rst order approximation can only be
used for the initial REDOR curve up to a REDOR fraction of 0.3:23−25

  ΔS
S0

=
4

3π2 ∙ NTr
2 · M2

(1)

Herein, the biosilica of Cyclotella cryptica, a centric marine diatom with a massive insoluble organic
matrix is studied. The cell wall morphogenesis and some characteristics of silica-associated
biomolecules in C. cryptica were studied before.9,26,27 It is well-known, that these algae form extracellular
β-chitin �bers, which are supposed to be important for cell separation processes and buoyancy.28–30

Interestingly, recent studies provided �rst hints for the presence of chitin also in the directly silica-
attached organic matrix.27 The presence of chitin attached to or incorporated into the biosilica was
already demonstrated for the diatom Thalassiosira pseudonana, where a chitin-based meshwork was
found.31 The presence of silica-attached chitin in C. cryptica would thus show that the observations
made for T. pseudonana are not a peculiarity of this singular species. Moreover, it should be noted that
the carbohydrate composition of the silica-attached organic matrix is less well-characterized than the
protein composition. The present investigation of C. cryptica biosilica thus serves to answer the following
questions: (i) How does the carbohydrate fraction of C. cryptica compare with other diatoms? Is silica-
attached chitin part of this carbohydrate fraction? (ii) Does the organic-inorganic interface in C. cryptica
also involve LCPAs similar like in the two previously studied species T. pseudonana and Stephanopyxis
turris?

Results And Discussion
The extraction and puri�cation of biosilica from diatom cells is necessary for the selective investigation
of the silica and its tightly associated biomolecules. To this end, the studied C. cryptica cells were treated
with an SDS/EDTA containing buffer solution. After this lysis buffer treatment, only tightly silica-
associated organic material remains. A comparably massive insoluble organic matrix is characteristic for
C. cryptica.32 It makes up about 25–40 wt.-% of the biosilica as could be determined by measuring the
mass difference between the puri�ed biosilica and the organic matrix remaining after de-silic�cation of
the cell walls. This amount of organic matrix is up to ten times higher than the values reported previously
for other diatom species like S. turris or T. pseudonana.17,33

The solid-state 13C cross polarization (CP)/MAS NMR spectrum of isotope-enriched diatom biosilica
reveals various, strongly overlapping and relatively broad signals (Fig. 1) because the silica-associated
organic matrix is a mixture of various components (see above). Nevertheless, different functional groups
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can be identi�ed by their characteristic 13C chemical shifts. The intense signal at 175 ppm is due to the
carbonyl groups of proteins and carbohydrates. The signals between 120–140 ppm are characteristic for
aromatic carbons especially in the aromatic amino acids of silica-attached proteins. An amino acid
analysis was performed additionally to characterize the overall composition of biosilica-attached proteins
(cf. ESI, Figure S12). Most alkyl signals appear in a chemical shift range of 10–40 ppm. N- and O-alkyl
signals are found between 40–90 ppm mainly due to the presence of long-chain polyamines (LCPAs) and
carbohydrates. One prominent signal group appears around 105 ± 5 ppm. This region is characteristic for
C-1 atoms of polysaccharides including chitin. In general, the recorded spectrum shows similarity to the
spectra of biosilica from other diatom species.17 However, the massive organic matrix of the studied
species results in high signal intensities for different organic compounds, and especially for the
carbohydrates.

The directly excited 29Si MAS NMR spectrum of isotope-enriched diatom biosilica shows three
characteristic signals (Figure S1). They are assigned to Si(OSi)n(OH)4−n moieties with n = 2,3,4, denoted

as Qn-groups.34 The strong signal intensity of Q3- and especially Q4-groups con�rms the high
condensation state of the silica phase, as it is characteristic for biosilica and other amorphous silica
compounds.17 In addition, a 15N CP/MAS NMR spectrum was recorded (Figure S2). An intense, broad
signal at 120 ppm is assigned to amide nitrogen atoms characteristic for proteins. The signals between
20–60 ppm are due to amines in LCPAs and the nitrogen atoms of lysine side chains.

As also indicated in the above-discussed 13C NMR spectrum, chitin is present in the biosilica extracted
from C. cryptica as reported previously27 similar like in T. pseudonana.31 The presence of silica-
associated chitin was shown in C. cryptica using a GFP (green �uorescent protein)-tagged fusion protein
with a chitin-binding domain.27 To isolate chitin, the biosilica was dissolved and the remaining insoluble
organic matrix (Figure S9) was treated with NaOH. This treatment removes the other biomolecules
whereas the alkali-resistant chitin remains unchanged. The recorded 13C NMR spectrum shows all
characteristic NMR signals for chitin (Fig. 2).35,36 Small but signi�cant differences in chemical shift and
line width of several signals con�rm the presence of two chitin conformations in the sample (Table 1,
Figure S3 and S4). The extremely narrow signals and their chemical shifts are characteristic for the highly
ordered β-chitin. It is well-known that C. cryptica forms extracellular β-chitin �bers.28–30 Minor amounts of
such chitin �bers were indeed found in our samples (Figure S8 and S9) and are probably responsible for
the set of narrow 13C NMR signals. In addition, a second set of signals is observed. These signals exhibit
clearly different chemical shifts especially for C-1 and C-4 (cf. inserts in Fig. 2). The C-1 signal (around
105 ppm) splits into two signals. The narrow signal at higher chemical shift is due to β-chitin. The
broader signal exhibits a lower chemical shift indicative for a conformation similar to α-chitin. Both
signals split into doublets due to 13C-13C spin-spin coupling in this isotope-enriched sample (cf. Figure
S4). The coupling constant amounts to 44 Hz for both C-1 signals. The C-4 signal splits into a triplet with
36 Hz coupling constant for both chitin conformations. In summary, the second set of signals differs
from β-chitin and exhibits chemical shifts and linewidths similar like α-chitin. However, the partial
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transformation of β-chitin �bers into another conformation by the used extraction procedure can be ruled
out.37 Signi�cantly higher NaOH concentrations and temperatures would be necessary to modify β-chitin.
The α-chitin-like set of signals is thus attributed to the silica-associated chitin in analogy to the chitin-
based meshworks observed for T. pseudonana previously.31

Table 1
Chemical shifts for the two observed chitin conformations in the 13C NMR spectrum. For comparison,
previously published reference data are provided.33 Estimated shifts for strongly overlapping signals

with supposedly larger experimental errors are marked with *.

    δ (13C) / ppm

    C = O C-1 C-4 C-5 C-3 C-6 C-2 CH3

C. cryptica “α-like” chitin 174.2 104.2 81.9 75.8* 73.5* 61.4 55.4 23.9*

  β-chitin �bers 175.0 105.3 84.4 75.4 73.0 59.8 55.8 23.4

References33 α-chitin 174.2 104.4 83.3 76.0 73.6 61.2 55.3 23.1

  β-chitin 175.8 105.3 84.4 75.4 73.0 59.8 55.6 22.7

Some additional signals with relatively low signal intensity can be observed, e.g., at 34 ppm or 128 ppm.
These signals remaining after NaOH treatment indicate biomolecules cross-linked to the chitin, most
likely proteins. Such cross-linking between chitin and other biomolecules is well-known in nature and was
also found for chitin in different biominerals previously.38–41

A monosaccharide analysis was performed to further characterize the carbohydrate composition of the
silica-associated organic matrix using gas chromatography coupled with mass spectrometry (GC-MS,
Table 2). Note that these monosaccharides will mainly be present as polysaccharides in the native
samples. Sample pretreatment for analysis cleaves polysaccharides into the monomer units. Mannose
and glucose are the main monosaccharide components in C. cryptica and its insoluble organic matrix.
This is similar to previous observations on other diatom species where high amounts of both
monosaccharides were found as well.42,43 For the isolated insoluble organic matrix, the monosaccharide
glucosamine shows a similarly high concentration as mannose and glucose. Note, that N-acetyl-
glucosamine, the monosaccharide unit of chitin, is not stable under the chosen hydrolysis conditions. It is
de-acetylated and contributes to the glucosamine signal. To prove the presence of N-acetyl-glucosamine,
chitinase from Trichoderma viride is used for bond cleavage of chitin instead of hydrochloric acid. The
detection of the N-acetyl-glucosamine as monosaccharide unit of chitin was performed with GC-MS
(Figure S10). The presence of high amounts of N-acetyl-glucosamine is detected which supports the
above-discussed NMR results. This observation is remarkable because signi�cant amounts of
glucosamine and N-acetyl-glucosamine are unusual in diatom biosilica and were just found for the
diatom species Triceratium dubium before.42
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Table 2
Monosaccharides in C. cryptica biosilica and its insoluble

organic matrix determined using GCMS. The recorded signal
intensities are related to the signal intensity of the internal
standard myo-inositol: – = not present; + = 1.0–5.0%; ++ =

5.1–10.0%; +++ = 10.1–20.0%; ++++ = 20.1–50.0%.
Monosaccharide C. cryptica

biosilica

C. cryptica

insoluble organic matrix

Rhamnose ++ +

Ribose +++ +++

Fucose +++ +

Xylose +++ +++

Mannose ++++ +++

Glucuronolactone ++ −

Galactose +++ ++

Glucosamine +++ ++++

Glucose ++++ ++

Moreover, some additional monosaccharides can be observed at high retention times especially for the
insoluble organic matrix. These monosaccharides are pyranoses which cannot be assigned to a speci�c
monosaccharide with our detection method and spectra library. Phosphorylation of these
monosaccharides as it was observed for S. turris previously43 can be excluded here by the recorded mass
spectra. As an example, one of those mass spectra is shown in Figure S11. The mass spectra show some
indication for cross-linking of the monosaccharide components. This meets the NMR results very nicely,
where even after NaOH treatment some additional signals con�rm the presence of chitin-bound
biomolecules different from N-acetyl-glucosamine (cf. Figure 2).

Two-dimensional (2D) NMR experiments can visualize homonuclear as well as heteronuclear
correlations. Proton-driven spin-diffusion (PDSD) experiments show 13C-13C correlations between
neighboring carbon atoms. PDSD experiments were recorded at mixing times of 30 ms and 120 ms
(Fig. 3). The application of a longer mixing time visualizes correlations over longer distances. For
example, correlations extended over a whole monosaccharide unit are then observable. In the chemical
shift region typical for most proteins, numerous correlations between different amino acids are found. A
high amount of proteins is obviously associated to the biosilica. Following the results of the NMR
experiments on the insoluble organic matrix, a closer look to the chemical shifts characteristic for
carbohydrates clearly shows the presence of the characteristic chitin spin system (e.g. for C-1 at
105 ppm) in the biosilica sample. The occurrence of two signals with only minor differences in the
chemical shift for example at the carbon positions C-1 and C-4 con�rms the presence of two chitinLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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conformations discussed above (cf. Table 1). Since the presence of a chitin-based meshwork is already
known for T. pseudonana, the chitin spin systems for both species are compared in the ESI (Figure S5).

Moreover, a correlation between the signals at 83 ppm and 78 ppm is observed which cannot be assigned
to a known spin system. However, this correlation within the chemical shift range of carbohydrates
supports the possibility of cross-linking between different carbohydrates or other biomolecules as
discussed in the chitin spectrum above. In studies of T. pseudonana carbohydrates cross-linked to the
protein sila�n-2 were found previously.44,45 Taken together, the discussed experiments as well as a
comparison to literature show strong indication for carbohydrate cross-linking which may be a topic of
future analyses.

Information on possible silica-biomolecule contacts can be obtained from the 13C{29Si} REDOR
experiment. Figure 4 displays 13C spectra acquired at 10 ms echo time. One spectrum represents the
overall signal intensity S0 while the other spectrum shows the reduced signal intensity Sr acquired with
29Si dephasing. For two signals at 43 ppm and at 56 ppm, remarkable differences between both spectra,
i.e., high REDOR fractions are observed. The signal at 43 ppm can be assigned to LCPAs and/or lysine
sidechains. The lysine can signi�cantly contribute to this signal especially because we used a CP-transfer
from neighboring 1H nuclei.20 However, inspection of the results of the amino acid analysis (cf. Figure
S12) reveals only a small amount of lysine present in the sample in comparison to other amino acids.
The relatively low overall amount of lysine gives rise to the assumption that LCPAs may be the major
component contributing to this signal. For the signal at 56 ppm, overlap of different signals is likely. The
C-2 position of carbohydrates and the C-α atoms of proteins can be found at this shift. However, LCPAs
can also contribute to the 56 ppm-signal signi�cantly. This is further con�rmed in 15N-13C correlation
experiments which are discussed in a related paper published in the same journal issue. The analysis of
the REDOR data for all echo times between 2 and 20 ms yields the REDOR curves shown in Fig. 4 and
Figure S7. These curves allow to calculate heteronuclear dipolar second moments (Eq. 1). For the signal
at 43 ppm, data up to 10 ms echo time are used for the �rst-order approximation resulting in a second
moment of 1.3·104 s− 2. For the signal at 56 ppm, data points up to 14 ms echo time can be used for the
�rst-order approximation providing a second moment of 0.8·104 s− 2. These observations indicate a close
proximity between 29Si spins and the 13C spins at 43 and 56 ppm. These second moments are smaller
but comparable to the values determined for synthetic silica-LCPA composites containing one de�ned
LCPA. A second moment of ca. 2·105 s− 2 is then detected.21 The smaller second moment calculated for
the 56 ppm signal is not necessarily due to a weaker dipolar coupling between 13C spins and neighboring
29Si spins. As already mentioned, an overlap of different signals at this chemical shift is very likely. Since
some of the corresponding compounds may be far away from silica, this would lead to an
underestimation of the calculated second moment. That means, the calculated second moments are
probably underestimated for both signals at 43 and 56 ppm.

For the amorphous biosilica and its unknown spin system geometry, distance calculation is not possible.
However, a comparison with former results shows similarities between the different diatom species. HighLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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REDOR fractions and thus a proximity between 13C and 29Si were observed in the same typical chemical
shift range of LCPAs for T. pseudonana biosilica.19 Higher REDOR fractions at smaller echo times were
observed for T. pseudonana than for C. cryptica. These differences are probably due to the different
organic matrix of both species. The massive organic matrix of C. cryptica biosilica can cause stronger
signal overlap and thus lead to a more pronounced underestimation of the heteronuclear dipolar second
moment. However, the occurrence of REDOR effects in the same chemical shift range for the different
diatom species indicates that the close contact between LCPAs and silica may be a general property of
diatom biosilica.

Conclusions
Our studies provide insight into the composition and architecture of C. cryptica biosilica and allow to
draw the following conclusions:

(i) 13C solid-state NMR spectra show the presence of different silica-attached biomolecules, mainly
proteins, carbohydrates and LCPAs. The observed high signal intensities indicate a high amount of
organic matter in comparison to other diatom species. Intense signals are especially observed for
carbohydrates.

(ii) The presence of two different types of chitin in biosilica extracted from C. cryptica is shown based on
13C solid-state NMR spectroscopy. These experiments revealed two sets of chitin signals. One signal set
with narrower lines is assigned to highly ordered β-chitin which is probably present in the form of
remaining external chitin �bers. The signal set with broader lines shows spectroscopic similarity to α-
chitin. This “α-like” chitin is assumed to be directly associated to the siliceous cell walls as detected
previously in C. cryptica biosilica by �uorescence spectroscopy.27

The monosaccharide analysis further con�rms the presence of silica-attached carbohydrates. The
detection of a high amount of N-acetyl-glucosamine, the monosaccharide unit of chitin con�rmes the
presence of chitin in C. cryptica.

(iii) The 13C{29Si} REDOR experiment reveals close silica contact for signals at 13C chemical shifts of ca.
43 and 56 ppm. This is typical for LCPAs. A comparison with former experiments on T. pseudonana
biosilica shows similar results. Furthermore, DNP-supported studies of S. turris even concluded that the
LCPA in this species should be embedded into the silica phase.20 Taking further into account that
previous studies revealed the presence of LCPAs even in aged oceanic sediments,46 the embedment of
LCPAs into the silica phase can be hypothesized as a general construction principle of diatom cell walls.

Methods
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Cultivation of 13C,15N,29Si-enriched and 13C-enriched
Cyclotella cryptica
Cultivation of the diatoms was performed in a sealed 20 L plastic container in an arti�cial seawater
(ASW) corresponding to a recipe of the North East Paci�c Culture Collection.47 For isotope-labeling the
enriched salts NaH13CO3 (Sigma Aldrich, 98 at.%), Na15NO3 (Sigma Aldrich, 98 at.%) and Na2

29SiO3 were

added. 29Si-enriched Na2
29SiO3 was prepared using a well-established protocol for a solid phase reaction

of 29SiO2 (CortecNet, 99.9 at.%) and Na2CO3 (Grüssing).19,48 The algae grew at a temperature of 18 °C
and a day/night-lighting cycle of 12 h/12 h. The pH was set to 8.0–8.2. The cells were harvested by
centrifugation.

Puri�cation steps

1. SDS/EDTA treatment – preparation of the biosilica
sample
The received cell pellet was cleaned using a lysis buffer solution containing 0.1 M EDTA
(ethylenediaminetetraacetic acid, isocommerz) and 2 wt-% SDS (sodium dodecyl sulfate, Merck KGaA) at
pH 8.0. The suspension was heated to 95 °C for 10 min. Then the cells were centrifuged (2870 g, 10 min)
and the supernatant was decanted. The cells were re-suspended in new lysis buffer solution and the
procedure was repeated up to 5 times, until the supernatant was nearly colorless and the cell walls were
nearly white. The sample was washed three times with ultrapure water and freeze-dried.

The puri�cation results in a removal of a great part of organic matter. Only tightly to the silica cell walls
associated organic molecules should be left.

2. NH4F/HF treatment – preparation of the insoluble
organic matrix
The biosilica sample was de-silici�ed using an 8 M NH4F-solution (VWR) which contains 2 M HF

(prepared from 38–40% HF, Merck).49 1 mL of this freshly prepared solution was added per 10 mg
biosilica. The suspension was treated in an ultrasonic bath for 20 min. The received insoluble organic
matrix was separated using centrifugal concentrators (Vivaspin® 20, 100000 Da, PES). The sample was
washed with ultrapure water �ve times and freeze-dried. The yield varies between 25–40%.

3. NaOH treatment – preparation of the chitin sample
The insoluble organic matrix was treated with 2.5 M NaOH solution for 48 h at 37 °C. 1 mL NaOH solution
was used per 10 mg of the sample. Afterwards the suspension was centrifuged (10600 g, 10 min) and
washed with ultrapure water three times. Then the sample was freeze-dried. The yield is around 5%.

Solid-state NMR experimentsLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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The shown one-dimensional NMR spectra as well as the REDOR experiments were carried out on a Bruker
Ascend 800 spectrometer at resonance frequencies of 800.18 MHz for 1H, 201.21 MHz for 13C and
158.97 MHz for 29Si equipped with a 1H-13C-29Si triple resonance probe. The measurements were
performed at room temperature. The 13C and 29Si chemical shifts were referenced relative to TMS
(tetramethylsilane). The 15N chemical shift is referenced relative to liquid NH3.

For the 13C{29Si} REDOR experiments, RF (Radio Frequency) �eld strengths of 120 kHz for 1H, 45 kHz for
13C, and 39 kHz for 29Si were applied. 1H-13C CP (Cross Polarization) transfer was applied before
recording the 13C rotational echo with and without 29Si dephasing. A ramp of 70–100% was applied to
the proton channel while the RF �eld on the 13C channel was kept constant at 45 kHz during the initial 1H-
13C CP transfer. The contact time was set to 2 ms. Proton decoupling was realized using the SPINAL-64
sequence.50 The recycle delay was set to 3 s. Experiments with and without dephasing of magnetization
were acquired alternating for each echo time. The exact pulse sequence is shown in Figure S6. The
spinning speed was set to 17 kHz.

The 2-dimensional PDSD experiments were acquired on a wide bore magnet with a Bruker AVANCE-III
console equipped with a 3.2 mm HNC probe using the PARIS51 (Phase Alternated Recoupling Irradiation
Schemes) pulse sequence for proton recoupling during the homonuclear 13C-13C magnetization transfer.
The experiment was performed at two different mixing times of 30 ms and 120 ms, at a spinning speed
of 13 kHz, and at 270 K.

Monosaccharide analysis of C. cryptica biosilica and its
insoluble organic matrix
The monosaccharide analysis was performed using an established protocol for GC-MS (gas
chromatography coupled with mass spectrometry) measurements.43

1. Hydrolysis
For the analysis of monosaccharides one sample of diatom biosilica and one sample of the insoluble
organic matrix were hydrolyzed. 5 mg of a sample were sealed under vacuum in a glass ampoule after
adding 0.7 mL 2 N HCl and 0.1 mL internal standard solution (0.4 mg/mL myo-inositol, Sigma Aldrich, in
2 N HCl). The closed glass ampoules were put into a thermomixer and hydrolysis was performed at
110 °C and shaking of 250 rpm for 2 h. Afterwards the ampoules were opened and the hydrolysates were
transferred to centrifuge tubes with 0.2 mL of ultrapure water. The remaining solid components were
separated by centrifugation (20800 g, 25 min) and washed with 0.15 mL of ultrapure water two times.
The supernatant was collected in a GC vial and HCl was removed at room temperature under vacuum.

2. Chitinase treatment
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1 mL chitinase solution (chitinase from Trichoderma viride, Sigma Aldrich, 1 unit/mL in 0.05 M KH2PO4,
pH = 6.0) and 250 µL of the 0.05 M KH2PO4 buffer solution (pH = 6.0) were added to 5 mg of the insoluble
organic matrix. The sample was incubated for 43 h at room temperature and 600 rpm. Afterwards, the
residue was separated using centrifugal concentrators (Vivaspin® 500, 5000 Da, PES) The supernatant
was transferred to a GC vial and freeze-dried.

3. Derivatization
The hydrolyzed samples and the samples treated with chitinase were derivatized using the trimethylsilyl
(TMS)-donor N-Methyl-N-(trimethylsilyl)tri�uoroacetamide (MSTFA, Merck KGaA). 75 µL dry pyridine and
50 µL MSTFA were added to the samples in the vials under argon atmosphere. For the chitinase treated
sample 50 µL of an internal standard solution (2.5 mg myo-inositol in 50 µL MSTFA and 75 µL pyridine,
1 h in an ultrasonic bath at 70 °C, dilution 1:20) were added, additionally. The closed GC vials were
treated in an ultrasonic bath at 70 °C for 1 h and the derivatized samples were measured directly
afterwards.

4. GC-MS analysis
For the gas chromatography a capillary column (Supleco SPB-5, 30 m x 25 mm, 0.25 µm �lm) in an
Agilent 6890N gas chromatograph was used. For detection an Agilent 5973 mass spectrometer with
electron impact (EI) ion source was connected. GC separation was performed using a temperature
program from 130 °C (1 min) to 195 °C (10 min) to 250 °C (5 min) at a heat rate of 3.5 °C/min and
10 °C/min, respectively. The injector and transfer line temperature were set to 250 °C. A gas �ow of
1 mL/min was applied for the carrier gas helium. For each measurement 2 µL were injected with a split
ratio of 1:10. The ionization energy of the EI was 70 eV. The mass spectra were acquired with a speed of
2.36 scans/s and with a mass scan ranged from m/z 70 to 700. Mass spectra were detected after a
solvent delay of 5 min. The chromatogram was displayed as retention time-dependent reconstructed ion
current (RIC). The retention time (tR) and the intensity were normalized to the internal standard myo-
inositol. The peaks were assigned by comparing retention times and mass spectra with standard
substances and the use of the mass spectra library MassLib.52
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Figure 1

13C CP/MAS NMR spectrum of 13C,15N,29Si-enriched C. cryptica biosilica. CP contact time: 4 ms. The
insert shows a SEM image of one diatom cell.
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Figure 2

13C CP/MAS NMR spectra (contact time: 4 ms) of the 13C-enriched biosilica of C. cryptica (black) and
the NaOH-treated insoluble organic matrix (blue). The main signals after treatment are characteristic for
chitin. Enlarged sections of C-1 and C-4 signals are shown. The insert shows the chitin structure.
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Figure 3

Proton-driven spin-diffusion (PDSD) experiment of 13C,15N,29Si-enriched C. cryptica biosilica at two
mixing times and a spinning speed of 13 kHz. Top: The correlations for the chitin spin system are
marked. Bottom: A zoom into the carbohydrate chemical shift region shows the presence of two types of
chitin, which is nicely visible for the C-1, C-4, and C-5 signals (correlation signals of the amorphous chitin
are marked in pink). Correlation signals at 78 ppm and 83 ppm indicate a cross-link of carbohydrates
(marked by green crosses).
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Figure 4

13C{29Si} REDOR experiments on 13C,15N,29Si-enriched C. cryptica biosilica. Left: 13C spectra at an
echo time of 10 ms. Right: REDOR curves and calculated heteronuclear dipolar second moments of the
signals at 43 ppm and 56 ppm using the �rst-order approximation
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