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Crystalline Nanorods as Possible Templates for the
Synthesis of Amorphous Biosilica during Spicule

Formation in Demospongiae
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Werner E. G. Muller,® and Ute Kolb*™®

High-resolution microscopy shows that, during the initial stages
of demosponge spicule formation, a primordial crystalline struc-
ture is formed within the axial filament. The recently developed
electron diffraction tomography technique reveals that the nano-

Introduction

The genomic regulatory systems that control the formation of
extracellular skeletal matter, especially when formed from in-
organic material, are difficult to understand. In multicellular an-
imals the skeletons are constituted either of calcium or of sili-
con-based minerals."” The two classes of the phylogenetic
oldest metazoan phylum Porifera (sponges), the Hexactinellida
and the Demospongiae, form their skeleton from biosilica (re-
viewed in refs. [2] and [3]). The skeletal elements, which con-
struct the species-specific endoskeleton, are termed spicules;
they comprise a complex and filigree morphology” The
unique feature of spicule formation is their synthesis, which is
mediated enzymatically via silicatein.”’ Among the siliceous
sponges, the spiculogenesis in the demosponge Suberites do-
muncula is best understood.®’ These animals contain only
megascleres that are grouped to the monactinal tylostyles, or
rarely to the diactinal oxeas.” It could be shown that the initial
stages of spicule formation proceed intracellularly.”’ Because
the synthesis of the spicules is a rapid process, the earliest
stages of spicule formation can be studied under in vitro con-
ditions in the cell culture system, the primmorphs. These cell
aggregates are composed of proliferating and highly differenti-
ating cells” including the spicule-forming sclerocytes that
comprise special vesicles in which the primary stages of spi-
cules proceed."”

Recently it has been discovered that the formation of the
siliceous spicules of Demospongiae proceeds intracellularly
and enzymatically (via silicatein—silica protein) and occurs in a
matrix-guided manner. To understand the spiculogenesis in De-
mospongiae (Suberites domuncula), microscopic and cell cul-
ture (primmorphs) techniques were combined and provided
very valuable data regarding this unique biomineralization pro-
cess. For example, transmission electron microscopic (TEM)
analysis has been applied to demonstrate that antibodies that
were raised against silicatein react both with the axial filament
(intracellularly)®®” and also with the organic cylinder that sur-
rounds the growing spicules (extracellularly).”’ Since their de-
scription by Biitschli (1901),"" it is established that the spicules
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rods have a layered structure that matches smectitic phyllosili-
cates. These intracellular nanorods have been considered as pre-
cursors of mature spicules.

are composed of amorphous silica; however, until now studies
could be performed only with those primordial spicules that
had a size >0.5 um width and 5 um length.

We investigated the presence of nanorods that appear
inside the axial filament in the first stages of spicule formation.
Such nanofeatures are not accessible by X-ray techniques and
can be investigated only by electron microscopy. One major
advantage of electron microscopy is the potential to collect
imaging and diffraction data sequentially from the same
sample. Especially for beam-sensitive, structurally complicated,
or embedded particles, electron diffraction data deliver impor-
tant structural information.">" In this contribution we coupled
well-established techniques, such as high-resolution transmis-
sion electron microscopy (HRTEM) and electron dispersion X-
ray spectroscopy (EDX), to the automated diffraction tomogra-
phy (ADT) module that was recently introduced by our
group.™™ This technique consists of a combination of nano-
electron diffraction (NED) with scanning transmission electron
microscopy (STEM); it increases the accessibility of problematic
samples and allows the collection of 3D electron diffraction
data in an automated manner.
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Results

TEM imaging

Low-resolution transmission electron microscopy (LRTEM)
shows that nanorods with 20 nm diameter and 200 nm length
are present intracellularly in the early and initial stages of axial
filament formation (Figure 1 A-C).

Figure 1. Maturation stages of spicules from S. domuncula. A), B) Crystalline
nanorod (nr) in a vesicle (v); C) initial formation of an axial filament (af) that
comprises a crystalline nanorod (nr); D) the axial filament (af) in a vesicle is
linked on one terminus to fibrils (f) and has lost the crystalline nanorods;

E) around the axial filament (af) the first layer of biosilica is produced intra-
cellularly under the formation of an initiating spicule (sp). F) triangular axial
filament (af) partly released from mature spicule; G), H) extracellular spicules
that had been shortly exposed to HF vapor; the axial canal (ac) is surround-
ed by appositionally layered biosilica lamellae (la). Bars measure: 500 nm.
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The nanorods are then surrounded by a multifunctional
polymeric matrix, that is the axial filament and silicatein mole-
cules (Figure 1C, D). Subsequently, polymeric amorphous bio-
silica is enzymatically formed concentrically around this axial
filament (Figure 1E). After reaching a size of 7-8 um in length
and of 0.9 um in diameter, the on-growing spicules are extrud-
ed from the cells into the extracellular spaces, where they are
completed in size and form by appositional layering of biosilica
lamellae (Figure 1G-H). An axial filament that has been re-
leased by short application of HF vapor from a mature spicule
is shown in Figure 1F.

STEM analysis of ultrathin cuts of primmorphs revealed a
variety of features with different brightness inside the sponge
cells. Among them, selected brighter areas comprise spherical-
shape vesicles (silicasomes)' and rod-like structures (Fig-
ure 2 A, B). These nanorods show a typical size of 300-600 nm

Figure 2. STEM and HRTEM (FFT) analysis of ultra thin stained cuts from
primmorphs from S. domuncula. A) Overview of a cell (sclerocyte) synthesiz-
ing a primordial spicule (sp); B) nanospicule localized intracellularly within a
vesicle (v); C), D) HRTEM view down the b-axis, with HRTEM image simulated
by using the MSLS method at 45 A thickness."®

in length and 20-50 nm in width. Figures 2A, B show one of
these rod-like nanostructures clearly localized within a vesicle
inside the sclerocytes. After analyzing different regions of prim-
morphs by using ultrathin cuts, we found a number of such
nanorods, which are always localized intracellularly and never
extracellularly.

These nanorods are highly sensitive to electron-beam
damage; however, intracellular nanorods from different sam-
ples and different areas were analyzed by HRTEM, which re-
vealed a clearly crystalline arrangement (Figures 2C, D). All the
analyzed nanorods show a common layered structure, with a
10 A distance, arranged parallel to the major growth direction
of the rod.
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Often several nanorods showing structural defects and bent
layers are found within one vesicle. Inside the vesicles, togeth-
er with nearly single-crystal nanorods, it is possible to observe
zigzag or rounded bright features that are completely or par-
tially crystalline (Figure 3). Interestingly, all these features are
located intracellularly.

500 nmjj STEM

200 nm

Figure 3. STEM and TEM of primmorphs: A), B) overview C), D) enlarged
view of vesicles that contained zig-zag and rounded features; E,F) TEM
images showing 10 A d-spacing.

Chemical analysis

The chemical composition of nanorods was determined by
EDX (Figure 4). They are mainly composed by silica and
oxygen, but also significant amounts of Al, Mg, K, and Fe are
present. The average atomic composition (atomic %) of nano-
rods is: O 63.5, Si 21.2, Al 11.5, Mg 1.9, K 0.9, Fe 0.9; so, the
nanorods do not consist of pure SiO,, as expected for mature
spicules. Their composition is instead close to natural Al-silicate
minerals. As a control, EDX analysis of the immediate surround-
ing environment (cytosol) only showed small signals from Os,
Si, and O.

The elements that are detected in nanorods are also concen-
trated in mature spicules, even if in different proportions. The
composition (atomic%) of S. domuncula spicules had been
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Figure 4. A) EDX spectra of a nanorod: composition (atomic %): O 63.5, Si
21.2, Al 11.5, Mg 1.9, K 0.9, Fe 0.9. B) EDX spectra from the surrounding cell:
only small Os, Si and O peaks are detectable from the sample, and the Cu
signal comes from the grid.

determined by ICP-AES to be: O 66.1, Si 32.8, Al 0.006, Mg
0.004, K 0.026, Fe 0.002, Na 1.07, Ca 0.004.

Structural characterization of nanorods

The precise structural characterization of the nanorod shown
in Figure 2 was performed by nano-electron diffraction (NED),
by using the automated diffraction tomography (ADT) module
that was developed recently by our group.'*' This module
collects slices of the reciprocal space by tilting the particle
around the sample holder axis in defined tilt steps. In contrast
to the manual tilt data acquisition, this approach does not
require a specific orientation of the particle before tilting. In
addition, a tilt of £30° is sufficient to determine the cell pa-
rameters automatically. All the data acquisition, that is, imaging
with STEM and diffraction in NED mode, was performed with a
low electron dose (3e/A2s); this implies that no significant
beam damage was inflicted on the sample. A 3D reconstruc-
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tion of the reciprocal space, which is projected along the tilt
axis is shown in Figure 5A.

C-centring is directly visible in projection [001] in Figure 5B.
In the same figure the presence of a second crystal that is
slightly misaligned along c* is evident. Most of the nanorods
analyzed show such defects, as presented in Figure 5D, which
are ubiquitous in layer silicates (phyllosilicates) formed under
low-temperature conditions.'”? Even in the presence of these
additional spots, the program for automated cell parameter
determination was able to find and refine a unit cell with a=
5.18(5) A, b=9.13(7) A, c=10.1(3) A, B=96°. The lattice param-
eters indicate a layer silicate that is constructed of alternating
sheets of Si,O, tetrahedra and (Al,Mg,Fe),(OH), octahedra.l'”®
The d-spacing of 10 A indicates a TOT-TOT stacking sequence.
In particular, lattice parameters fit the cell of a single-layer
smectite (space group C2/m, a=52A, b=92A, c=10-14A,
B=99-100°)."&19

By recalculating the number of cations for eleven oxygen
atoms from the EDX analysis, we get the following stoichiome-
try: Si 3.86, Al 2.00, Mg 0.34, K 0.16, Fe 0.16. Such a composi-
tion is indeed inside the allowed range for smectites, including
montmorillonitic, beidellitic and nontronitic components.['>2
These types of minerals have been widely identified in marine
environments and were occasionally linked to biological activi-
ty.21

A closer analysis of 3D reconstructed reciprocal space clearly
evidences c-axis doubling (c=20.2 A) through the presence of
additional reflections for k#0 (Figure 5C); this indicates a two-
layer structure with space group C2/c, as given in Figure 6.

Discussion

The elucidation of the morphology of the spicules has been
intensively pursued for more than 250 years, starting with the
illustrations of Donati,*? the descriptions by Carter,”® and the
comprehensive synthesis given by Uriz et al.;*" however, the
mechanism by which silica is concentrated/deposited within
and around the spicules as well the early stages of spiculogen-
esis remained unclear. A major breakthrough was made when
it was found that silica/biosilica in this class of sponges is
formed enzymatically via the enzyme silicatein.”>?%

Later on, we could demonstrate that the formation and de-
velopment of the siliceous spicules in Demospongiae proceeds
by an initial synthesis from the central axial filament, which is
located in the axial canal, and completed by appositional
growth via newly formed layers. By applying the in vitro cell
culture system, the primmorphs, it was possible to thoroughly
study the rapid synthesis of spicules in S. domuncula, by focus-
ing also on the very early stages of growth®™ and it could be
unequivocally demonstrated that the initial formation of the
spicules starts intracellularly as reported earlier,”*?”?® and then
the spicules are continued and completed extracellularly in the
mesohyl.

The HRTEM data presented here show the presence of intra-
cellular nanorods that comprise a crystalline structure. Wilkin-
son and Garrone described for the first time the presence of
an obvious crystallinity in the axial filament of raphids and
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Figure 5. Projections of ADT data from the selected nanorod: A) along tilt
axis; B) down c*-axis, arrows indicate misalignment plane of c*-axis; C) down
the b-axis, arrows indicate 20 A reflections allowed above or below the [010]
zone. D) HRTEM and FFT of nanorod to clarify the origin of crystal misalign-
ment along c-axis found in ADT data, white lines indicate exemplarily the
deviation of c-axis. Scale bar (black) is 4 nm.

ChemBioChem 2009, 10, 683 — 689
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Figure 6. Scheme of a two-layer smectite, which indicates the shift of two
adjacent layers view along a.

sigmas with a regular banding pattern of 7 nm, but no further
explanation was offered.”” Later on, Simpson etalt” de-
scribed in a cross section of a freshwater sponge—Ephydatia
muelleri—also the presence of crystallinity on the axial fila-
ment, but, both of these authors reported paracrystallinity in
mature spicules. Miiller et al. described the presence of unusu-
al and intracellular storage of silica rod crystals during the spi-
culogenesis of the freshwater sponges E. muelleri and Spongilla
lacustris 2"

Paracrystallinity of nanostructures located in the axial fila-
ment has been attributed to being responsible for shaping the
axial filaments® from different sponge species, for example, a
hexagonal shape in haplosclerid or triangular in poecilosclerid
Phorbas fictitius and tenacior?>**3*% This question, however,
remains speculative and unsolved. According to our results, it
seems that the shape of the axial filament is given by a crystal-
line structure that acts like an intracellular seed/template that
is subsequently layered by biopolymers and silicatein. Amor-
phous biosilica is then enzymatically formed concentrically
around these axial filaments as the early step of spicule forma-
tion (Figure 7). The structure of these highly crystalline nano-
rods that are found in S. domuncula is resolved and shows a
unique layered silicate smectite type. HRTEM analysis on the
axial filament of S. domuncula did not show the presence of
any crystalline structure; this suggests that the template dis-
appears by an unknown mechanism.

The formation of biominerals is a very complex system, and
the only aspects of them that have received attention are the
interactions between the macromolecules (polysaccharide,
polymers, proteins) and the inorganic materials (Ca, Si). Perry
et al. showed the importance of the effect of inorganic species,
such as Si and Al, in the biomineralization environment. The
same author showed that Al and orthosilicic acid/silica are able
to interact under conditions that are relevant to biological sys-
tems.®**¥ In complex biological systems, the codeposition of
Si and Al is commonly found, and it seems to be an evolution-
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Figure 7. Scheme of spicule development stages; from the initial nanospi-
cule (template) to the released extracellular mature spicule. First: the crystal-
line nanorods are synthesized (A), then the synthesis of the organic axial fila-
ment that contained silicatein proceeds around the nanorods (B, C). The syn-
thesis of the first silica layer occurs and simultaneously the nanorod that has
been used as template for axial filament growth disappears (C, D); The first
silica layer has been completed (E), the intracellular formation of the spicules
is completed and the spicules are extruded for the extracellular space (F).

ary mechanism as a protection against aluminum toxicity.?”>®

For example, it has been demonstrated that the pond snail
Lymnea stagnalis up-regulates the internalization of Si when
exposed to high concentrations of Al, thus forming a vacuolar
lysosomal codeposition of Si and ALE? In the case of Demo-
spongiae, the spicule-forming cells, sclerocytes, comprise spe-
cial vesicles in which the primary stages of spicules proceed.
The formation of these crystalline nanorods could be a result
of the sponge’s evolutionary protection mechanism against Al
toxicity. The presence of Al in the intracellular crystalline struc-
ture can be attributed to the presence of a silicatein antagonist
enzyme, silicase, which has already been described to be pres-
ent in S. domuncula. This enzyme is colocalized with silicatein
at the surface of the growing spicules, in the axial filament,
and subsequently in the axial canal.*” Silicase is a catabolic
enzyme that catalyzes the decomposition of biosilica from
sponge spicules; it releases to the medium Si and other trace
metal compounds that can be reintegrated into the spicule-
formation process. The presence of the Al, as well as other ele-
ments, in spicules from S. domuncula has been previously re-
ported.”” This assumption is confirmed by the absence of Al in
all components that have been used for primmorphs growth,
that is, artificial seawater and RPMI medium. Artificial seawater
was analyzed by STEM-EDX, which confirmed the complete ab-
sence of any hydroxy-aluminosilicates polymers (HAS) or other
silica-containing crystalline structures; this, in turn, excludes
the possibility of formation, under these conditions, of exoge-
nous HAS.

Conclusions

For the first time a crystalline structure was localized within
the organic axial filament of the primordial spicules. We sug-
gest that this crystalline structure acts as an inorganic template
and gives shape and orientation to the newly forming spicule,
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although its function is admittedly not yet fully understood.
Experimental evidence has been presented that the silicatein
molecules assemble to multimers in an ordered way by fractal
patterning.***¥ These associations, however, cannot solely be
attributed to the axial filament formation because of the size
of those structures.

TEM techniques clearly show their high applicability as tools
to unveil the complex process of biomineralization. These tech-
niques allowed us to shed a light on the early stages of spicule
formation for the first time. Thanks to HRTEM, the crystalline
nanorods that are localized intracellularly in sponge cells (scle-
rocytes) could be detected, thus moving one step closer to the
starting point of spicule biosilicification. ADT allowed us to col-
lect a sufficient data set from a single crystal (classified as
being a typical smectite) to unambiguously determine the cell
vectors, even in presence of defects and beam-sensitive mate-
rial. How and where this crystalline structure originated, and
whether it is a common feature in demosponges remains un-
known. Studies are being performed to understand the origin
of these crystalline structures.

Indeed, the use of sophisticated techniques and the multi-
disciplinary approach is necessary to understand the complexi-
ty of the fine interactions between the organic and inorganic
compartments during biomineralization. These results might
contribute to the understanding of biosilicification in sponges
and might help to provide a new insight for bio-nanotechno-
logical applications with a potential in the biomimetic and bio-
medical field.

Experimental Section

Primmorph cell culture: Live specimens of S. domuncula (Porifera,
Demospongiae, Hadromerida) had been collected in the Adriatic
Sea near Rovinj (Croatia) and had been kept in aquaria in Mainz,
Germany, for over ten months at a temperature of 17°C prior to
their use. Single cells were obtained as described in Miiller et al.”
Briefly, tissue samples were cut into cubes and single cells were
obtained by dissociation with Ca?" and Mg”"-free artificial sea-
water (CMFASW), that contained 2.5 mm EDTA.™ The analysis of
the filtered and dried CMFASW by using TEM and STEM-EDX did
not show any ordered structure that contained silicon. The cell sus-
pension was centrifuged, and the final pellet was resuspended in
CMFASW that had been supplemented with 0.1% of RPMI 1640
medium (Biochrom AG, Berlin, Germany) and 60 um silicic acid (as
sodium metasilicate; Sigma-Aldrich). Primmorphs of at least 1 mm
in diameter were formed after five days and used for the studies
that are described here. Sponge samples were cut into pieces
(2 mm®), incubated in 0.1m phosphate buffer that was supple-
mented with 2.5% gluteraldehyde, 0.82% NaCl (pH 7.4), and then
washed in 0.1 M phosphate buffer (1.75% NaCl) at room tempera-
ture. After the samples had been treated with 1.25% NaHCO;, 2%
0s0,, and 1% NaCl, they were dehydrated with ethanol. The dried
samples were incubated with propylene oxide, fixed in propylene
oxide/Araldite (2:1), covered with pure Araldite, and hardened at
60 °C for two days prior to being cut into 60 nm ultrathin slices (Ul-
tracut S; Leica, Wetzlar, Germany).

Microscopy analysis: The samples were finally transferred onto
copper grids (Plano, Wetzlar, Germany) coated with 1.2% Formvar.
TEM analysis was carried out with a FEI Tecnai F30 S-TWIN trans-
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mission electron microscope equipped with a field emission gun
and a scanning unit. STEM was performed by using the Tecnai
Microprobe STEM mode with a focused beam of approximately
0.5 nm, and images were collected by a Fischione high-angular an-
nular dark field detector (HAADF). Nano-electron diffraction (NED)
was performed with a 10 um C2 aperture to produce a 50 nm
beam for a semiparallel illumination of the sample. High-resolution
images (HRTEM) and NED patterns were taken with a CCD camera
(14-bit GATAN 794MSC) and acquired by using Gatan DigitalMicro-
graph software.

Automated diffraction tomography (ADT) was carried out with a
single tilt sample holder by using specific software that was devel-
oped for FEI Tecnai F30 TEM.' Two complete tilt series that con-
sisted of 61 slides in the range between —30° and 30° with a step
size of 1° were obtained. The software was able to track the posi-
tion of the sample after each tilt step by using autocorrelation of a
STEM image and to acquire NBD patterns, sequentially. The dose
rate on the sample was kept at the level of approximately 3e/A2s.
For data processing, including 3D reconstruction, automated cell
parameter determination software, which was self-programmed in
Matlab was used." Errors in cell axes were calculated as standard
deviations of the distance between the cluster center and the
refined vector positions. For visualization, UCSF Chimera software
was used,” but the output files had standard MRC format and can
be viewed by any appropriate visualizer.

Elemental analysis: Energy dispersive X-ray analysis (EDX) was un-
dertaken in STEM mode and quantified by using FEI ES Vision soft-
ware.

To determine via ICP-AES, the composition of mature spicules 48 %
HF (15 mL) and 97% 141 H,SO, (1 mL) was added into a crucible
and placed it onto an electric heating plate to evaporate the Si.
When the crucible was almost dry 48% HF (5 mL) was added, and
the silica was completely volatilized by evaporating the solution to
dryness. Then it was placed in a cold, electric muffle furnace, and
the procedures were repeated for the determination of LOl. The
percentage of SiO, was obtained by the weight difference. To de-
termine the other compositions extraction solvent of 37% 1+1 HCI
(2 mL) was added to the above-described crucible, then transferred
quantitatively to a 10 mL volumetric flask and dilute to volume.
The Na,O, MgO, AlO,, K,0, CaO, Fe,0;, and TiO, content was
determined by ICP-AES (Thermo IRIS Advantage), and the other
elements were determined by ICP-MS (Thermo VG PQ ExCell).
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