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Abstract

Molluscan shells are an example of a mineral-based biocomposite material, and most studies to date have focused on under-
standing their biomineralization mechanisms. Meanwhile, large amounts of these shells are produced as waste globally by
seafood which is used by other industries as a source of biogenic calcium carbonates. In this study, we propose a simple
methodological approach for isolation of Conchixes, the organic scaffolds that resemble the size and shapes of mollusks
shells, using gentle EDTA-based demineralization of the shells. Such mineral-free biological materials have been extracted
from selected representatives of marine and fresh water bivalves, as well as from marine and terrestrial gastropods under
study. Key pathways to practical applications of molluscan conchixes with regards to pharmacy, cosmetics, feed and feed
additives, biomedicine and bioinspired materials science are also discussed.

Keywords Biological materials - Conchiolin - Periostracum - Organic scaffolds - Mollusks - Shell, Bivalvia - Gastropoda -
Biomineralization - Biomimetics

1 Introduction structures for understanding biomineralization principles

[2-6], as indicators of environmental changes with respect
Diverse representatives of the phylum Mollusca possess the  to climate [7, 8], or chemical contaminations [9, 10]. Special
ability to produce mineralized shells, whose main aim is  attention has been given to shells’ biomechanical [11-16],
to provide a protective armor [1]. Molluscan shells are the =~ biomimetic, and materials science properties [17-24].
objects of intensive scientific investigations, mostly as model
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However, parallel to pure scientific interest on mollus-
can shells, one direction that has raised much recent interest
deals with shells as biological waste [25, 26]. Both aqua-
culture and the seafood industry are amazing sources of
edible marine and freshwater mollusks and, consequently,
of millions of tons of shells as waste material. According to
Morris and co-workers [27], “shells from the aquaculture
industry are widely regarded as a nuisance waste product,
yet at the same time, calcium carbonate is mined in the form
of limestone and viewed as a valuable commodity”. A simi-
lar situation can be suggested to exist with shells of edible
terrestrial species, e.g. Helix pomatia (Linnaeus, 1758) and
Cornu aspersum (Miiller, 1774) [28], whose heliciculture
has grown explosively [29, 30]. Shells with more than 95%
calcium carbonate used on a commercial scale are a viable
alternative to mineral raw materials and have been mostly
used as a biological source of calcium for poultry and other
agricultural applications [27]. Other uses of this biocom-
posite include its potential as a building material [31, 32].
For example, the shells of Pacific oyster, Magallana gigas
(Thunberg, 1793) (formerly known as Crassostrea gigas),
which was the source of 3.08 million tons of shell waste only
in 2003 [33], have been successfully used as the main com-
ponent of artificial stones. The developed composite mate-
rial consists of oyster shells incorporated in a synthetic poly-
meric resin [34]. Thus, the main strategies used at present
for the disposal of shells is their transformation into powder
or small particles as additives in building materials [35, 36],
or high-temperature processing to obtain hydroxyapatite, or
calcite for biomedical applications [36—42]. The utiliza-
tion of molluscan shell waste as Ca-rich resource has been
used also for the production of calcium oxide, which can be
effectively applied in heterogeneous-based catalysts [43]. To
obtain more detailed knowledge about the modern trends
in application of moluscan shell waste, we recommend the
recently published review by Jovic and co-workers [44].

Undoubtedly, shells are a mass product of shellfish pro-
cessing and are a global source of calcium carbonates. Can

Fig. 1 Schematic view on the
principal of selective deminer-

Mineralized shell

the same be said for the organic phase in their composition?
It is well recognized that such biomacromolecules as chitin
[20, 42, 45-50], glycopolysaccharides [51-53] structural
proteins [42, 54-56] and low molecular weight acidic pro-
teins [5, 57-59] as well as lipids [53, 60, 61] and pigments
[62—-66] are species dependent and have been found in differ-
ent quantitative proportions within molluscs’ shells [36]. It
can be assumed with high probability that the organic matrix
inside the shell turns out to be firmly walled up [67] and can
survive for millions of years [68, 69]. Confirmation of this
can be found in the famous article by Steve Weiner entitled
“Fossil mollusk shell organic matrix components preserved
for 80 million years” [70].

In contrast to the traditionally used strategy for isolation
of organic matter from powdered molluscan shells [35], we
offer a methodological strategy for the allocation of organic
matrices from natural (i.e. as collected) shells by deminer-
alizing them in non-aggressive reagents. Gentle deminer-
alization [71, 72] allows us to isolate complete or partially
demineralized shell on request (see Fig. 1).

For the first time, we present here the results of partial
and complete demineralization of shells from different spe-
cies of aquatic and land mollusks and outline the possible
applications of the extracted organic matrices. All of them
possess one characteristic feature: they completely repeat not
only the contours of the shell but also its size, differing, how-
ever, in some species in the color of the organic phase. We
propose to the definition of a new term, “conchix”, based on
“concha” that means “shell” and “matrix” where we mean
the organic matrix.

2 Materials and methods

2.1 Supply and keeping of mollusks shells

Shell specimens of the terrestrial snail Cepaea nemoralis
(Linnaeus, 1758) (Gastropoda) and Corbicula flumenia

Partial demineralization

alization of mollusc shell by it
partial immersion in a demin-
eralizing reagent with the aim
to obtain specimens with well
distinguished mineral-organic
matrix interphase

Mineralized

*. \Demineralized part
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(Miiller, 1774) (Bivalvia) have been collected on the banks
of the Elbe River in Dresden (Germany). Shell samples
of marine bivalves Haliotis tuberculata (Linnaeus, 1758)
and Laternula elliptica (King, 1832) have been collected
by Prof. A. Ereskovsky in Marseille (France), and by Dr.
H. Poigner at King George Island (Antarctic Peninsula),
respectively. Prior to demineralization, all of the speci-
mens listed above have been cleaned in water ultrasonic
bath during 30 min, rinsed in dist. H,O and dried on air.

Shell samples of the Mediterranean mussel Mytilus
galloprovincialis (Lamarck, 1819) were obtained from
the local mussel farm at Sv. Nedjelja (42°27'28.26"N
18°40'24.06"E), while empty shells of the fan mussel
Pinna nobilis (Linnaeus, 1758) were found at the site
Dobrota (42°26'13.20"N 18°45'44.82"E) within the Boka
Kotorska Bay, Adriatic Sea, Montenegro. Fouling organ-
isms on shell surface and ligament were removed from
each shell; afterwards the shells were washed with tap
water and dried in the air.

2.2 Isolation of Conchixes

Decalcification of such shell samples as that of C. nemora-
lis, C. fluminea, H. tuberculate and L. elliptica was carried
out using 7.4 pH Osteosoft TM (Merck) solution (EDTA
content 174.0 g/L) at 37 °C up to complete dissolution of
calcium carbonates. Isolated conchixes have been rinsed
with dH,O and dried in the air on request.

Conchixes from M. galloprovincialis and P. nobilis
shells were isolated by EDTA disodium salt dehydrate
(VWR International bvba, Belgium) based solution. For
the preparation of the solution, EDTA powder (174 g/L)
was gradually added in distilled water (dH,O), with per-
manent and vigorous stirring on a magnetic stirrer at room
temperature. Since EDTA requires pH > 8 to dissolve, pH
value of solution was increased from 4, 6 to 8 by gradual
addition of sodium hydroxide pellets (CENTROHEM, Ser-
bia). After complete dissolution of EDTA, pH was lowered
to 7.25 by gradual addition of diluted hydrochloric acid
(Neratovice, Czech Republic).

For the isolation of conchixes, we used one shell valve,
while another one was kept for the later size and shape
comparison between mineralized and demineralized shells.
Shell valves used for isolation of conchixes were placed
in a glass with previously prepared EDTA based solution
and stored in laboratory incubator at 39 °C degrees. On
every 24 h, shells were rinsed with dH,O and solution was
replaced. Duration of isolation process was 120 h (5 days)
for M. galloprovincialis, while P. nobilis shells required
168 h (7 days). Obtained conchixes were thoroughly rinsed
with dH,O and dried in the air on request.

2.3 Digital, light and fluorescence microscopy

The samples were observed and analyzed with the use of an
advanced imaging and measurement system consisting of
a Keyence VHX-6000 digital optical microscope and VH-
Z20R swing-head zoom lenses (magnification up to 200 X).

2.4 SDS-PAGE

After the gentle decalcification of purified Corbicula flu-
minea shells, the isolated conchixes were subjected to dialy-
sis against deionized water using ROTH membranes (Ger-
many) applied for dialysis of proteins with molecular weight
exceeding 14 kDa. The dialysis was performed for 48 h at
4 °C. The dialysed materials were dried under vacuum with
a CHRIST lyophilizer (Germany) and stored at 4 °C. For
SDS gel analyses 100 mg dried conchixes was crushed using
an agate stone mortar. The powdered material was dissolved
in a standard buffer (1 M tris—HCI, pH 6.8; 2.5% SDS, 10%
glycerol, 0.0125% bromphenol blue); incubated for 5 min at
95 °C; and then separated in 10 or 12% SDS polyacrylamide
gel. Electrophoresis was performed for 1.5 h at 75 V. To dis-
tinguish proteins, the obtained gel was stained with Coomas-
sie Brilliant Blue R250 from the Gel Code Silver SNAP
Stain Kit II (PIERCE, United States). As protein standards
with the known molecular weight, we used a “Silver stain
SDS molecular weight standard mixtures” set (Sigma, USA).

2.5 Scanning electron microscopy (SEM)

In case of SEM analysis samples were fixed with 2.5% glu-
taraldehyde in PBS at room temperature, washed with Na-
phosphate buffer (0.1 M) dehydrated in an ascending series
of acetone and critical point dried (Bal-Tec CPD 030). Sam-
ples were mounted on aluminum SEM-carrier with adhesive
conductive carbon tape (Co. PLANO, Wetzlar) and coated
with gold under vacuum using a Cressington 108 Auto
sputter coater. The microstructure was determined using
the Hitachi S4700 and XL 30 ESEM (Fa. Philips Electron
Optics GmbH) scanning electron microscopes.

2.6 Transmission electron microscopy (TEM)

For TEM (Transmission electron microscopy) investigations
samples were fixed with 2.5% glutaraldehyde in PBS at room
temperature, post fixed with 1.5% osmiumtetroxide, dehy-
drated in a graduated series of acetone (including a stain-
ing step with 1% uranylacetate) and embedded in Epoxy
resin. Ultra-thin sections (about 70 nm) of samples were
prepared on a Leica EM UC6 ultramicrotome equipped with
a Diatome diamond knife, mounted on pioloform coated
copper grids, post stained with uranylacetate and Lead cit-
rate (according to Reynolds, 1963) and analyzed in a Zeiss
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CTEM 902 at 80 kV (University of Bayreuth). The micro-
structure was determined using the Hitachi S4700 and XL 30
ESEM (Fa. Philips Electron Optics GmbH) scanning elec-
tron microscopes. Samples were dried and covered with Au
using a Cressington 108 Auto sputter coater.

3 Results and discussion

It is well recognized that quick demineralization of mol-
luscan shells can be achieved using organic (i.e. acetic) or
inorganic (i.e. hydrochloric) acids [71, 72]. However, the
main drawback of this approach to demineralization is justi-
fied by the rapid release of carbon dioxide bubbles, which
often leads to foaming and mechanical rupture of the brit-
tle organic matrix into fragments. To overcome this chal-
lenge, we used gentler EDTA-based decalcification using
Osteosoft® reagent, or self-prepared EDTA-based solutions
with pH 7.25. Previously, good results with respect to the
isolation of organic matrices from corals [73, 74], mollusks
shells [20], sea urchin spines [75] using chelating EDTA-
containing solutions were reported. The effectiveness of this
strategy was also confirmed in the present work, where it
was possible to isolate conchixes of almost perfect integrity
from representatives of both aquatic and terrestrial species
of mollusks from different taxa (see Figs. 2, 3, 6, 7, 8, 9,
and 11).

Let us consider some examples in more detail. In Fig. 2,
the shell of the fan mussel Pinna nobilis (Linnaeus, 1758)
that belongs to the largest (with up to 120 cm in total shell
length) endemic bivalve of the Mediterranean Sea (see for
details [76]) is represented before and after demineraliza-
tion with EDTA solution. Demineralization process of P.
nobilis was faster at the onset of the experiment due to the
low thickness of the examined shell, that was observed by
the lost of hardness in upper toward the widest part of the
shell. In the first 2-3 days, more than 80% of shell become
soft, however, 7 days (168 h) was needed to complete the
isolation of conchix due to slower demineralization rate of
the lower sized solid particle, placed in the area of the pos-
terior adductor muscle. It was possible to isolate a corre-
sponding conchix from its shell that partially preserved its
integrity and brownish pigmentation in full. This biomaterial
was elastic enough to be bent in half without the forma-
tion of visible macrodefects (Fig. 2b). Isolation of conchix
from this endangered species can be crucial for bioanalytical
studies on its chemistry and biochemistry, especially due
to recognition of P. nobilis as being a reliable bioindicator
for benthic coastal ecosystems according to the EU Marine
Strategy Framework Directive (MSFD 2008/56/EC) [76].
There is little information concerning the nature and origin
of conchix from this species. Previously, it was reported only
that the water-soluble fraction of the prismatic layer isolated
from P. nobilis contains glycoproteins and acidic sulfated
sugars [55].

Fig.2 Gentle demineralization
of large shells of Pinna nobilis
(Bivalvia) in EDTA-based solu-
tion (174 g/L; pH 7.25) during
168 h at 39 °C leads to isolation
of conchixes with practically
similar size and shape (a). Iso-
lated conchix is partially fragile,
but elastic enough even to be
folded (b) without it visible
tearing
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Fig.3 Step by step imagery of selective demineralization of the L. elliptica shell using Osteosoft solution

Another object we choose for the study is Antarctic soft-
shelled bivalve Laternula elliptica (King, 1832). This psy-
chrophilic clam is a classical model organism which is used
in a broad range of studies concerning metals accumula-
tion [77-80], ocean acidification [81, 82], climate change
[83-87] and molecular mechanisms of biomineralization
[88]. In our experiments on demineralization with selected
shells of L. elliptica using Osteosoft reagent, it was possible
to carry out controlled partial demineralization (Figs. 3 and
4). It is well visible that conchix of selectively demineralized
L. elliptica shell remains so firmly rooted in the mineral-
ized shell that it does not fall off when mechanical stress is
exerted (Fig. 4). Furthermore, we were able to cut deminer-
alized, organic part of L. elliptica shell on request (Fig. 5)
and use it for further analytical investigations.

As the main principles of molluscan shell organization
[89] with respect to both water-soluble [90] and water-insol-
uble [91] organic phases are well known, we carried out
experiments with special protein staining to show the locali-
zation of proteins within the conchix of L. elliptica (Fig. 6).

The obtained results show not homogenous distribution
of the Coomassie blue stain on the surface of conchix from
L. elliptica. This implies the presence of other organic
components in the matrix besides proteins. We strongly
believe that simple way to isolate conchixes from this
intensively studied bivalve species will open a key way
to obtain more detailed information of the role of organic
phase in accumulation and possible storage of diverse con-
taminants (i.e. metals, pesticides) and naturally demineral-
ization-remineralization mechanisms, which occurs under
psychrophilic conditions and acidification of the oceans.
We do not exclude that such conchixes can be used as a
unique climate archive.

Also the next object of our study, the bivalve, M. gal-
loprovincialis (Lamarck, 1819) remains to be an important
indicator for the environmental control [92-94] of diverse
trace elements [95, 96] and radionuclides [97]. However,
in contrast to L. elliptica, this mollusc species is widely
exploited as seafood and in some areas is also a broadly
cultivated organism in aquaculture [98—101]. The shells of

Fig.4 Organic part of selectively demineralized L. elliptica shell (a) remains so firmly rooted in the shell that it does not fall off when mechani-

cal stress is exerted (b—e)

@ Springer
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Fig.5 Demineralized part of L. elliptica shell (a) can be cut out on request (b—d) and used for further studies

Fig.6 Staining of partially
demineralized L. elliptica shell
(a) with Coomassie blue protein
dye (b) confirms the presence
of proteins within the organic
matrix (¢, arrows)

Mineralized part

5mm

”CBB g-250
Colloidal
solution

M. galloprovincialis have been already used for the trace
element fingerprinting [102].

Here, we show the isolation of conchix also from this
mussel (Fig. 7). Since the colour of M. galloprovincialis
shell is black, it represents a suitable model for visualization
of complete isolation process showing high contrast under
the light. After 24 h, part of the shell became orange—brown
colored what was the additional indicator of demineraliza-
tion (Fig. 7b). The shell was held with pincers showing that
it was still in solid state. More than 50% of the shell was
demineralised after 48 h (Fig. 7c) and became flexible. Thus,
the shell was placed on a transparent glass surface for further
monitoring of the conchix isolation. After 72 h, deminerali-
zation was almost over (Fig. 7d). Complete demineralization

@ Springer

occurred after 96 h (Fig. 7e) and conchix flexibility was con-
firmed after 120 h (Fig. 7). Isolated conchix was dried in the
air which turned it into solid state (Fig. 7g), after 10 min.
immersion in dH,O (Fig. 7h), conchix became to be flexible
again (Fig. 71).

Due to recognition of M. galloprovincialis and related
species as crucial players in the global production of marine
food [103, 104], we believe that development of large-scale
methods for isolation of conchixes from the million metric
tons of their shells as biological waste materials should be a
trend in the near future.

Marine gastropods belonging to Haliotidae family (also
known as abalones) also possess large potential in the sea-
food industry and nacre jewellery, consequently are the
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Fig.7 Visualization of conchix isolation from the shell of M. gallo-
provincialis (a) using EDTA solution (174 g/L; pH 7.25) at 39 °C.
Isolated organic phase resembles the size and shape of the original

source of immense amounts of shell waste (Fig. 8) in the
locations of their habitat.

As reviewed by Cusack and co-workers [105], Haliotis
species are recognized as a well-investigated model mollusk
with respect to the understanding of their shell ultrastructure
and organization [106], mechanisms of biomineralization
[107] as well as their proteomics [108]. Traditionally, the
most focus of investigators has been attracted to nacreous
layers of the abalones shells. Using partial demineralization
of red abalone (H. rufescens) shell nacre with 0.6 MEDTA at
a pH of 8.0, Meyers and co- workers [109] isolated organic
interlamellar up to 20 um thick mesolayers and showed how
these mesolayers retain stiffness of the nacre. In contrast
to this report, we have isolated the complete organic scaf-
fold from the abalone shell (Fig. 8). The interface between
mineral and organic phases that retain stiffness of the
whole shell can be well visualized using digital microscopy
(Fig. 8c, d). As in the case of L. elliptica (Figs. 4, 5), the
conchix of H. tuberculata understudy seems to be firmly
ingrown into the mineral phase and does not fall off indepen-
dently. We suggest that isolated conchix contains all organic
compounds (i.e. chitin, specific acidic and other shell matrix
proteins) previously reported in the nacreous layer [110] as
well as those located in periostracum, the outermost organic
layer that covers the abalone shell. The greenish color of

shell (b—e). The confirmation of flexibility after 120 h (f). Also ini-
tially dried for storage conchixes (g) shows similar features (i) after
10 min. insertion into dist. H,O at room temperature

the isolated conchix suggests localization of some pigments,
whose nature and origin should be investigated in the future.

Next, we chose the freshwater bivalve Corbicula flu-
minea (Miiller, 1774) (Fig. 9a), which is an invasive species
in Germany present since 1985 [111]. Similarly, with the
demineralization results of the aforementioned mollusks, we
obtained a conchix containing brownish colored pigments
(Fig. 9b, c). Due to the recognition that shells of bivalves
mostly contains quinone-tanned proteins within their peri-
ostracum [112-116], we can suggest their presence is in the
conchix of this mollusk as well. It has been hypothesized that
the tanning probably provides a rapid turnover from soluble
to insoluble protein phases within the multilayer-structured
uncalcified periostracum [117]. The function of this complex
organic structure “is to provide waterproof support and a
substrate for the growth of the outer shell layer. Examination
of the inner surface of the periostracum shows crystal seeds
upon it. The periostracum also has a protective function in
forming a waterproof covering to the shell and preventing
the corrosion of the calcified shell by acidic waters” [117].

SDS-PAGE analysis of the water insoluble conchix of C.
Sfluminea (Fig. 9d) allows us to isolate proteins. After stain-
ing with Coomassie blue dye the presence of clear bands
corresponding to certain peptides with molecular weight
definitively lower than that of collagen (i.e. 250 kDa).

@ Springer
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Fig.8 Shells of H. tuberculata (a) constitute a massive waste of
the marine processing industry. They can be effectively demineral-
ized with Osteosoft solution at 37 °C during 3-5 days with the aim

Obtaining of well-presented bands assumes their presence
in an amount that will be enough for successful identification
of corresponding peptides by further proteomic analysis.

To obtain an understanding of the ultrastructural organ-
ization of this conchix, we carried out also TEM investi-
gations, which confirm the presence of regularly striated
nanofibrils (Fig. 10). Their structure seems to be similar to
that reported previously for structural protein observed using
TEM in the periostracum of gastropod Buccinum undatum
L.[118].

The principle of gentle demineralization using EDTA-
based solutions was also effective for the shells of terres-
trial gastropods under study (Fig. 11). We believe that all
conchixes represented in this study contain biomacromol-
ecules which belonging to the organic phase of molluscan
shell that is not water soluble. Consequently, it is logical to
suggest the occurrence of periostracum (with related to its
proteins), chitin and conchiolin. The term conchiolin refers
to the insoluble residue remaining after shell decalcification
[119]. Conchiolin sheets have been described in extant [120]
as well as fossil [121] molluscan shells. It was experimen-
tally shown that in the shell of M. edulis “the same conchi-
olin structure is associated with aragonite in mother-of-pearl

@ Springer

to obtain mineral-free, soft organic scaffolds (b). Organic matrix
remains so firmly rooted in the partially demineralized H. tuberculata
shell (c) that it does not fall off even when trying to unscrew it (d)

and with calcite in the prismatic layer” [122]. However, in
the case of shell disease similar to Brown Ring Disease of
clams in abalone H. tuberculate large conchiolin deposit has
been detected on the inner surface of the shell [123].

4 Conclusions

Conchixes isolated by us from gently demineralized mol-
luscan shells are a biocomposite material containing a com-
plete set of biomacromolecules, with the exception of water-
soluble ones, that were originally present in shells. The next
step in the study and practical application of these biologi-
cal scaffolds with complex biomacromolecular content is
associated with both detailed bioanalytical and toxicological
work on their characterizations well as the determination and
development of cost-effective areas for their use. In accord-
ance with our ideas, these matrices can find applications
in pharmacy and cosmetics in the form of corresponding
drugs, biologically active pigments (i.e. carothenoids, poly-
phenols), extracts and hydrolysates for skin repair (Fig. 12).

In the case of development of large-scale demineraliza-
tion processing and its optimization with respect of bulk
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Fig.9 Shells of freshwater
bivalve C. fluminea (Miiller,
1774) (a) can be simply demin-
eralized using EDTA solution
at 37 °C during 3-5 days (b).
Isolated organic scaffolds (c)
remains to be pigmented after
this kind of gentle demineraliza-
tion. SDS-PAGE analysis (d)
allows us to detect the presence
of clear bands corresponding to
certain peptides, which should
be identified using proteomic
analysis

BTN M kDa

500nm

Fig. 10 SEM imagery (a) of selected region of C. fluminea organic
matrix (see Fig. 9c) allows visualizing its nano-fibrous architec-
ture (b). TEM images at higher magnification, show characteristic

27.5 nm <

/:‘
27.7 nm~L

striation (c¢) of individual fibres becomes detectable. Nanostructural
organization of such striated fibres (d) remains to be similar to that
reported previously for periostracum in other mollusks species [118]
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Mineralized
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Fig. 11 Organic scaffolds (¢) can be simply isolated step-by step (b) using Osteosoft® solution also from shells of terrestrial molluscs such as C.
nemoralis (Gastropoda) (a). Light microscopy allows observing regulated partial demineralization of the snail shells (d, e)

il
r—

. - wound healing
- skin substitutes

- tissue engineering

Fig. 12 Overview of the proposed strategies with respect to possible practical applications of molluscan conchixes in diverse fields

production of molluscan conchixes, they could be used as
feed supplements for poultry, fish, livestock and pets. No
less intriguing is the question of the possible use of this
biomaterial in food by humans. The possible application of
these biological constructs in biomedicine (i.e. skin substi-
tutes, wound healing, and scaffolds for tissue engineering)
and bioinspired materials science together with biomimetics
cannot be ruled out. We are also committed to the need to
study these matrices as sources of additional information on
controlling changes in the environment under the influence
of a wide variety of anthropogenic and climatic factors.
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