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Introduction

The inner ear of vertebrates contains a complex
arrangement of enclosed sacs and channels where
the senses for balance and hearing are located.
Parts of these sensory systems are called maculae.
These organs act as gravity receptors by respond-
ing to linear accelerations [1]. The sensory trans-
duction depends on the inertial mass of a calcium
carbonate biomineral (so-called statolith). It con-
sists of aragonite or, sometimes even of vaterite
(so-called otoliths) [2,3] in case of fish and am-
phibians, while in reptiles, birds and mammals the
calcite modification (so-called otoconia) is found
[1]. A major difference between otoliths (ear
stones; mm-sized) [4] and otoconia (ear dust; pm-
sized) [5] is that the otoliths display a daily growth
pattern, whereas adult otoconia are essentially
inert and undergo only little changes with time.
Furthermore, the otoconia are made up of thou-
sands of tiny biomineral particles, each showing a
barrel-shaped habit with triplanar faceted ends [5-
7]. Mammalian otoconia (SEM-image) are pre-
sented in Fig. 1 (top); a schematic of the gravity
receptor organ (macula) is depicted at the bottom
of Fig. 1. The peculiar shape of the otoconia as
well as their inner structure and the resulting bio-
functionality are far from being fully understood
up to now. The same is true for the shape devel-
opment (morphogenesis). The present report con-
tributes to these essential questions by a close
biomimetic approach and describes the develop-
ment of a complex composite architecture resem-
bling all the structural details which are known
from natural otoconia so far [8]. The structural
details observed during growth and partial dissolu-
tion of the biomimetic otoconia also give rise to a
first interpretation of their functionality, i.e., their
response to linear accelerations. Intense future
research on biomimetic as well as biogenic otoco-
nia is needed to fully clarify the complex compos-
ite structures, their morphogenesis and their func-
tionality.
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Fig. 1: Top: Calcite otoconia of guinea pig (SEM-image)
showing the barrel-shaped habit with triplanar faceted
ends. Bottom: Schematic sketch of the gravity receptor
organ (macula) within the inner ear of mammals. @ Oto-
conial mass (black/green particles) in contact with endo-
lymph and interconnected to a gelatineous matrix (@ oto-
conial membrane) by surface adhesion and by confinement
within a loose interotoconial filament matrix (blue lines in
@) [7]. @ Sensory epithelium receiving (via hair sensors)
and forwarding (via nerve fibers) information on linear
accelerations. The inner ear contains two different maculae
called saccular and utricular, respectively.

Characteristics of biogenic otoconia of mammals

The following features seem to be evident for
otoconia of mammals although the various aspects
reported up to now do not merge into a conclusive
picture in general (Throughout the text we will



SELECTED RESEARCH REPORTS

refer to the following assignment of the features
(i.-vi.) which are comparatively discussed.):

1. The typical (adult) configuration of either
saccular or utricular otoconia is a cylindri-
cal body with terminal rhombohedral faces
intersecting at the pointed ends. The sym-
metry of otoconia is close to 3 m (depend-
ing on the extension of the rhombohedral
faces which may differ not only at both
ends) [7,9,10].

il. Otoconia represent composite systems
consisting of ordered calcite microcrystals
together with proteins (mainly glycopro-
teins and glycosaminoglycans) forming
fibrils. They resemble the patterns of fibril
packing in bone and teeth [7,11,12].

iii.  No data concerning the amount of organic
components in otoconia are available, yet.
Therefore, a value of about 2.25 wt.-%
which was reported for aragonitic plaice-
otoliths [9] is used as an approximate
guideline. This value is representative for
biocomposites containing small amounts
of organic material. It is also generally
consistent with a report on rat otoconia
which were described to contain only
“small” amounts of organic material (pro-
teins) [28].

iv. At least two different kinds of structure
are present in otoconia: A first, more
dense structure and a second, more porous
one [7]. The higher material density seems
to be present in direction towards the
rhombohedral end-faces [10].

v. The mean size (length) of otoconia is
about 10 um [13] but even giant otoconia
up to 80 um in length are observed [14].

vi.  There are some indications already that (at
least parts of) otoconial specimen behave
like single crystals [9,15,16].

Although not definitely confirmed so far it can
be expected that otoconia which are grown during
processes of biomineralisation represent inorganic/
organic composites and are structured on the nano-
scale. If these otoconia also give rise to scattering
properties similar to that of single crystals (see
feature vi.) they may represent highly mosaic-con-
trolled nanocomposite superstructures in a similar
sense as reported for biomimetic apatite-gelatine
nanocomposites [17-21]. This kind of solid matter
is also called a “mesocrystalline” state [22].

Morphogenesis of biomimetic otoconia

The formation of biomimetic otoconia was first
observed during our work on the morphogenesis of
carbonated apatite-gelatine nanocomposites by
double-diffusion in gelatine gel matrices [8,23,24].
The otoconial specimens grow close to the calcium
ion source; their complex morphogenesis is shown
in Fig. 2. Within some days, the form development
evolves from shape 1 (an arrangement character-
ized by six trumpet-like branches) via various
intermediate states which are still dominated by
six branches (2-7). The branches grow fast and
develop their basal faces to the final state (8)
where they meet at both ends thereby each forming
three planar faces with straight common edges and
rounded boundaries in direction to the belly re-
gion. The belly region grows with temporal delay
and appears to be structured on a small particle
scale but with a preferred (common) orientation of
the sub-units.

100 g

Fig. 2: Morphogenesis (sequence (1) to (8)) of biomimetic
otoconia. For further details refer to the text.
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Characterisation of biomimetic otoconia and
comparison with biogenic species

Apart from the more pronounced and rounded
belly region the biomimetic otoconia in their final
state of development reveal analogous morpho-
logical characteristics as present for adult otoconia
of mammals (see Fig. 1, top) with an overall sym-
metry close to 3m (see feature i.). Concerning
their size the biomimetic otoconia have to be clas-
sified as “more than giant” (see feature v.). Sam-
ples investigated after a growth period of five days
consist of composite particles in their final state of
shape development with a size distribution be-
tween 100 um and 400 um. Our observations indi-
cate already that the development of the shape to
the closed otoconial habit may, in principle, be
finished at a size of around 100 pm.

As summarised in Fig. 3 the biomimetic otoco-
nia exhibit scattering properties representative for
a single crystal. Even the crystal structure (calcite)
could be solved by using a complete single speci-
men (see feature vi.) [8]. These scattering proper-
ties being so closely related to that of a single
crystal are particularly remarkable by taking into
account the shape development shown in Fig. 2. In

fact, this development is far from classical growth
processes known for single crystalline individuals.
In this context it should be noted here already that
the biomimetic otoconia represent an inor-
ganic/organic composite containing an amount of
gelatine  between 1.9wt-% (Fig.3; TG-
investigations) and 2.6 wt.-% (chemical analysis),
a range which is in good agreement with 2.25 wt.-
% observed for aragonitic plaice otoliths (see fea-
ture iii.). The composite nature of the biomimetic
otoconia is associated with a lower density
(2.563 g cm ) compared with a bulk calcite crys-
tal (2.711 gcm™); see Fig. 3. As can also be seen
from Fig. 3 the planar terminal faces are indexed
as “normal” rhombohedral faces (cleavage rhom-
bohedra of calcite). A first investigation of the
inner architecture of the biomimetic otoconia
(SEM images) indicates the presence of two dif-
ferent structures: a more dense and homogeneous
structure as well as a more porous one (see feature
v.).

This first SEM observation (Fig.3) was fol-
lowed up by a more detailed TEM investigation by
means of a thin FIB-cut through the branch- and
belly-regions of a biomimetic specimen in an early
growth state (see Fig. 4). By this, it became clear

Calcite

c | *X-Ray Powder:

sAmount of Gela-
tine: ~1.9 wt-%

+Density (He-gas):
2.563 g cm?

R3¢, Z,=6

Crystal
r Structure
Determi-

nation

R1=0.025
wR2 = 0.050

a, = 4.9880(4) A
¢, =17.096(2) A

D =2711gcm?

el
SEM

b

Face
E Indaxing

Fig. 3: Characterization of completely developed otoconial specimen (top left). Essential facts are: a) The biomimetic otoco-
nia exhibit X-ray scattering properties which are representative for single crystals. b) The crystal structure of calcite was
solved from single crystal diffraction data. ¢) The density of the composite (He-gas method) is significantly lower than the
density of a calcite crystal. 1.9 wt.-% of gelatine contribute to the formation of the composite. d) The faces at both ends of the
biomimetic otoconia were determined as “normal” rhombohedral faces (= cleavage rhombohedra of calcite). e) The inner
architecture of the biomimetic otoconia is characterized (SEM-images) by two different structures: a porous structure in the

belly region and a more dense structure in the branch areas.
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that the branch area is characterized by a dense
composite structure streaked with parallel traces of
about 10 nm thickness. In analogy to our experien-
ce with apatite-gelatine-nanocomposite structures
[17-21] and in accordance with the hollow tubes
visible in partially decalcified otoconia (see Fig. 6)
we interpret these traces as signatures of (calci-
fied) microfibrils stretching out along the main
branch direction [1014]. The high-resolution
TEM image of the branch area shows a perfect
periodic calcite pattern. The belly region, on the
other hand, is only poorly crystalline consisting of
nano-domains in a mosaic arrangement as well as
of pores. The crystallographic overall-orientation
of belly- and branch-areas is identical (see FFTs in
Fig. 4), an observation which fully agrees with the
scattering properties of the biomimetic otoconia
(similar to that of a single crystal).

rhombohedral
branch

Fig. 4: Top left: lon scanning image of a biomimetic otoco-
nial specimen at an early stage of the morphogenesis (see
Fig. 2). The green bar indicates the area from which the
TEM lamella was cut by focused ion beam (FIB) technique.
The cut leads through one branch oriented along the view
direction. Top right: Overview TEM image of the FIB thin
cut showing the structure of the composite consisting of two
different areas (belly and branch). Bottom right: As evi-
denced by the filtered high-resolution TEM image the
branch exhibits a perfect periodic pattern. Deduced from
the fast Fourier transform (FFT) — inset top left — the cal-
cite composite is viewed along [426 1 |. Bottom left: The
belly region is only poorly crystalline consisting of nano-
domains in a mosaic arrangement as well as of pores.
Compared with the branch area the FFT of the belly region
(inset top left) displays only a small number of weak spots
due to reduced crystallinity.

As shown in Fig. 5 the biomimetic otoconia can
be decalcified by treatment with EDTA. The ge-
latineous residue keeps the shape of the former
calcite-gelatine composite, an observation which
was also made for the decalcification of rat otoco-
nia [28]. Such kind of (partial) decalcification
experiments help to obtain deeper insight into the
inner architecture of the biomimetic otoconia as
well as the structural correlations between the
inorganic and organic components. These investi-
gations may also provide a chance to find and
isolate the central seed area which keeps the intrin-
sic code for this particular form development. Fig.
6 shows a SEM image of biomimetic otoconial
specimen after partial decalcification. In accor-
dance with the TEM investigations indicating a
more dense structure for the branches (Fig. 4) the
SEM image (Fig. 6) clearly reveals that these re-
gions are less soluble compared with the porous
and less ordered belly area. It becomes also evi-

Fig. 5: Light-optical micrographs: Successive decalcifica-
tion of biomimetic otoconia by EDTA (0.25 mol L) reveals
that the belly parts are easier decalcified than the branch
parts confirming the different inner structure as presented
in Fig. 4. Left: After treatment with EDTA for 1 h. Right:
After treatment with EDTA for 2 h (The decalcified gelatine
keeps its composite shape).

Fig. 6: SEM image of a biomimetic otoconial specimen
after partial decalcification by an EDTA solution. For
further details see text.
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Fig. 7: SEM image of guinea pig otoconia with colored
fracture area.

dent from the SEM image (Fig. 6) that the interac-
tions between the organic and the inorganic com-
ponents of the composite take place at a high level
of structural order. The hollow tubes appearing on
the rhombohedral faces represent the positions of
the former organic fibrils extending from the cen-
ter of the architecture in direction of the faces at
both ends of the specimen (see also Fig. 4).

The shape development of biomimetic otoconia
(Fig. 2) and their decalcification behavior (Figs. 5
and 6) clearly point at the existence of three dis-
tinct growth directions for the branch areas. The
branch areas meet in the final state of shape devel-
opment but do not grow perfectly into a single
one: there are still significant boundary planes
between their branch parts. In agreement with this
characteristic feature of the biomimetic species
SEM investigations of the fracture area close to the
triplanar faceted ends of biogenic otoconia from
guinea pig, clearly reveal the presence of three
distinct regions (Fig. 7) representing the branch
areas [8, 25].

On the organic components involved in the
formation of otoconia

We now concentrate on the nature of the organic
components involved in both, the biogenic and the
biomimetic otoconia formation. Besides others
[26] otoconia of mammals contain glycoproteins
and glycosaminoglycans which form fibrils inside
the composite structure resembling the patterns of
fibril packing in bones and teeth [7, 9, 12]. Glyco-
proteins and glycosaminoglycans consist of mac-

Fig. 8: “Form-correction” of biomimetic otoconia. Com-
pared with human otoconia (inset top right) [10] the bio-
mimetic otoconia (Fig. 2, bottom right, No. 8; Fig. 3, top
left) reveal a more pronounced bulbous belly region. This
region can be flattened and elongated by using a mixture of
agar and gelatine as the diffusion-matrix [8]. By this, the
morphology of the biomimetic otoconia (main part of this
figure) is brought closer to that of human otoconia.

romolecules containing covalent interconnections
between proteins and oligo- and polysaccharides.
However, the biomimetic otoconia presented here
are grown in a pure gelatine gel (denatured colla-
gen). Following this general knowledge we simply
mixed agarose with gelatine (wt.-ratio 7:3) and
used the respective gel mixture as the diffusion
matrix [8].

Applying this procedure the more bulbous belly
region can interestingly be flattened and elongated.
In result, it clearly reveals a closer relationship to
the shape of otoconia of mammals as shown in
Fig. 8, in comparison with human otoconia [10].
The characterization of the outer shape of otoconia
(biomimetic as well as natural) is still on a descrip-
tive level as no definite rules are known with re-
spect to aspect ratios and other quantifying criteria.
This is an interesting problem to be solved in the
near future.

Recent investigations on human otoconia

No complete picture of the 3D structure and the
morphogenesis of biogenic otoconia is available
up to now. The shape development of the biomi-
metic composite seems to be a suitable model
system which, for the first time, holds the chance
to investigate every growth step in detail and even
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Fig. 9: X-ray diffraction pattern (left; Ag-Ka-radiation) of a single specimen (right; light-optical micrograph) of a human
otoconial specimen. The crystal structure (calcite) was solved from the diffraction data (R3¢, Zy=6, ay=4.9841(8) 4,

ey=17.072(5) A, R=0.068).

allows suitable modifications of the growth condi-
tions. In order to check this statement in more
detail, we started to investigate human otoconia by
looking for further characteristic features that ex-
ceed the criteria i.-vi. given above (and which
were already confirmed).

First of all, we investigated the diffraction be-
havior (X-ray, Ag-Ko radiation) of a complete
single otoconial specimen (~ 10 um in length). As
can be seen from Fig. 9 the diffraction pattern is
representative for a single crystal without indica-
tions for significant mismatch, intergrowth, or
twinning. In this respect, biogenic and biomimetic
(see Fig.3) otoconia show identical diffraction
characteristics.

The next essential question was focused on the
decalcification behavior of human otoconia in
order to find out whether the biogenic specimen
are also constructed from branch- and belly-areas.

Fig. 10: SEM image of a degenerated specimen of human
otoconia with colored rhombohedral faces. For further
details see text.

If so, this would give a hint for the presence and
distribution of different areas of structural densi-
ties. As the size of the otoconia under investigation
did not exceed a value of about 10 pm we were not
yet able to carry out step-by-step decalcification
experiments — as performed for the biomimetic
species (see Figs. 5 and 6). On the other hand, we
observed a number of degenerated human otoconia
revealing clear signs of decalcification processes.
Such kind of degenerated human otoconial speci-
men is presented in Fig. 10, with the belly area
being partially dissolved and streaked with larger
channels. The rhombohedral branches, however,
remain more or less unaffected, a picture which is
consistent with the observations made on biomi-
metic otoconia (Figs. 5 and 6). Age-related degen-

Fig. 11: SEM image of the inside structure of an age-
related degenerated human otoconial specimen [27]. For
further details see text.
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erated human otoconia have been subject of an
early SEM investigation [27]. The images pre-
sented therein reveal similar degeneration patterns
as shown in Fig. 10. Additionally, there is one
image of a mechanically broken degenerated
specimen (Fig. 11) [27] which could not be ex-
plained at that time but which clearly exposes its
inside structure containing the three branch parts
as residual stumps.

A first and careful approach towards
functionality of otoconia

Although further investigations are needed for a
more detailed understanding of the growth as well
as the dissolution processes, a careful inter-
pretation of the function of otoconia can already be
given extending the generally accepted facts con-
cerning weight, gravity and movement on the ge-
latinous matrix during linear acceleration.

Nature produces biominerals as functional mate-
rials, and their functions are reflected by their
chemical constituents and by their intergrowth-
structures. If the function of otoconia would be
restricted to size and uniform density only (which
might be suited for a response on vertical accelera-
tions), their complex inner architecture would be
insignificant. However, this is not the way nature
works! The arrangement and particular distribution
of areas with different (structural) densities within
the otoconia are assumed to cause a peculiar mode
of buoyancy within the surrounding endolymph as
well as maximum displacements during translatory
accelerations. The mass-distribution within otoconia
leads to a mass-separation in direction of their
rhombohedrally faceted ends. The center of gravity
for a complete specimen is expected to be situated
at (or close to) its morphological center. The oto-
conial mass consists of thousands of these tiny
biominerals which are randomly oriented, sur-
rounded by the endolymph (a K '-rich electrolyte)
and interconnected with the substrate (the gelati-
nous matrix) by surface adhesion and by confine-
ment within a loose interotoconial filament matrix
(a loose net of fibrils growing out of the otoconia
and being attached to the gelatinous matrix). In
case of a horizontal linear acceleration the result-
ing (possible) movements of an individual otoco-

i i
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Fig. 12: Schematic sketch of the combined transla-
tory/rotary response of an individual otoconial specimen
during horizontal acceleration of a macula. Large green
arrow: Direction of acceleration. Smaller green arrows:
Directions of movements relative to the substrate. Blue
lines: Fibrils attached to the individual otoconial specimen
and to the substrate (gelatinous matrix). Red dots: Center
of mass of the individual otoconia. Black dots: Illustration
of the dumbbell-like mass distribution within the otoconia
important for their rotational response as shown in c. For
further details see text.

nial specimen are schematically presented in Fig.
12. During acceleration (larger green arrow point-
ing to the left) the inertial mass of the otoconial
specimen causes a movement to the right with
respect to the substrate (small green arrow) until
the fibril attached at point B on the substrate is
stretched (Fig. 12a to 12b). This first step of
movement is followed by a rotary motion (caused
by the moment of inertia) thereby turning the
specimen until the fibril attached at point A on the
substrate is also stretched (Fig. 12b to 12c). This
highlights the fact that the peculiar inner architec-
ture of otoconia with its dumbbell-shaped
mass/density-distribution allows optimal sensing
of even non-vertical translational accelerations by
a combined translatory/rotary response. The trans-
fer of force to the gelatinous matrix is then trans-
mitted to the interconnected sensory epithelium as
schematically presented in Fig. 1. As the otoconial
mass within each macula consists of thousands of
entities with random orientation the system is able
to react to accelerations in all directions of space.
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