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Destructive properties of formalin on human otoconia
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Abstract
Background: Formalin is a preservation media for human tissues. Since the chemical structure is known, 
interaction in tissue preparation can be expected, that affect otoconia morphology. To investigate the 
suitability of the preservation media using formalin and ethanol for human otoconia in order to prove a short-
term and long-term storage after sampling.
Methods: Intact and degenerate human otoconia samples were exposed to formalin and pure ethanol. 
Morphological changes were observed by use of environmental scanning electron microscopy (ESEM). 
Results: By means of detailed environmental electron microscopy (ESEM) investigations it was shown that 
formalin is not a suitable storage medium for human otoconia. The solvent of the formalin solution (H2O) 
attacks the calcite component of human otoconia immediately after exposure. At the same time the organic 
components of otoconia (proteins) are stabilized by interaction with formaldehyde and their original structure 
remains unaffected. After ethanol exposure, the morphology of otoconia remains unchanged.
Conclusions: Formalin is not suitable for preservation of tissue material containing otoconia if further 
ultrastructural and morphological investigations should be performed. A suitable medium for preserving 
otoconia is pure ethanol, which keeps the composite structure without morphological changes over a long 
period of time.
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Introduction
Investigation of otolith organs has increased considerably during 
the last years. The examination of morphology and ultrastructure 
of otoconia is essential to understand physiological processes 
and pathophysiological mechanisms. Morphological changes 
and dislocations of otoconia lead to problems in balance and 
spatial orientation. Otoconia fragments are assumed to cause 
benign paroxysmal positional vertigo (BPPV), Ménière’s disease 
and vestibular drop attacks [1-3].

Otoconia are generally accepted as being a noncellular 
component representing the only calcite based biomineral in 
the human body, whereas bone and teeth are based on calcium 
phosphate (apatite). The nano-sized calcite component of hu-
man otoconia is intergrown with a small amount of organic 
material (<5%) forming the composite structure. Recent studies 
have revealed the inner structure of human otoconia consisting 
of a hierarchical architecture with a dumbbell-shaped dense 

area (branches) surrounded by a less dense, more porous 
structure (belly) (Figures 1a and 1b) [4-6].

Ultrastructural observations of human otoconia together 
with common analytical methods is the standard method to 
provide morphological information [3,7-9]. Preparation and 
preservation of vital otoconia has been inconsistently reported 
in literature up to now [7-9]. Recent investigations have shown 
that the nano-structured inorganic component of otoconia 
(calcite) is extremely vulnerable to chemical attacks caused 
by changes in pH and ionic concentrations as well as by the 
presence of foreign complexing agents such as gentamicin in 
the surrounding aqueous medium (endolymph) [11,12]. For 
this reason there is a high risk of destructive interactions dur-
ing pretreatment and preservation procedures [10]. In general, 
formalin is used for tissue preservation. In the present study we 
used vital human otoconia from surgical specimens in order to 
examine the suitability of the preservation media formalin and 
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ethanol respectively by an ultrastructural investigation using 
ESEM at various intervals during the conservation procedures.

Materials and methods
Otoconia samples
Vital human otoconia were extracted as described recently [3]. 
Samples lying in the gelatinous matrix were identified by light 
microscopy (Axioplan 2 imaging, Carl-Zeiss) with a 300-fold 
magnification. Parts of the sample were transferred to conduc-
tive (polycarbonate/graphite) foil discs (G3347, FEI/Philips) for 
further investigations by ESEM. Groups of human otoconia 
were identified at higher ESEM magnifications (>1:10 000) for 
repeated examination after exposure to the preserving media. 

Structural investigation after formalin and ethanol exposure 
Experiments were performed by use of commercially available 
formalin and ethanol. Formalin consists of a 3.5-3.7% Vol-% 
aqueous solution of for maldehyde (methanal) stabilized 
with methanol to suppress oxidation and polymerization. 
The measured pH value (6.88) was close to the neutralpoint 
(MP220 system, Mettler Toledo, Germany, InLab® 410 Com-
bination pH Electrode).

Ethanol was used in pure grade (99.9 Vol-%, Ethanol 642 
MEK abs, Overlack GmbH Mönchengladbach, Germany).

Structural changes of specimens were studied by ESEM 
before exposure and in time steps up to several hours after 
exposure by use of uncoated specimens in low vacuum mode 
(LV, 70 Pa). For reproduction of the results experiments were 
repeated several times. Long-term storage using ethanol was 
evaluated for a period of up to two years. 

Figure 1. Inner structure and outer shape of human  
otoconia.
(A) 3-D-model of the belly/branch-architecture showing the 
belly (light-coloured) and the 3+3 branches (dark) meeting 
close to the center of symmetry of the otoconium. The 
terminal planes representing the end faces of the branches at 
both sides of the otoconium are turned towards each other 
by 60°.
(B) ESEM-image of a single intact human otoconium. High 
vacuum (HV), 15 kV. Scale bar (B): 5 µm [11].

Ethics
The study was conducted in conformity with the declaration 
of Helsinki 1975, revised in 1983, and approved by the Ethics 
Committee of the University Medicine Mannheim, University 
of Heidelberg (2012-612N-MA). Written informed consent 
was obtained from all participants after the experimental 
procedure had been explained.

Results
Dissolution of human otoconia starts immediately after ex-
posure to formalin by producing surface roughening and an 
increasing number of pores and fissures in the belly region 
after only 1 hour of exposure. After 3 hours a moderate mass 
reduction in the belly region is obvious. Progressive mass 
reduction leads to complete dissolution of the belly until 
the branch center is reached (after 7 hours). The branches of 
human otoconia remain stable for a long period of time and 
outer parts of the branches are still present after 11 hours of 
formalin exposure. The organic component is not consider-
able affected during the dissolution process and seems to be 
stabilized by interaction with formalin. As a result, the outer 
shape of otoconia is still present even if most of the calcite 
component is dissolved (Figures 2a-2f).

In the case of ethanol exposure, the morphology of oto-
conia remains unchanged. Long-term storage in ethanol 
shows that this also holds true for a period of up to two years 
(Figures 3a-3f). 

Discussion
The present study clearly reveals that formalin is not suitable 
for preservation of human otoconia. Formalin is generally used 

Figure 2. Dissolution sequence of human otoconia during 
treatment with formalin.
(A) Human otoconia specimen before treatment with 
formalin. (B-F) Human otoconia after 1,3,5,7,11 hours 
following exposure to formalin. The chemical attack starts 
in the belly region by surface roughening and proceeds to 
center of otoconia. When the center of symmetry of otoconia 
is reached, residues and fragments as parts of the branches 
are still present. The organic component of otoconia keeps 
the shape of the former composite. ESEM, low vacuum (LV), 
15 kV. Scale bar in A (10 µm) corresponds to B-F.
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for fixing and preserving tissues or cells for pathologic and 
histologic examination. The organic component of formalin 
(formaldehyde, IUPAC-name: methanal) causes cross-linking 
of bio-macromolecular structures. As formalin is based on an 
aqueous solution of methanal (↔methandiol) the solvent 
(H2O) will immediately attack the nano-sized calcite compo-
nent (>90% wt.-%) of otoconia, whereas the protein partial 
structure (<5 wt.-% of the composite) is fixed and preserved. 
This scenario is presented in Figures 2a-2f.

The calcite component of otoconia consists of a three-
dimensional periodic arrangement of calcite nanocrystals 
showing mismatches (defects and disorder) especially in 
the belly region, which is the preferred area for chemical 
attacks and leads to so-called anisotropic dissolution behavior 
as described only recently [11]. In this case, the belly is 
dissolved first while the branches are attacked at later stages. 
The sequences of anisotropic dissolution clearly reveal the 
hierarchical inner architecture of otoconia consisting of 3+3 
branches and a surrounding belly as shown in Figure 1a [4-6,11].

The disadvantage of destruction of the composite struc-
ture by dissolution of the calcite component has to be seen 
against the advantage of conservation and fixation of the 
organic (protein) architecture. This is the main reason for the 
brilliance of the ESEM images (Figures 2a-2f) compared with 
the quality of images taken after treatment of otoconia with 
ethanol (Figures 3a-3f).

Some of the images obtained after formalin exposure 
reveal close structural similarities to degenerate otoconia 
as described in the literature showing pores and fissures in 
the belly area as well as fragment formation [3,7,8]. Given the 
results of this study and previous morphological observations, 
structural changes of otoconia may, in general, be induced 
within a short period of time during exposure to previously 

Figure 3. Human otoconia after exposure to ethanol. 
(A) Human otoconia before exposure to ethanol. 
(B-C) Structural changes after 1, 3, 5, 7, 47 hours following 
exposure are not obvious. The organic component remains 
unaffected. The lower brilliance of the images compared with 
Figure 2 is due to the lack of fixation of the organic part of the 
composite. ESEM, low vacuum (LV), 15 kV. Scale bar in A (2 
µm) corresponds to B-F.

untested chemical agents [9-11,13-14].
In the case of pure ethanol as preserving agent, the lack of 

structural (morphological) changes clearly reveals that there 
is no considerable chemical attack on human otoconia for 
periods of up to several months and years.

Pure ethanol is a suitable storage medium for long-term 
preservation of human otoconia. The missing presence of 
methanal, however, causes a lower quality of ESEM images 
because of the lack of fixation of the organic part of the 
composite.

Conclusions
Formalin is not suitable for preservation of the composite 
structure of human otoconia because of the dissolution 
of the calcite component by chemical reaction with water 
(anisotropic dissolution). A suitable medium for long-term 
preservation of intact and degenerate otoconia is to be found 
in pure ethanol.
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