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Abstract
In vivo biomimetic biomineralization using living organisms known as biomineralizers is currently a major research trend. 
Industrially cultivated terrestrial snails, such as the common garden snail Cornu aspersum, represent a simple model organ-
ism that is ideal for use in experiments on the regeneration of the calcified shell after the excavation of a corresponding shell 
fragment. The mollusk’s artificially damaged shell is regenerated via the formation of an organic regenerative membrane, 
which serves as a native template for in vivo biocalcification. In this study, for the first time, a special plexiglass device 
for non-lethal fixation of living snails, enabling real-time monitoring of their ability to regenerate their shells using digital 
microscopy, has been proposed and tested. As an alternative to natural biomineralization using the mollusk’s own sources, 
we propose chitin- and collagen-based templates, which have been shown to be effectively calcified by living snails. The 
results indicate that the type of organic template used for in vivo biomineralization has a substantial effect on the nature of 
the mineral phases.
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1 Introduction

The phylum Mollusca, with around 200,000 living spe-
cies [1], represents a vast group of invertebrate animals 
exhibiting great diversity in terms of ecology, behavior and 
morphology [2]. In recent years, there has been increasing 
interest in mollusks in such fields as food production, cos-
metics and biomedicine [1, 3–6]. Mollusks are regarded as 

unmatched specialists in the formation of calcium carbonate-
based shells [7–10]. Recently, particular attention has been 
paid to applications of terrestrial mollusks and their hemo-
lymph as sources for the development of bioinspired com-
posites using a biomimetic strategy [9, 11, 12]. For exam-
ple, the biomimetic creation of calcium carbonate deposits 
by the imitation of such naturally occurring processes as 
shell regeneration using external templates (i.e., selective 
metal or organic implants) may significantly improve the 
biointegration of such constructs with human cells. On the 
other hand, the formation of biominerals by mollusks has 
the potential to inspire the design of new composite-based 
materials, especially those fabricated under mild biomimetic 
conditions [13]. It has been shown that  CaCO3-based scaf-
folds have positive effects in relation to the adhesion, growth 
and proliferation of osteoblasts and other cells applicable in 
regenerative medicine [14–16]. Selected forms of biogenic 
calcium carbonate—calcite, aragonite or amorphous cal-
cium carbonate (ACC)—display a strong predisposition for 
biomedical applications due to their biocompatibility [15, 
17], biodegradability [16, 18] and osteoinductive proper-
ties [14, 19]. As recently reported Woldetsadik, cells grow-
ing on calcium carbonate scaffolds produce higher levels 
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of transforming growth factor beta (TGF-β) and vascular 
endothelial growth factor A (VEGF-A), which play a key 
role in the regulation of osteoblast differentiation [20]. A 
recent study [21] indicates that a  CaCO3 layer used to coat a 
titanium implant may significantly improve and accelerate 
the growth of bone and osseointegration at the early heal-
ing phase, leading to reduced clinical healing times and 
increased success of implantation. It is well recognized that, 
for example, in human bone, ACC is also a precursor for 
crystalline carbonated apatite and has osteogenic potential 
[19, 22].

Chitin and collagen have been recognized as excellent 
templates and scaffolds for the development of a broad vari-
ety of composite materials [8, 10, 23–38] due to their bio-
compatibility and biodegradability. In our recent studies [11, 
12], a new method for obtaining calcium carbonate deposi-
tion ex vivo has been described, using hemolymph isolated 
from the living common garden snail Cornu aspersum on 
3D chitinous scaffolds of marine sponge origin. Here, we 
present a non-lethal methodological approach involving 
fixation of living mollusks within a special device, with the 
aim of performing stereo microscopic observation of in vivo 
biomimetic calcification using the natural ability of the snail 
to regenerate its shell over time. Furthermore, for the first 
time, a 3D chitinous scaffold isolated from the marine dem-
osponge Aplysina archeri and a collagen-based biomaterial 
were used as organic substrata for biomimetic mineralization 
using living mollusks.

2  Materials and methods

2.1  Supply and keeping of Cornu aspersum snails.

Adult specimens of the terrestrial snail Cornu aspersum 
(O.F. Müller, 1774) were supplied by a commercial heli-
ciculture farm (Helixpol, Małszyce, Poland). The snails 
were kept in a glass aquarium (40 × 40 cm) at room tem-
perature. Their diet consisted of fresh lettuce, carrots and 
apples, supplemented by cuttlebone of Sepia officinalis as 
a calcium carbonate  (CaCO3) source. The snails were kept 
moist throughout the experimental period with wet humus. 
An animal welfare and rights statement is not required.

2.2  Organic scaffolds

Air-dried specimens of A. archeri marine demosponges were 
supplied by BromMarin GmbH (Freiberg, Germany). Chi-
tinous scaffolds were obtained by chemical treatment of the 
specimens as described in our previous work [39–41]. First, 
selected fragments of A. archeri skeleton were immersed in 
deionized water for 1 h to remove water-soluble compounds. 
Next, demineralization of the skeletons was carried out by 

treatment with 20% acetic acid (Sigma-Aldrich, St. Louis, 
Missouri, USA) for 4 h at room temperature. Subsequently, 
2.5 M NaOH (Sigma-Aldrich, St. Louis, Missouri, USA) 
solution was applied as a deproteinization agent, for 12 h at 
37 °C. The procedure of demineralization and deproteiniza-
tion was repeated until soft and fully transparent 3D chitin-
ous scaffolds were obtained [41]. Finally, the 3D chitinous 
scaffolds were neutralized using distilled water and stored 
at 4 °C.

The collagen used in this study was the commercially 
available wound dressing material known as Suprasorb C 
(Lohmann & Rauscher, Neuwied, Germany). The Suprasorb 
C collagen dressing consists of bovine skin collagen.

2.3  Non‑lethal snail shell regeneration procedure

First, the shell surface of the selected C. aspersum snail was 
cleaned with 70% ethanol (Th. Geyer GmbH & Co. KG, 
Renningen, Germany). Regeneration was initiated by remov-
ing a fragment of the upper part of the shell, approximately 
3 mm in diameter (Fig. 2a). This procedure has previously 
been used as part of a non-lethal method of hemolymph 
collection [11, 12, 42, 43] and for obtaining a description 
of shell regeneration [44]. Next, the area of injury was left 
uncovered (as a reference sample) or covered with pure 
chitinous scaffold and collagen scaffold, which served as 
organic substrata for crystal deposition during in vivo repair. 
After 24 h, the naturally appearing regenerative membranes 
and in vivo developed biocomposites were analyzed. During 
the months after the procedure, the snails used in the study 
did not exhibit any visible changes in either physiology or 
behavior.

2.4  Device for the mollusk fixation.

A novel plexiglass-based device was designed (Fig. 1) and 
fabricated for fixation of the living C. aspersum snails, with 
the aim of carrying out observation of their shell regenera-
tion in real time using a digital microscope. The device was 
designed with the goal of ensuring optimum stress-free 
conditions for the animals during the experiment. Despite 
being immobilized within the device, the snails had constant 
access to water and food during the study.

2.5  Digital, light and fluorescence microscopy

The samples were observed and analyzed with the use of an 
advanced imaging and measurement system consisting of a 
VHX-6000 (Keyence, Osaka, Japan) digital optical micro-
scope and VH-Z20R swing-head zoom lenses (magnification 
up to 200 ×).
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2.6  Infrared spectroscopy

Attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) was used for qualitative characteriza-
tion and identification of the isolated materials. The analysis 
was performed using a Nicolet 210c spectrometer (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA).

2.7  Scanning electron microscopy

The microstructure was determined using the S4700 
(Hitachi, Tokio, Japan) and XL 30 ESEM (Fa. Philips Elec-
tron Optics, Hillsboro, Oregon, USA) scanning electron 
microscopes. Samples were dried and covered with Au using 
a Cressington Sputter Coater S150B (BOC Edwards, Wilm-
ington, Massachusetts, USA).

3  Results and discussion

The mineralized shell of mollusks is essential for their sur-
vival; it is often the only specialized structure protecting 
their soft body against predators and adverse environmental 
factors [45]. Proteins constitute only a small percentage of 
the biomineral, but they are directly involved in the control 
of biomineralization. Although more than 95% of the shell 
is composed of calcium carbonate, and the organic matrix 
constitutes only < 5%, this small chemical content gives the 
shell a strength 3000 times that of monolithic  CaCO3 [46]. 
The small amount of organic matrix not only reinforces the 
mechanical properties of the biomineral, but also plays a 

key role in control of the mineralization process, determin-
ing the size and morphology of the crystals, specific crys-
tallographic orientation, polymorph or amorphous phase 
stabilization, and/or crystal growth inhibition [44, 47, 48]. 
A crucial aspect in understanding the biological basis of 
mollusk biomineralization is understanding of the natu-
rally occurring shell damage repair process, which involves 
in vivo re-mineralization of the wound [49].

In this study, natural shell regeneration (Fig. 2) was car-
ried out in addition to in vivo biomimetic regeneration using 
selected organic templates (Fig. 3). Selected snails were 
placed in the device (Fig. 1) and gently fixed with plastic 
screws. Samples from the natural snail shell repair process 
were obtained from the uncovered hole, where the exposed 
mantle began to form new shell material after 3 h in the form 
of a regenerative membrane with subsequent calcification. 
After three days, the shell wound was completely covered 
with a mineralized layer. All snails used in this study showed 
no visible changes in physiology or behavior during their 
immobilization. All of the organisms survived six months 
after the experiments.

Samples observed after 24 h of shell repair using inserted 
chitin and collagen scaffolds displayed the typical elemental 
composition of  CaCO3 (Fig. 3f, i). The presence of calcium 
carbonate deposits was confirmed by FTIR spectroscopy.

In a past study [49], minute crystal formation was 
observed in the snail Helix pomatia (Gastropoda). 
X-ray diffraction analysis showed that at an early stage 
the crystals represented aragonite, but the formation of 
calcite crystals was observed in the next formed layers. 
Two explanations were proposed for this: the possible 

Fig. 1  Sketch of the plexiglass 
device for fixation of living C. 
aspersum snails to enable real-
time monitoring of their shell 
regeneration using a digital 
microscope. Scale bar 1 cm
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conversion of aragonite to calcite and (more probably) 
environmental changes during crystal formation that 
cause a change in the crystals’ form. The same obser-
vations were recorded in our study with respect to the 
formation of aragonite crystals (Fig. 4b). We observed 
that, in contrast to the naturally occurring shell regenera-
tion process in C. aspersum (Figs. 2 and 3a–c), the use of 
chitin and collagen organic templates makes it possible 
to obtain only calcite deposits in the first regenerative 
layer (Fig. 5). Similar observations have previously been 
reported by other researchers (for details see [44, 50]. 
Those authors have noted that the external matrix has a 
crucial influence on the formation of corresponding cal-
cium carbonate-based crystal polymorphs, especially at 
the initial stage of in vivo biomineralization.

4  Conclusions

Biomimetics is currently well on track as a powerful 
approach for the generation of new composite materi-
als and as a milestone for modern biologically inspired 
materials chemistry, including applied biomineralogy. The 
field has gained great attention, especially where there is 
a need for the development of novel, advanced functional 
materials which feature 3D morphology and hierarchi-
cal, nanostructured organization using biomineralizing 
invertebrates. The strategy of using industrially cultivated 
mollusks, both aquatic and terrestrial, for the purpose of 
in vivo biomineralization offers great potential. The non-
lethal methodological approach presented in this study 
opens up a key path for the use of living snails to fabricate 

Fig. 2  Results of natural shell 
regeneration by a C. asper-
sum snail fixed in the device 
(Fig. 1). A wound obtained by 
removal of a fragment of the 
upper part of the shell is well 
visible under digital microscope 
(a). The transparent organic 
membrane begins to appear over 
the wound after 3 h (b). The 
mineralized layer first becomes 
visible due to the “turbidity” 
of the regenerative membrane 
about 6 h after removal of the 
original shell fragment (c). 
The in vivo biomineralization 
of the regenerative membrane 
proceeds (d, e) until observation 
of a fully mineralized original 
snail organic matrix after three 
days (f).
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Fig. 3  Regeneration of the mechanically damaged shell of C. asper-
sum fixed in the device becomes visual under digital microscope due 
to development of regenerative membrane (a). This originally occur-
ring membrane is mineralized with calcium carbonate (b, c). Chitin-
ous 3D scaffold, used as a template, which fills the aperture in the 

shell (d) also becomes uniquely mineralized in vivo (e, f). Similarly, 
collagen scaffold (g) can be used as a proteinaceous template for 
in vivo calcification (h, i). Calcium carbonate  (CaCO3) deposits are 
marked with yellow arrows
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Fig. 4  FTIR spectrum a of the 
natural C. aspersum shell regen-
erative membrane, displaying 
strong similarity to Sepia offici-
nalis cuttlebone, considered as 
an aragonite–chitin biocompos-
ite-based construct [51]. SEM 
image b of the regenerative 
C. aspersum shell membrane 
24 h after injury, showing crys-
tals with a morphology typical 
of aragonite [52]
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Fig. 5  FTIR spectra of in vivo 
biomimetically obtained 
mineralized chitinous (a) and 
collagen (b) templates (Fig. 3) 
after 24 h of experiment. Spec-
tra indicate the presence of the 
calcite polymorph in both cases. 
Calcium carbonate crystals with 
a morphology typical of the 
calcite polymorph [52] were 
observed to be deposited on the 
3D chitinous scaffold (SEM 
image, c)
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mineral-based composites for future applications in tissue 
engineering and regenerative medicine.
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