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Abstract

Molluscan hemolymph is a unique kind of body fluid, which in many respects is analogous to human blood, although there
are several crucial differences. Here, for the first time, we critically analyze the prospects for applications of this fluid in
modern biomaterials science. Particular attention is paid to the biochemistry and chemistry of molluscan hemolymph, as
well as to hemocytes and hemocyanins as key functional players within this unique biological fluid. We focus on hemocytes
as multifunctional hemolytic cells involved in immune response, and especially in the biomineralization process. The next
part of the review contains a discussion of molluscan shell formation and regeneration from different points of view. Finally,
we consider the challenges, solutions, and future directions in the application of molluscan hemolymph for bioinspired

material chemistry and biomedicine.
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1 Introduction

The phylum Mollusca, with around 200,000 living species
[1], represents a huge, morphologically, and ecologically
diverse group of invertebrate animals. This phylum is the
second largest after Arthropoda [2]. Scientific interest in
these animals is also very diverse, and includes such topics
as the use of selective classes (Gastropoda and Bivalvia) as
natural environmental biomarkers [3-8], and as large-scale
sources of feed and food [1, 9-12] obtained from helicicul-
tures [13-18] and aquacultures [19]. Industrially cultivated,
or harvested, mollusks are a well-known source of huge
amounts of shell-based waste materials worldwide. One of
the novel directions in the utilization of molluscan shells
is based on their demineralization [20] and the isolation
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of organic matrices known as conchixes [21]. Some other
products of molluscan origin, for example, molluscan slime
(mucus), have found applications in the pharmaceutical,
bioengineering and cosmetic industries [16, 22—-24]. Under-
valued over the years, molluscan hemolymph is also now
recognized as a potential source of biomacromolecules (pep-
tides) with antimicrobial, antiviral, antifungal, and antican-
cer activity. Such terrestrial gastropod species as Achatina
fulica (Bowdich, 1822), Cornu aspersum (ex. Helix aspersa)
(Miiller, 1774) and the aquatic mollusk species as Rapana
venosa (Valenciennes, 1846), Megathura crenulata (Sow-
erby, 1825) are only a few selected examples from which
hemolymph is used as a source of such biologically active
substances [25-33].

Hemocytes, as multifunctional cellular components of
molluscan hemolymph, are also a focus of research [34,
35]. They are responsible for many aspects of molluscan
life, including immune response, biomineralization, shell
formation, and regeneration processes [9, 36—38]. There are
several examples of applications of both mulluscan hemo-
lymph and hemocytes in biomaterials science and biomimet-
ics. Thus, biomimetic deposition of nanocrystalline calcium
carbonate on the surfaces of such external templates as bio-
compatible metal alloys [39] or natural 3D scaffolds, such
as chitinous or collagenous matrices [34, 40] has been the
subject of recent reports. It has been suggested [34] that
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in vivo and ex vivo cellular biomineralization of external
templates by deposition of biological CaCO5 might find real
applications in tissue engineering in the near future.

The main goal of this review is to analyze and critically
discuss for the first-time molluscan hemolymph and its com-
ponents as potential renewable sources for application in
biomedicine, biomaterials science, and biomimetics.

2 Molluscan hemolymph and hemocytes:
diversity, composition, and functions

2.1 Functions and biochemical composition
of hemolymph

Hemolymph (or haemolymph) is the body fluid analogous
to blood found in such organisms as mollusks, arthropods,
and insects [41-50]. This complex mixture contains diverse
biochemically and pharmacologically active components
[25, 51, 52].

The earliest study of the composition and functions of
molluscan hemolymph was conducted in the mid-nineteenth
century by Leydig, who described observations of the
plasma of the river snail Paludina viviparus (Montfort, 1810)
[53]. We owe to him the first description of hemocytes, as
“nucleated corpuscles that sometimes extend pseudopodia
and collect into masses”, cited in [54]. Subsequently, other
important observations were reported by Fredericq [55],
who discovered molluscan hemocyanin, and Cuénot, who
gave a characterization of hemolymph and hemocytes [56,
57]. Nevertheless, molluscan hemolymph remains a current
field of study [25, 58—67]. The main function of this fluid,
which exists in an open circulatory system, is the transport
of oxygen, metabolites, and other components essential for
the life of mollusks. It is composed mainly of water, but
also of inorganic salts and organic compounds, mostly car-
bohydrates, proteins, lipids, enzymes, respiratory agents

Fig. 1 Mulluscan hemolymph
composition: general overview
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(hemocyanin), and free suspended cells called hemocytes
[17, 30, 68-77] (see Fig. 1). As reported by Rousseau et al.,
molluscan hemolymph is one of the three main calcium
source components, together with gill and mantle, involved
in the biomineralization process [78].

Zietek et al. [71] established normal ranges of selected
biochemical parameters of the hemolymph of the land snails
C. aspersum maxima and Cepaea nemoralis (Linnaeus,
1758). For the first species, the authors obtained the fol-
lowing norms: aspartate aminotransferase (AST) activity
26-38 W1, alanine aminotransferase (ALT) activity 0-11 /1,
amylase activity 9-16 w/1, urea concentration 3—6 mg/dl, tri-
glyceride concentration 1620 mg/dl. For the second species,
the values were the following: AST activity 30-80 w1, ALT
activity 0—15 w/1, amylase activity 12—15 w1, urea concentra-
tion 5-8 mg/dl, triglyceride concentration 18-24 mg/dl. It is
reported that after infection by parasites, the activity of such
aminotransferases (ALT and AST) dramatically increases
[79]. In 1999, Zelck described glycosidase activities in
the plasma of native and schistosome-infected freshwater
snail Biomphalaria glabrata (Say, 1818). The following
glycosidases were detected in the plasma: f-p-fucosidase,
B-p-glucosidase, B-p-galactosidase, f-p-mannosidase, f-p-
glucuronidase, N-acetyl-p-p-galactosaminidase, N-acetyl-
B-p-glucosaminidase, and lysozyme. The author reported
that at the physiological pH of hemolymph (in the range
7.2-7.4), enzymatic activity was about 10-50% of the max-
imum activity at each enzyme’s respective optimum acid
pH. Based on the results obtained, the author concluded that
enzyme activity levels correlate with the progress of infec-
tion; for more details see [77].

It has been reported that the concentration of lipids in
hemolymph is lower in aquatic mollusks than in terres-
trial species. Heras and Pollero observed in 2002 that lipid
concentration in freshwater snail Pomacea canaliculata
(Lamarck, 1822) plasma ranges between 127 and 210 pg/
ml, the values in hemocytes ranging from 54 to 68 pg/ml;

inorganic salts
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see review [72]. Hoskin, using thin-layer chromatography,
determined lipid content in the hemolymph of the hard clam
Mercenaria mercenaria (Linnaeus, 1758). The following
results were obtained: absolute quantities of cholesterol
and triglyceride were 5.2—7.5 mg/100 ml and 1 mg/100 ml,
respectively; cholesterol accounted for about 18% of hemo-
lymph cell sterols and 13% of serum sterols; and fatty acid
content was found to vary over a period of time (4 months);
see [80]. An experiment carried out by Lustrino et al. [73]
demonstrated that the photoperiod has an influence on tri-
glyceride synthesis in the African snail A. fulica.

Calcium carbonate provides CO, to enable the formation
of a bicarbonate buffer, which is important in the acid—base
equilibrium in the hemolymph of snails submitted to stress
conditions [81]. As reported by Petrova et al. [82], the
dominant buffer system of A. fulica hemolymph plasma is
represented by a bicarbonate system associated with hemo-
lymph saturation with carbon dioxide, while the bicarbo-
nate concentration determined in the hemolymph plasma
was 33.3+ 1.4 mM.

In 2005 Santos et al., using the technique of Induction
Coupled Plasma Optical Emission Spectroscopy (ICP-
OES), measured the content of metals in the hemolymph
of B. glabrata. The authors determined the presence of alu-
minum, calcium, cadmium, cobalt, chromium, copper, iron,

potassium, magnesium, manganese, lead, and zinc [83]. The
ion composition of molluscan hemolymph is unique for each
individual, and great differences are observed between spe-
cies; see Table 1.

The volume of hemolymph circulating in mollusks’
hemocoel has been reported for many species. In 1916
Leitch [85] reported for the first time the volume of cir-
culating fluid in the freshwater snail Planorbis planorbis
(Linnaeus, 1758). The author determined the total weight
of hemolymph at 33% of the tissue weight. Then, in a 1931
study [86], using the Welcker method, the fluid volume of
the freshwater snail Planorbis corneus (Linnaeus, 1758)
was determined at 55% of the total tissue weight. In 1950,
using the insulin dilution method, Martin and Hudson [87]
reported the hemolymph volume of the sea slug Aplysia cali-
fornica (Cooper, 1863) at 83.3% of total animal weight. This
very high value may be explained by the anatomy of this
marine gastropod, which has very extensive hemocoel. The
authors noted that “more than half the body weight in blood
can be drained in a few minutes from a single incision into
the animal.” In 1957 [64], the hemolymph volume in two
Pulmonata gastropods, A. fulica and A. ater, was reported.
The mean value for the first species was determined at
40.3% of wet body weight without shell, and for the second
at 36.6% of wet body weight. The computed cellular water

Table 1 Ion composition of
hemolymph in selected bivalves

and gastropods, adapted from
[84]

Species Class Nat K' Ca’* CI© HCO;”
Anodonta cygnea (Linnaeus, 1758) Bivalvia 156 05 84 11.7 14.6
Anodonta grandis (Say, 1829) Bivalvia 195 05 58 16.1 11.2
Anodonta woodiana (Lea, 1834) Bivalvia 158 05 - 13.7 -
Corbicula fluminea (Miiller, 1774) Bivalvia 267 10 52 243 2.5
Carunculina texasensis (Lea 1857) Bivalvia 154 05 4.7 114 116
Ligumia subrostrata (Say, 1831) Bivalvia 206 0.6 3.6 125 115
Margaritifera hembeli (Conrad, 1838) Bivalvia 146 03 52 9.3 11.9
Margaritifera margaritifera (Linnaeus, 1758) Bivalvia 144 05 78 114 -
Arion ater (Linnaeus, 1758) Gastropoda 62 27 23 - -
Achatina fulica Gastropoda 656 33 10.7 722 13
Cepaea nemoralis Gastropoda 88 46 2.0 65.6 -

Eobania vermiculata (Muller, 1774)
Eutrochatella tankervillii (Gray, 1824)

Helix pomacea (Linnaeus, 1758)

Incidostoma impressus (Crosse & Fischer, 1886)

Gastropoda 71 3.8 57 - -
Gastropoda 27 12 32 24 12.5

Lymnaea stagnalis (Linnaeus, 1758)

Lymnaea truncatula (Miiller, 1774)

Pomacea depressa (Nevill, 1885)

Pomacea lineata (Spix, 1827)

Poteria lineata (Chitty, 1857)

Sphincterochila candidissima (Draparnaud, 1801)
Theodoxusa fluviatilis (Linnaeus, 1758)
Tropidophora cuvierana (Petit de la Saussaye, 1841)
Viviparus viviparus (Stein, 1850)

Gastropoda 593 45 100 492 40
Gastropoda 30 12 37 24 -
Gastropoda 553 1.7 44 36.2 283
Gastropoda 49 24 83 32.1 184
Gastropoda 557 3.0 6.6 520 19.0
Gastropoda 49.8 24 72 413 234
Gastropoda 31 1.8 5.1 25 13.7
Gastropoda 53 31 717 - -
Gastropoda 450 22 23 328 113
Gastropoda 89 35 80 77 13.5
Gastropoda 340 12 5.7 31.0 11.0
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contents were 77% and 79%, respectively. In the same pub-
lication, the author showed excellent agreement between the
results for the marine bivalve Mytilus californianus (Conrad,
1837) and the freshwater bivalve M. margaritifera. When
examples with similar body size and form were compared,
the results obtained were, respectively, 50.8% and 49% of
body weight without shell. These results show that the vol-
ume of hemolymph in molluscan hemocoel is related to
many factors, such as the size and age of the animal, species,
and living habitat. Owing to the huge variation in reported
composition and concentrations of metabolites in molluscan
hemolymph, we recommend—for better understanding of
the biochemistry, composition, and function of this unique
body fluid—the following articles [32, 59, 60, 62, 63, 76,
88-93] and one book chapter [84].

Land snails are exposed to annual cycles of activity and
dormancy in relation to seasonal changes in environmental
parameters, such as temperature or humidity Thus, these
organisms must adapt via a range of behavioral and physi-
ological mechanisms to survive under their specific micro-
habitat conditions [76]. The biochemical parameters and
composition of molluscan hemolymph are closely related
to many factors, including donor species, physiological
condition of the animal, food availability, photoperiod, and
state of health. This phenomenon is observed in both the
Gastropoda [62, 73, 94-96] and Bivalvia [97] classes. Sig-
nificant changes in the biochemical profile of mollusks’ vital
fluids also occur during the dormancy period and hiberna-
tion. Moreover, such parameters as seasonally changing food
sources are linked to variation in hemolymph metabolites
[60]. Thus, before hemolymph can be utilized in biomateri-
als science, it is necessary to analyze the composition of
this natural fluid.

2.2 Hemocyanin: the main protein of molluscan
hemolymph

The main protein in the hemolymph of mollusks is hemocya-
nin (Hc), which may constitute up to 90%, and even more,
of all proteins in the hemolymph [82]. This glycoprotein is
responsible mainly for oxygen transport in various inverte-
brates and is free floating in the hemolymph volume. This
complex respiratory molecule is a type-3 copper-binding
protein, and turns blue upon oxygen binding at the active
site [32]. For this reason, oxidized molluscan hemolymph
is blue in color. Morphologically, hemocyanins are created
by cylindrical multimeric glycoproteins with molecular
masses ranging from 3.3 to 13.5 MDa. Gastropod hemo-
cyanins (Hcs) are composed of polypeptide subunits (about
400 kDa), which form decametric complexes measuring
between 35 and 38 nm [98]. Each subunit consists of more
than seven paralogous functional units (FUs) [32]. Each
FU has a molecular mass of about 50 kDa, and contains a
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di-nuclear Cu site able to reversibly bind a dioxygen mol-
ecule; their isolation is possible after limited proteolysis
[99]. Then, such hollow cylindrical decamers form di- or
tridecamer structures. It should be highlighted that hemocya-
nin is the largest polypeptide found in nature, composed of
about 400 amino acid residues [26]. Thermal stability tests
carried out by a Belgian scientific group [100] showed the
exceptional stability of land snail Helix pomatia (Linnaeus,
1758) hemocyanin FUs, with a melting temperature in the
range 77-83 °C. Three isomorphs of molluscan hemocyanin
were recognized as a-hemocyanin (ap-HIH, ay-HIH) and
p-hemocyanin (B-HIH) [98]. Also, as an important compo-
nent of the molluscan immune system, hemocyanin displays
activity against pathogens [99]. Recently, molluscan hemo-
cyanin has found applications as an antibacterial and antivi-
ral factor owing to its potential phenoloxidase activity. These
effects have been demonstrated in a number of reports [30,
31, 51, 75, 101]. H. pomatia hemocyanin was successfully
used as a novel bioadjuvant for viral and bacterial antigens
[101]. Furthermore, the effect of Hcs on various cancer cell
lines has been studied, because their primary amino acid
sequences are very different from mammalian ones. This
fact means that this glycoprotein generates potent immu-
nogenicity [102-104]. Moreover, hemocyanins are a very
promising class of anticancer therapeutic agents, due to their
lack of toxicity or side effects. One example is H. pomatia
hemocyanin (HpH), which expresses strong in vivo antican-
cer and antiproliferative effects in a murine model of colon
carcinoma and bladder cancer [104]. Other proteins present
in molluscan plasma were detected using electrophoresis by
El Dafrawy et al. Their results indicated that the hemolymph
of the freshwater snail Biomphalaria alexandrina has major
dominant bands corresponding to molecular weights of 20,
44, 96, 139, and 205 kDa [105].

2.3 Hemocytes as specialized cells

Hemocytes (also called amebocytes or haemocytes) con-
stitute the cellular component of hemolymph, but can
also be found in connective and vascular tissues [9].
The classification criteria adopted for these specialized
cells may be either morphological or functional [106].
Since the 1970s numerous classification criteria, mainly
based on the cell morphology and enzyme cytochemis-
try, have been used to identify circulating hemocyte types
[107-110]. Over the years, the terminology used for mol-
luscan cells has changed many times; terms used include
amoebocytes, lymphocytes, granulocytes, agranular, and
granular leukocytes, macrophages, fibrocytes, monocyte-
like cells, lymphocyte-like cells, spherical cells (see
Table 2). According to more recent studies of morphology,
hemocytes can be divided into two main types: granulo-
cytes (granular hemocytes) and hyalinocytes (agranular
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Table 2 Overview of nomenclature used in the literature for molluscan hemocytes

Species Class Reported types of hemocytes References
Biomphalaria glabrata Gastropoda Granular hemocytes, hyaline blood cell [131]
Biomphalaria glabrata and Gastropoda blast-like cells, granulocytes, type I hyalinocytes, type II [125]
Biomphalaria straminea Gastropoda hyalinocytes, type III hyalinocytes

Crassostrea gigas (Thunberg, 1793) Bivalvia Granulocytes, hyalinocytes and/or agranulocytes [112]
Crassostrea virginica Bivalvia Granulocytes, fibrocytes, hyalinocytes [108]
Haliotis diversicolor Gastropoda Granulocytes, hyalinocytes, blast-like cells [111]
Haliotis diversicolor Gastropoda Monocyte-like cells, lymphocyte-like cells, spherical cells [135]
Haliotis iris (Gmelin, 1791) Gastropoda Type I (monocyte-like) and type II (lymphocyte-like) [113]
Helix aspersa Gastropoda Amoebocytes type A, amoebocytes type B [136]
Littorina littorea (Locard, 1886) Gastropoda I, II, and III morphotypes [88]
Lymnaea stagnalis Gastropoda Amoebocytes [107]
Mpytilus californianus Bivalvia Small basophilic, large basophilic, large acidophilic [132]
Pinctada fucata (Gould, 1850) Bivalvia Small hyalinocytes, large hyalinocytes, granulocytes [38]
Pinctada fucata Bivalvia Granulocytes, hyalinocytes [37]
Ruditapes decussatus (Linnaeus, 1758) Bivalvia Hyalinocytes, granulocytes [130]

hemocytes, agranulocytes) [9, 37, 38, 111-113]. The hya-
linocytes, which lack granules, have a large nucleus and
present poor capacity for phagocytosis. Generally, they are
spherical or slightly oval [106]. They usually constitute a
less numerous population of hemocytes in the hemolymph
volume. Nevertheless, there are some exceptions, such
as eastern oyster Crassostrea virginica (Gmelin, 1791),
where hyaline cells are the most abundant and dominant
in the hemogram [2]. The smallest molluscan hyalinocytes
reported in the literature were found in tropical freshwater
snail Bulinus africanus (Krauss, 1848), 2.6 pm in diam-
eter [114], and the largest in air-breathing freshwater snail
Bulinus truncates (Audouin, 1827), 28 pm in diameter
[115]. In contrast, granulocytes have numbers of cytoplas-
mic granules and exhibit effective phagocytosing activ-
ity [106, 116]. According to the most scientific reports,
this type constitutes the dominant hemocyte population
[9]. Granulocytes of different species vary in size from
7 pm diameter to 70 pm [114, 115, 117, 118]. In 1975
[108] it was demonstrated for the first time, based on the
Giemsa staining, that the granules present in granulocytes
of eastern oyster C. virginica may be totally basophilic,
totally acidophilic or a composition of both. Hine, in a
1999 review, besides the aforementioned, also described
eosinophilic and neutrophilic granules [119]. Research by
Bystrova et al. [120] distinguished three types of granules
in the granulocytes (GCs) of terrestrial snail Achatina
achatina (Linnaeus, 1758). The authors described gran-
ules of type I, II, and III, and demonstrated the presence
of histamine and serotonin in them. Moreover, they indi-
cated that granulocytes may be considered a functional
analog of vertebrate mast cells. Experiments carried out by

the Swedish scientist Anne Abolins-Krogis help to under-
stand the crucial function and role of granulocyte content
in biomineralization assays [121-124].

There are more recent examples of descriptions of more
than two types of hemocyte population (see Table 2) in a
single organism. One study [125] proved the presence of five
types of hemocytes in B. glabrata. Based on the morphologi-
cal characterization, the authors recognized blast-like cells,
granulocytes, type I hyalinocytes, type II hyalinocytes and
type III hyalinocytes. Blast-like cells represented a spheri-
cal profile with a central nucleus filling almost the whole
cell. Granulocytes were characterized and detected based
on the abundance of cytoplasmic granules. Type I hyalino-
cytes were the most abundant cell type and displayed various
cytoplasmic projections. Type II and type III hyalinocytes
were reported in this study for the first time. In a recent
study [111], using flow cytometry, a small subpopulation
of a third type of cells in the footed abalone Haliotis diver-
sicolor (Reeve, 1846) was distinguished from known blast-
like cells (see Fig. 2). Hine highlighted that granulocytes at
early development stages and at the end of life are agranular.
This observation may offer an explanation for the differ-
ing descriptions of hemocyte types found in the existing
literature.

Over the years, the classification of molluscan hemo-
cytes has been carried out by various methods, for example:
light and electron microscopy [38, 117, 126—128], differ-
ential centrifugation [129], flow cytometry [111, 112, 116,
130], as well as lectin and antibody binding [88, 131]. Also
various kinds of staining, including Giemsa [108, 112, 113,
127, 132], hematoxylin—eosin [37, 38, 112], calcein AM [36,
37], neutral red [112], Methylene Blue—eosin (Diff-Quick or
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Fig.2 The representation of
three hemocytes subpopulations
obtained from H. diversicolor.
For this purpose, a combina-
tion of flow cytometry and light
microscopy had been used.
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Hemacolor) [113, 133] and acridine orange staining [134],
have been used for hemocyte classification and identifica-
tion. Thus, it is still not clear whether the variety of hemo-
cytes described in the scientific literature represents distinct
cell lineages or various functional states and developmental
stages, or whether it is dependent on the different techniques
used during research [126]. The diversity reflected in the
literature may be in part due to some true differences, as well
as resulting from varying criteria of differentiation (range of
granularity, cell size, ultrastructural features, cell surface/
biochemical markers) and most of all the changing nomen-
clature adopted by researchers over the years. Today, there is
still a lack of biological markers for differentiating specific
cell lineages or maturation states [9].

Hemogram is a term referring to blood cell concentration
and the number and proportions of hemocyte morphotypes
[88]. Adema et al. [117] observed that hemocytes isolated
from different gastropod snail species (A. achatina, A. fulica,
B. glabrata, B. natalensis, H. aspersa, and L. stagnalis) pre-
sented variation in microscopic morphology, cell size, num-
ber of individuals cells per milliliter of hemolymph, as well
as peroxidase activity. A feature common to the hemocytes
of all of the aforementioned species was the production of
superoxide O, (reactive oxygen intermediates, ROIs) upon

@ Springer

Table3 Mean number of hemocytes per milliliter of molluscan
hemolymph

Species No. of hemocytes/ References
ml of hemolymph
Achatina achatina 4.6+02x10° [117]
Achatina fulica 1.9+0.1x10° [117]
Biomphalaria glabrata 2.5+0.7x10* [117]
Bulinus natalensis, 5.7+0.1x10° [117]
Helix aspersa 5.0+2.8x10* [117]
Helix aspersa maxima 1.3+0.4x10° [106]
Littorina littorea 23+1.6x10% [88]
Lymnaea stagnalis 1.5+0.1x10° [117]
Mytilus galloprovincialis (Lamarck, 5.0+0.5x10° [137]
1819)

Sunetta scripta (Linnaeus, 1758) 43+1.1x10° [138]
Villorita cyprinoides (Gray, 1825) 34+12x10° [138]

simulated phagocytosis by zymosan A particles. The number
of hemocytes was determined using a Biirker—Tiirk chamber,
the reported value being a mean from four repetitions (see
Table 3). The authors highlighted that the mature granu-
locytes of the land snail selected in this experiment were
generally larger and had more elongated shapes in adhering



Hemolymph of molluscan origin: from biochemistry to modern biomaterials science

Page 7 of 22 3

to glass than in the case of aquatic species. The average
dimensions in length and width for terrestrial snails were,
respectively, 44.3 + 10 pm and 14.5+0.9 pm, while corre-
sponding values for aquatic species were 30.9 +8 pm and
7.8+0.5 pm. In 2003, Polish scientists [106] determined
seasonal changes in hemocyte numbers in terrestrial Pul-
monata snails of the family Helicidae: H. aspersa maxima.
The authors distinguished two types of hemocytes in the
hemolymph (type I and type II). They further observed that
the number was 35% lower in spring than in autumn, while
the hematocrit values were comparable. In 2006, Gorbushin
and Iakovleva determined individual variation and seasonal
dynamics of hemocytes isolated from the sea snail L. lit-
torea. The authors observed that the number of hemocytes
(three morphotypes; see Table 2) change in the course of
the year. Hemocyte concentration in the hemolymph ranged
from 700 to 4000 cells per ml, reaching a maximum from
June to early August. The morphometry of hemocytes from
three molluscan species, Trachea vittata (Muller, 1774), P.
globose, and Indoplanorbis exustus (Dehays, 1833), was
described by Mahilini and Rajendran [127].

Huge differences in numbers of circulating hemocytes
in the hemolymph are visible when mollusk species are
compared [117], and depend on the environmental factors
[106]. The results are also influenced by other factors, such
as the site of hemolymph sampling: a sample obtained by
foot irritation from B. glabrata contains about half as many
hemocytes as a sample isolated directly from the heart [139].
Other significant factors include animal age, parasite infec-
tion, water content in the hemolymph, general condition of
the organism, diet, and seasonal state (active or hibernation)
[106, 139, 140]. For better understanding of the seasonal
variations in molluscan hemocytes, we recommend the fol-
lowing articles [106, 141].

Because of the lack of adaptive immunity, mollusks’
immunological processes are based on two factors—physi-
cal barriers and the innate immune system—for defense
against a broad range of pathogenic agents [28]. The lat-
ter system is coordinated by hemocytes [9, 142]. These
specialized cells are able to affect pathogens via several
immune reactions, including encapsulation [66, 143, 144],
phagocytosis [37, 107, 111-113, 132, 145, 146], nodula-
tion [140], oxidative activity [111, 117, 147—-149], and blood
coagulation processes [106]. Bayne et al. proposed poten-
tial enzyme-mediated mechanisms for the killing of parasite
Schistosoma mansoni by B. glabrata hemocytes [148]. Gas-
tropod hemocytes contain a variety of lysosomal enzymes,
for example, alkaline phosphatase, nonspecific esterase, and
peroxidase [128]. As reported by Dikkeboom, hemocytes
from B. glabrata and L. stagnalis are able to produce reac-
tive-oxygen intermediates (ROIs), such as superoxide (O,")
and hydrogen peroxide (H,0,) [149]. It should be noted that
ROIs, together with the enzyme peroxidase, are involved in

the killing of schistosomes by mammalian phagocytes [150].
The aggregation, adhesion, and phagocytosis of molluscan
hemocytes have been known for a long time. These phenom-
ena were observed for the first time by Geddes; see [151].
It was observed that mollusks infected by parasites had
higher concentrations of circulating hemocytes than those
that were not infected (cited in [137]). Hemocytes are also
involved in wound healing and shell formation [36, 117, 136,
152, 153], transporting mineral ions, calcium-rich deposits
and calcium-binding proteins [38, 112, 124, 154]. Another
study shows their involvement in detoxification, through the
accumulation of metallic and organic xenobiotics in their
well-developed endolysosomal system [155], as well as their
involvement in nerve repair [156]. It is indicated by van der
Merwe that hemocytes may be responsible for the produc-
tion of antimicrobial peptides [19]. In 2016, Hamza-Haffari
[157] demonstrated another function of hemocytes which
has practical applications: monitoring of the level of toxic-
ity linked to aquatic contaminants, using their phagocytic
activity. Recently Hong et al. [111] described other functions
of hemocytes: nutrient transportation, metabolite excretion,
osmoregulation, and gas exchange. Some of these roles
cause a significant reduction in the number of circulating
hemocytes, which should then be supplemented by hemat-
opoiesis processes. Therefore, the hematopoietic processes
which regulate the proliferation and differentiation of these
specialized cells are essential not only for immune reactions,
but also for the survival of the animal as a whole [9].

Hemocytes also contain various cellular proteins, which
have been identified by such methods as SDS-PAGE and
LC-MS/MS [37, 38, 158, 159]. Huang et al. distinguished
three categories of peptides based on the proteome analy-
sis; see Table 4. Peptides assigned to the first group (cel-
lular immunity) were found to mediate in such processes
as phagocytosis and encapsulation, hemocyte agglutina-
tion, migration, endocytosis, and degradation. The humoral
immunity category includes peptides involved in the produc-
tion of reactive-oxygen species (ROS), as well as proteinases
and antimicrobial factors. Examples of the third group are
proteins related to calcium binding, transport, and metab-
olism, crucial roles in the biomineralization of mollusks’
shells.

There is still debate as to where the hematopoiesis pro-
cess takes place in mollusks. In the case of gastropods, in
the terrestrial species H. aspersum it was previously believed
that hemocyte proliferation occurred in the mantle epithe-
lium and connective tissue; see review [160]. Research on
other, now freshwater species [144] indicated as a possible
location the connective tissue of the heart—lung region (pul-
monary cavity) in L. stagnalis. Another reported location
is the walls of blood sinuses and connective tissue in the
region of the kidney in the freshwater snail B. glabrata [106,
161, 162]. Recently, it has been reported that this snail has
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Table 4 Examples of

. . Description
components with partially

Function

known functions in the
proteome of hemocytes, adapted
from [37]

Cellular immunity
Galectin
Allograft inflammatory factor-1
Apoptosis-inducing factor 3

Humoral immunity

Copper/zinc superoxide dismutase

Dual oxidase 2, partial
Metalloendopeptidase
Peroxiredoxin
Alpha-2-macroglobulin
Calcification-related
Calreticulin
Calponin-3 (fragment)
Calponin-2 (fragment)
Calmodulin

Carbonic anhydrase-related protein VIII

Mantle protein 11

Agglutination, pathogen recognition
Inflammation, wound healing

Apoptosis

ROS removal, detoxification

ROS generation

Inflammatory response, proliferation
ROS removal

Blood clotting, protease inhibitor

Calcium transport and storage
Calcium binding, actin binding
Calcium binding, actin binding
Calcium metabolism regulator
Calcification, bone resorption
Unclear

hematopoietic tissue known as the amoebocyte-producing
organ (APO). First described by Jeong et al. [163], this spe-
cial kind of tissue constitutes a cluster of cells between the
pericardium and the posterior mantle epithelia [164]. The
hematopoietic cells are contained in the stroma, composed
of small fibroblasts and smooth muscle cells surrounded by
blood sinuses [2]. As regards other species, it is believed that
in many gastropods, hemocyte proliferation occurs in the
pericardial sac region, for example the wall of the saccular
portion of the renal organ or in histologically and anatomi-
cally equivalent structures [9]. It has been reported that the
central nervous system of mollusks can modulate hemocyte
secretion [61]. The irregularly folded structure (IFS) has
been proposed as a hemocyte production/formation site in
bivalves [165]. It is not possible at present to specify a sin-
gle place of hemocyte proliferation for all examples. There
are still too few scientific reports concerning hematopoietic
sites in many molluscan groups. Moreover, it is possible that
more than one primary hematopoietic site exists within each
of these groups; see review [9].

3 The role of hemolymph
in biomineralization of molluscan shells

3.1 A brief history of the study of biomineralization
in Gastropoda and Bivalvia

The formation of minerals by living organisms is a wide-
spread phenomenon throughout the animal world [166—169].
The term biomineralization means a biological process
leading to the creation of a complex composite, such as
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shell, nacre, enamel or bone [170]. Biominerals take dif-
ferent shapes and sizes, which depend on their function,
destination and purpose in nano-, micro-, and macroscale
organization, and present enormous diversity [171-173].
Products of biomineralization processes may be observed
in six taxonomic groups, and at present more than 60 dif-
ferent types of biominerals are known, such as silicates in
diatoms and sponges [174], carbonates in mollusks, corals
and other invertebrate phyla [21], and calcium phosphates
in vertebrates [175, 176]. Biominerals are known as inor-
ganic—organic hybrid composites, formed in living organ-
isms as a result of the genetic scheme stored in the code
[177, 178]. Because they combine at least two phases in
a specific way, biominerals have unique mechanical and
physical properties, and a hierarchical structure that often
makes them better for functional use than single-phase mate-
rials. They are created by an intriguing interaction at the
organic—inorganic interface, through specific surface bind-
ing. A crucial role in this process is played by cells (bio-
reactors) that regulate the rate of crystal formation [179].
Understanding of the biomineralization process may be an
inspiration for the design of novel biomimetic materials
[180], especially when they are to be fabricated at ambient
temperature.

The mineralized shell of mollusks is an essential struc-
ture, and often the only one that protects the organism’s soft
tissue against predators and adverse environmental factors
[38]. The unique texture and mechanical properties of the
shell has stimulated interest in the biomineralization of Mol-
lusca for millennia. The utilization of nacre as a biomaterial
is known from 2000 years ago, when the Mayans used it as
a dental implant, as cited in [181]. The first scientific report
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of secretion of a molluscan shell by the mantle was made
in 1709 by French physicist and naturalist René Antoine
Ferchault de Réaumur, as cited in [160]. In the subsequent
years’ researchers considered both epithelial cells and sub-
epithelial tissues as responsible for biomineralization. In
1930 De Waele [182] shed a new light on biomineralization
theory. That author rejected the function of the mantle cells
in genus Anodonta and recognized that shell formation is a
truly physicochemical process occurring in the extrapallial
fluid (EPF). He further suggested that the necessary sub-
stances were brought to the EPF from the hemolymph. De
Waele indicated the presence within the extrapallial fluid of
a complex of proteins, calcium carbonate and carbon diox-
ide, which provides ideal conditions for shell formation,
through calcium carbonate precipitation at a definite carbon
dioxide tension [182]. In the following years, scientists dis-
covered the crucial role of hemocytes in biomineralization
[121-124, 136, 154, 160, 183].

Today, analyzing their research, we may conclude that
molluscan biomineralization is a complex process in which
all of these aspects play a role. In parallel with work on
understanding biomineralization mechanisms, the charac-
terization of biominerals was performed. The first experi-
ments of this type were carried out near the beginning of the
nineteenth century, and extensive progress was made due to
the discovery of optical microscopy, which helped identify
various types of structures. One of the earliest reports on
this subject comes from 1799, when British chemist Charles
Hatchett performed a series of experiments on Haliotidae
shell carbonization and dilution using nitric acids. The
author identified calcium carbonate as a shell component
and observed the organic residue after demineralization.
Hatchett did not name this residue, but described it as a
“membrane retaining the figure of the shell” [184]. About
half a century later, a French researcher, after a process of
demineralization of a shell with hydrochloric acid, isolated
an organic matrix and called it “conchioline” for the first
time [185]. Then in 1930, thanks to further research [186],
two polymorphic forms, calcite and aragonite, were distin-
guished in the shell structure. The author highlighted that the
molluscan shell is characterized by a variety of crystal sizes,
polymorphs, arrangements, and orientations in different tax-
onomic groups. It was moreover observed, that in a single
shell the major layers present different crystal-grain shapes
and arrangements. The next major development in the field
took place in the 1960s and 1970s, when new techniques
such as transmission electron microscopy (TEM), scanning
electron microscopy (SEM), radioisotopes, and biochemical
research contributed to the understanding of the ultrastruc-
ture of mineralized materials [175, 187].

Today, despite the novel and very precise techniques
available, many aspects of biomineralization still require fur-
ther investigation and explanation, because there exist many

as yet unexplored phenomena in living organisms. During
the last decades several theories concerning mollusk shell
formation have been proposed, some of them representing a
tremendous departure from accepted views. Previously, the
paradigm assumed that control of the mineral superstructure
results directly from ion-by-ion additions. Recently, accord-
ing to “nonclassical” crystallization pathways, researchers
have suggested other comprehensive processes, such as
aggregation-based crystallization, prenucleation clusters,
and amorphous phase mediated crystallization (APMC)
[176]. Modern models of molluscan shell formation pre-
sent the biomineralization process as a complex interaction
of hemocytes and extrapallial/mantle cells, with a variety
of shell proteins acting as functional domains exhibiting
enzymatic activity. At least two enzymes have a crucial role
in the biomineralization process: carbonic anhydrase and
alkaline phosphatase [78, 188, 189].

Carbonic anhydrase is a metalloenzyme responsible
for reverse formation and catalyzes carbonate ion forma-
tion from CO, and H,O. The active center of the enzyme
contains a zinc atom, placed in the pocket formed by the
protein part of the enzyme. The zinc atom is coordinated by
three imidazole nitrogen atoms of histidine residues (His94,
His96 and His119) and a water molecule. The enzyme has
been identified in molluscan hemolymph, the cytoplasm
of mantle tissue and the plasma membrane fraction [190].
The proposed mechanism of the catalytic process assumes
ionization of water to form a Zn-OH™ system, which—being
nucleophilic—interacts with a carbon atom of CO,, forming
an HCO;™ ion. For better understanding of the mechanisms
of molluscan shell formation by enzymatically controlled
calcification, see the book chapter [190]. In 2005, Rousseau
observed that the activity of carbonic anhydrase in gill tis-
sue increased linearly with the age of the animals, but such
results were not indicated in relation to the mantle. The cir-
culating level of total calcium increased during the growth
of the animals [78]. Although proteins constitute a small
percentage of biomineral content, they are directly involved
in the control of the synthesis of biocrystals. Even though
more than 95% of bivalve shell is composed of calcium
carbonate, and the organic matrix constitutes less than 5%,
this low quantity reinforces the shell 3000 times compared
with monolithic CaCOj [37]. Thereby, the small amount of
organic matrix not only reinforces the mechanical properties
of the biomineral, but also has a key role in control of the
mineralization process, through determination of the size,
crystal morphology, specific crystallographic orientation,
polymorph or amorphous phase stabilization, and/or crystal
growth inhibition [179, 191, 192].

A crucial aspect of the understanding of molluscan
biomineralization is the shell damage repair process,
which involves re-mineralization of the wound. An excel-
lent explanation of the shell repair process in a land snail
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was described by Seleuddin [193] for H. pomatia. It was
observed that in the wound there first appeared a delicate,
colorless, organic membrane about 1 h after injury. Then,
after 4 h, the first crystal deposits were visible on the organic
membrane surface. The process was observed using a light
microscope. In the next hours calcification progressed, and
full coverage by a new calcified membrane was observed
about 24 h later. The membrane hardened after 2 days,
marking the end of the shell repair process. In 1996 Chen
observed that: “wound healing in mollusks differs from that
in vertebrates for two reasons. First, no extracellular fibers
are formed in mollusks. Second, the hemocyte aggregation
in mollusks is reversible and most aggregated cells later dis-
perse, re-entering the circulatory system after wound repair”
[135].

3.2 Possible mechanisms of hemocyte-mediated
biomineralization

3.2.1 Case Gastropoda

One of the first reports of evidence of the activity of hemo-
cytes in shell formation and repair in Gastropoda dates from
1951 [136]. Wagge supposed that Helix aspersa (now Cornu
aspersum) hemocytes participate in shell damage repair by
secretion of the organic matrix, as well as the formation of
calcium carbonate crystals [135]. The author observed that
hemocyte-rich fluid appears immediately in the damaged
area and creates a delicate organic membrane, which then
rapidly calcifies to repair the damaged area and protect from
parasites. An organic film totally covers the damaged area
after 2-3 h. She highlighted that during membrane forma-
tion, granulocytes secrete fine protein networks as a mosaic
of small polygonal parts. The author mentions that calcifica-
tion was carried out by both type A and type B amoebocytes
by depositing calcium bicarbonate on the protein membrane
surface. Newly formed crystals are surrounded by a protein
envelope (calcospherite). Wagge [135] proved the presence
of radially striated crystals and, based on the chemical and
optical tests, characterized them as calcite. In another part of
the research, the author observed that the size of the crystal
depends on the amount of calcium carbonate available for
its formation. Durning, in 1957 [194], questioned this point
of view in research related to H. aspersa shell repair. He
indicated the role of mantle epithelial cells, which filled the
wound with a glycoprotein matrix, and noted the absence
of a significant number of cells. Moreover, he reported that
calcification begins at the outer surface of the matrix and
proceeds inward toward the epithelium. A year later, Swed-
ish scientist Anne Abolins-Krogis [123] characterized the
calcium carbonate crystallization centers as organic crys-
tals which in the next phase transform into inorganic crys-
tals of calcium carbonate. In 1969, Saleuddin and Wilbur
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[195] observed minute crystal formation in the land snail
H. pomatia. X-ray diffraction showed that the early-stage
crystals are of the aragonite form; the calcite form was also
observed, but in later formed layers. The authors propose
two explanations: the first based on conversion of aragonite
crystals to calcite; and the second, and more probable, on
environmental changes during crystal formation which cause
a change in the crystals’ form. The authors suggest that the
structure of the organic matrix components is altered dur-
ing regeneration. In the study of shell regeneration, it was
also found that not all snails formed a new matrix and crys-
tals at the same time. Two newly formed pieces removed
from the same animal showed a different rate of shell repair.
These results suggest that the formation of new matrix and
crystals will depend on several physiological conditions,
such as the availability of calcium, the shell proteins, and
the site of damage. The shell repair process at the edge of
the mantle may be very different from that in the central
shell area. The authors did not observe hemocytes at the
mineralization front. This may be explained by the method
used, as they washed the mantle with tap water to remove
shell residue. In a study in the following year, 1970 [196],
it was observed that a number of cells (hemocytes) con-
taining calcium spherules were present around the shell
regeneration region. The authors dissolved their crystals
by means of 10 min’ contact with 2% EDTA and based on
XRD analysis obtained a calcite pattern. Research carried
out in 1970 by Kapur and Sen Gupta [183] again contra-
dicted the explanation proposed in 1951 by Wagge [135],
that the regeneration membrane is formed exclusively by
hemocytes, and addressed the alleged mobility of hemocytes
in the process of biomineralization. The authors suggested
that the membrane appears after precipitation of secreted
organic substances present in the extrapallial fluid (EPF).
Then, the membrane acts as a scaffold for the hemocytes,
which lose their identity, leaving free nuclei and organic
matter, and precipitates their calcium-rich granules from
cytoplasm, which acts as a crystal nucleation center. These
findings are in agreement with those published previously
by Abolins-Krogis in her studies on the genus Helix [121,
122]. A histochemical study proved the presence of protein,
PAS-positive mucopolysaccharides and acid mucopolysac-
charide after hemocyte disorganization. The authors suggest
that in this manner the hemocytes improve the calcifica-
tion matrices in new organic substrates. The disturbance of
hemocytes at the site of shell regeneration was compared by
the authors to the similar behavior of leucocytes in wound
healing in vertebrates.

An ultrastructural study of the shell repair membrane
in the snail H. pomatia, performed by Abolins-Krogis,
provided a milestone in the understanding of the mecha-
nism of hemocyte-mediated biomineralization in gastro-
pods [154]. The author highlighted that hemocytes present
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within the repair membrane are involved in three differ-
ent functions: (1) phagocytosis, (2) release of granules,
vesicles, and dense bodies and (3) secretion of a fibrillar
protein. She observed that about 6 h after shell damage,
the hemocytes created clusters with different degrees of
disintegration of individuals. The author described many
types of inclusions, including calcium salt, cytoplasmic
dense bodies, lipofuscin-type pigment granules, a bleb-
like protrusion, or a vacuole secreted by disintegrated
hemocytes. Cytoplasmic dense bodies took forms with a
fibrillar structure or possessed a core-containing inclusion
between 0.2 and 0.6 um in diameter. Moreover, besides
phagocytosis, the hemocytes enriched the repair mem-
branes with small vesicles and dense bodies, which are
involved in the formation of the initial calcifying centra.
The author reported that: “some of these cellular constitu-
ents were liberated from the degenerated and disintegrated
amoebocytes, which were also engaged in the production
of the fibrillar protein. Despite the fact that the whole
organic mass of the destroyed amoebocytes was added to
the repair membrane, the bulk of the substances needed for
the complete restoration of the damaged shell apparently
come from other sources of the animal body” [154].

Lopez-Lima et al. [191] reported that the nucleation
sites consist of an electron-dense material which is respon-
sible for binding calcium. Such materials contain sulfur
and acid mucopolysaccharides. Especially the latter are
proposed as intermediates in biomineralization, because
they sequester many calcium ions and occur in high con-
centrations at mineralizing foci in distantly related organ-
isms. As an example, the author gave polyanions, which
may regulate crystal nucleation and growth. It was also
described that dissolved polyanions inhibit the precipita-
tion and growth of calcium minerals by sequestering small
nuclei in a soluble phase [191].

In 2007, a group of French researchers [188] deter-
mined the effect of calcitonin-related molecules of human-
CGRP (calcitonin gene-related peptide) on cellular activ-
ity and investigated the control of biomineralization. The
authors observed that: “Mollusc shell formation requires
calcium (Ca®") and bicarbonate (COy") ions, transported
through the mantle via the hemolymph, and the secretion
of an organic matrix that interacts with the mineral ions
to form either the aragonite or calcite polymorph of cal-
cium carbonate (CaCOj;). The biomineralization process
takes place in the extrapallial space, between inner shell
and outer mantle epithelium, and is believed to be under
the control of calcium-binding proteins and hormonal
factors, such as calcitonin-related molecules (CGRP-like
peptides). Epithelial cells from the mantle are responsible
from the secretion of matrix molecules whereas hemocytes
are involved in ion transportation during shell formation
and regeneration” [188].

3.2.2 Case Bivalvia

According the classical theory of Bivalvia shell formation
[37], a crucial role is played by mantle tissue (precisely, the
outer epithelial cells), which can secrete an organic matrix
framework and then control calcium carbonate crystal
growth at the mineralization front [37, 167]. All of these
processes are accomplished in extrapallial space (EPS),
which is the cavity between the shell and the mantle tissue.
Both organic and inorganic phases are transported directly
via extrapallial fluid (EPF), which provides unique envi-
ronmental conditions for the self-assembly of shell com-
ponents. In addition, beside the precursor ions for miner-
alization, Ca** and HCOj;, this fluid contains several other
inorganic ions, such as Na*, K*, Mg?*, C1~, and SO,>~, and
ions of minor elements such as strontium and iron. The pH
is usually slightly basic, in the range 7.4-8.3, for marine
and freshwater mollusks [178]. The EPF volume also con-
tains a great number of organic molecules. As the fluid is
supersaturated, these macromolecules—in particular Asp-
rich acidic proteins [167] and glycosaminoglycans (GAGs)
[178]—are arranged to transiently maintain calcium in solu-
tion, by inhibiting the precipitation of CaCO; as well as by
allowing it to precipitate in a timely manner. Marin et al.
[178] reported that the protein content of the EPF does not
necessarily correlate with the protein content of the mol-
lusk’s shell. Moreover, they highlighted that the protein
diversity of the EPF appears to be much lower than that of
the shell. Falini et al. [197] determined that macromolecules
isolated from the aragonitic shell layers of some mollusks
induced aragonite formation in vitro. The authors suggest
that the substances responsible for these phenomena are
[-chitin, silk fibroin and glycoproteins. An analogous situa-
tion was observed in relation to macromolecules from calcite
shell layers. The results obtained strongly demonstrate the
unique role of the macromolecules in aragonite or calcite
polymorph formation. According to this point of view, shell
matrix proteins (SMPs) have the greatest impact on crystal
selection, orientation, nucleation and growth [37, 168, 198,
199]. Despite immense effort, several controversial issues
related to this hypothesis are still the subject of debate: for
example, the initiation of crystal nucleation.

In parallel to the widely recognized mantle-mediated
calcification theory, a theory of hemocyte-mediated
biomineralization was proposed. This hypothesis suggests
cooperation between hemocytes and mantle cells. In this
case both are involved in the secretion and formation of
an organic framework. In addition, hemocytes appear to
be capable of bringing about CaCO; nucleation in vivo as
well as transport of the calcium carbonate crystals through
the EPF and their release to the shell mineralization front
[36, 38, 153]. These free-floating cells seem to fill the
space in the large nonexchangeable calcium pool left by
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the mantle tissue, and close the gap in speculation con-
cerning crystal nucleation [37]. It was observed that hemo-
cytes are able to move into the extrapallial space following
shell damage [152, 200]. In 1967, Saleuddin observed an
increased quantity of hemocytes in injury areas in freshwa-
ter mussel A. grandis. The hemocytes were also detected
in the subepithelial region of the repairing mantle, sug-
gesting their involvement in the transport of the mineral
material [201] and indicating that extrapallial fluid may be
a medium for crystal transportation. Nevertheless, the real
breakthrough was reported by Professor Mount [36] and
his research group. Using calcein AM fluorescent stain-
ing and scanning electron microscopy, the researchers
observed that hemocytes are present at the mineralization
front. They further detected the presence of many cyto-
plasmic granules and a single crystal inside the molluscan
granulocytes (see Fig. 3). Using SEM-EDS analysis they
confirmed that cells contain calcium at higher levels than
their surrounding regions. Moreover, the group proved
that hemocytes can carry calcite crystals to the site of
calcification, where they were remodeled and integrated to
the growing biomineral of the Eastern oyster C. virginica.
They found that hemocytes can directly release calcite
crystals for subsequent remodeling at the biomineraliza-
tion site. Based on this analysis, it was demonstrated that

hemocytes (in this case granulocytes) may be partially
involved in shell crystal formation in the case of oysters.
In 2016, a research group from China [38] observed that
hemocytes are involved in the transport of calcium carbon-
ate crystals and their release in the shell regeneration area in
the pearl oyster P. fucata (see Fig. 4). These crystal-bearing
granulocytes were detected based on SEM-EDS results. The
authors observed the direct involvement of granulocytes in
the formation of the prismatic layer. The granulocytes were
fused into each column and fragmented with the matura-
tion of the shell. The explanation of this phenomenon is
unknown, and continued research is required. Moreover,
the authors carried out proteome analysis of hemocyte iso-
lated from extrapallial fluid. The results indicated that vari-
ous biomineralization-related proteins are present, such as
NF-kappa B, Mothers Against Decapentaplegic Homolog,
cAMP-dependent protein kinase, and G-protein a-subunit, as
well as calcium binding proteins, e.g. calmodulin, calreticu-
lin, or carbonic anhydrase II fragment. Also, the hemocytes
contained shell matrix proteins, such as Mantle Protein 11,
Mantle Protein 3, N151 Protein, Shematrin 2, and Amor-
phous Calcium Carbonate Binding Protein. These data indi-
cate direct cooperation between mantle cells and hemocytes
in organic framework creation, and strongly point to the
involvement of hemocytes in biomineralization processes.

Fig.3 a The SEM imaginary representation of crystal-bearing hemo-
cytes (granulocytes) of newly formed prismatic shell, 48 h after injec-
tion. The unique cells are orientation along a line of filamentous
secretions is visible. Also at least three newly formed crystals are vis-
ible. Scale bar 10 pm. b The higher magnification of the white square
in a. The crystals associated with two different granulocytes are vis-
ible. Scale bar 5 pm. ¢ The higher magnification of the white square
in b. A single crystal-bearing hemocyte (granulocyte) is well visible
and the crystal size about 2 pm by 2 pm. Scale bar 5 pm. d Disinte-
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grated crystal-bearing hemocyte with several crystals at once. Crys-
tals range in size from 1 pm by 2 pm to 2 pm by 4 pm edge length.
Scale bar 10 pm. e Crystals that appear to be undergoing remodeling.
These crystals occur in the transition between prismatic and foli-
ated shell layers. bar 50 pm. f The higher magnification of the white
square in e. The walls of the crystals have formed plate-like structures
with dimensions more similar to foliated laths (white arrow). Scale
bar 10 pm. Reproduced with permission [36]. Copyright 2004, The
American Association for the Advancement of Science
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Fig.4 Light and fluorescent microscopy images indicate at hemo-
cytes presence during shell regeneration of P. fucata. a Imaginary
representation of the sampling areas for microscopy analyses. The
black square indicates the top (b, newborn area) and the bottom (c—f,
maturation area) of the regenerated shell. Scale bar 1 cm. b Hema-
toxylin—eosin (HE) staining of the newly formed area on the regener-
ated shell. The violet/pink points correspond with stained hemocytes
(red arrows). ¢ HE stain of the matured part on the regenerated shell.

Recently, a Chinese group of scientists successfully
identified numerous calcium-rich vesicles and crystals in
granulocytes of the pearl oyster P. fucata using calcein
AM staining [37]. Also, the migration speed of granu-
locytes and hyalinocytes was determined, indicating the
strong ability of granulocytes to migrate. Moreover, the
authors observed that during shell regeneration, some of
the genes involved in calcium metabolism are upregu-
lated. Evidence presented concerning the absence of shell
matrix proteins (SMPs) in hemocytes led to the conclusion
that they might not be solely responsible for directing the
growth of the shell without the involvement of the mantle
tissues—in contrast to the findings reported by Li [38].

In summary, attempts to explain biomineralization have
been made by many scientists worldwide, and efforts have
been made to understand the function of hemocytes. Nev-
ertheless, because of difficulties related to in vivo observa-
tions of hemocytes, as well as the limited range of species

The red arrows indicate the stained hemocytes. d Light micrograph of
hemocytes at the mature area of the regenerated shell. The red arrows
indicate the hemocytes. e Fluorescent microscopy representation of
hemocytes stained by Calcein AM on the regenerated shell. The pris-
matic layer with no hemocytes distributed on the surface (red arrow).
f Fluorescent microscopy representation of hemocytes stained by Cal-
cein AM on the regenerated shell, see red arrows. Reproduced with
permission [38]. Copyright 2016, Elsevier

studied, more direct evidence and experiments are needed
to enable understanding of this complex mechanism.

4 Biomimetic design of mineral-based
composites using molluscan hemolymph

Bone tissue engineering is one of the most rapidly develop-
ing areas of regenerative medicine. Two decades of research
on tissue engineering have already resulted in various types
of biomaterials, both synthetic and natural, being pro-
posed for use. However, they are still far from being fault-
less, and the search for new inventions is actively ongo-
ing [202]. It has been proved that CaCO;-based scaffolds
provide improvement in terms of the adhesion, growth and
proliferation of osteoblasts and other cells in regenerative
medicine [203-205]. It is reported that calcium carbon-
ate (calcite, aragonite, or amorphous—ACC) possesses a
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strong predisposition for biomedical applications, because
of its biocompatible [204, 206], biodegradable [205, 207]
and osteoinductive properties [203, 208] in tissue engi-
neering. As Woldetstadik reported, cells grown on calcium
carbonate scaffolds produce higher levels of transforming
growth factor-beta (TGF-) and vascular endothelial growth
factor-A (VEGF-A), which are crucial for the regulation of
osteoblast differentiation [209]. A study by Liu et al. [210]
indicates that a CaCOj; layer coated on a titanium implant
can significantly improve and accelerate the early growth of
bone and osseointegration at the early healing phase. This
leads to reduced clinical healing times, as well as enhancing
implantation outcomes. It is well recognized that in human
bone, for example, amorphous calcium carbonate (ACC) is
a precursor for crystalline carbonated apatite, and has osteo-
genic potential [208, 211]. Furthermore, crystalline calcite
can serve as a scaffold for human osteoblast transplantation
[202]. Finally, calcium carbonates have demonstrated better
natural biodegradation properties than calcium phosphates,
and have recently been successfully applied as bone regen-
eration materials [212]. They may prove to be useful in pedi-
atric craniofacial reconstruction, where highly active skeletal
remodeling requires rapid resorption of the corresponding
scaffold [213-215]. Representatives of the phylum Mollusca
are uniquely specialized in the creation of calcium carbon-
ate constructs [153]. Therefore, interest in using mollusks
and their hemolymph as a source for bioinspired composite
formation has increased over the recent years. The biomi-
metic creation of calcium carbonate, by imitation of natural
processes on external matrices (such as metal or organic
scaffolds), may significantly improve the biointegration of
such constructs with human cells [216]. On the other hand,
the formation of biominerals is an inspiration for the design
of unique materials, especially those fabricated under mild
conditions.

In 2016 [179], a Chilean scientific group carried out an
experiment on the use of chicken outer eggshell membrane
for the formation of calcium carbonate crystals by the land
snail H. aspersa during a shell repair process. The authors
thus obtained composite materials based on the calcified
matrix. After biomineralization, they determined the type
of calcium carbonate (CaCO;) polymorph deposited on the

Fig.5 a The imaginary repre-
sentation of the shell injection
procedure for perforation a
small hole into snail shell.

b Method of covering perfo-
rated hole by external organic
matrix. Reproduced with per-
mission [179]. Copyright 2016,
Elsevier

@ Springer

external substratum in the injury area. The experiment was
carried out as follows. First, after perforation of the shell, a
fragment was removed. The operated area was left uncov-
ered as a control or covered with a piece of chicken eggshell
membrane (see Fig. 5). The resulting composites and the
control were analyzed using SEM, EDS, Raman, and FTIR
spectroscopy. The authors observed that in the first hours
after injury calcite crystals were present under the eggshell
membrane. This polymorph is normally present during
chicken eggshell formation. Then an organic matrix, com-
posed mainly of B-chitin, proteins, and proteoglycans (acid
mucopolysaccharides), was deposited by the snail under
the crystal layer. The next layers of crystals, formed 24 and
48 h after injury, presented aragonite polymorphs, charac-
teristic for Helix genus shells. The authors observed that
the external matrix had an impact on the crystal polymorph
formed at the initial biomineralization stage. In this case the
deposited minerals resemble the same crystalline polymorph
(calcite) and spherulitic growth that naturally occurred dur-
ing chicken eggshell formation, which is related to the pro-
teoglycans present under the membrane. Genomic and prot-
eomic approaches confirmed their collagenous composition,
enriched by several proteins, including a cysteine-rich ESM
protein (CREMP), EDIL3 homologous protein, clusterin,
ovocalyxin 32 and 36, and fibrillin. It was established that a
keratan sulfate-rich proteoglycan present on the outer side
of the eggshell membrane is the site of calcite nucleation.
The authors thus confirmed previously published data [217],
from a study in which periostracum isolated from four dif-
ferent Mollusca species and eggshell membrane were used
in a similar way to investigate mineral deposition in the case
of an injury to the land snail Otala lacteal (Mabille, 1883).

Other research conducted by an American group of sci-
entists showed the possibility of calcification of metal disk
implants in vivo. The authors used the bivalve mollusk C.
virginica to identify the secretion of an extracellular matrix
(ECM) and cellular activity during shell layer formation
by observing folia and prismatic development on different
metal alloy surfaces (TigAl,V titanium, 7075-T6 aluminum,
and 316L stainless steel) implanted under the outer man-
tle edge (OME) [153]. They proposed an explanation for
the biomineral formation, stating that: “molluscan shell is
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Fig.6 a, b The newly formed prismatic layer forms on metal
implants placed at the shell into notched regions at the shell margin.
a The mineralized layer formed on the implant surface. Scale bar
2.5 mm. Upper inset—FITC channel reveals an autofluorescent ECM
wall which surrounds the periphery of individual calcite prisms.
Lower inset—epi-polarized light channel reveals the forming indi-
vidual birefringent calcite prisms which comprise the layer. b SEM
image of prismatic layer represent the same orientation as in a. The
white arrows indicate at ECM membrane surrounding each crystal
(thin black line). The black arrow indicates at points to the prism’s
centrical surface. Scale bar 20 pm. ¢ Light microscopy image of the
outer margin of the OME near the leading edge of the mineraliza-
tion front. A section of the prismatic layer on the surface of the man-
tle is visible (boxed). The inset reveals that the walls of the nascent
prismatic layer are autofluorescent in the FITC channel. Underly-

ing epithelial cells are visible, see white arrow. Scale bar 10 pm. d
SEM images of the outermost fold of the OME, revealing zonation
of the mantle epithelia. The epithelium away from the edge of the
fold has a relatively flat appearance (lower right corner) as compared
to the epithelium near the edge, see white arrow. Scale bar 100 pm.
The insertion shows the ECM walls emanating from the periphery
of the epithelia, see yellow arrows. Scale bar 25 pm. e LSM projec-
tion of prismatic shell associated with the surface of the OME. The
ECM walls may define the boundaries of individual cells which lie
directly beneath the crystalline layer (white arrow). Scale bar 10 pm.
f A depth, ¢, d projection of the image in e showing the extent of
ECM association with the OME. The prismatic crystalline layer is
15-20 pm thick, however, the ECM appears to extend another 20 pm
into the OME. Reproduced with permission [153]. Copyright 2015,
Elsevier
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Fig.7 The schematic repre-
sentation of nonlethal method
of isolation of C. aspersum
hemolymph. The lower inset
show application for ex vivo
biomineralization 3D chitinous
scaffolds from poriferan origin.
Adapted from [34]

formed through a series of coordinated events involving cells
and cell products whereby both organic and mineral phases
are secreted, organized, and simultaneously formed.” For
the implantation of metal disks, a fragment of the posterior
margin of the shell was removed. Then metal implants were
placed deep enough into the extrapallial cavity to come into
contact with the adductor muscle region of the mantle. The
researchers collected these after periods of 3 h, 24 h, 8 days,
14 days, and 28 days, and then characterized the obtained
biocomposites (see Fig. 6).

The same group of scientists also published two joint
patents [39, 216] related to the deposition of nanocrystal-
line calcite on matrix surfaces by way of tissue and cellular
biomineralization. The authors highlighted that the result-
ing lightweight durable layer of microcrystalline calcite may
improve biocompatibility between inorganic materials—
including metals such as those used in medical devices—and
the body. The researchers have described the in vivo method
in detail (analogous to [153]) and have proposed a schematic
description of ex vivo biomineralization of matrices by con-
tact with molluscan hemolymph.

Recently, Wysokowski et al. [34] have for the first time
developed an effective method for mimicking the shell
regeneration process in snails ex vivo. They developed an
ex vivo method to perform calcium carbonate deposition
using living mollusks’ hemolymph and a chitin-based 3D
scaffold (see Fig. 7). For this purpose, the marine dem-
osponge Aplysina archeri (Higgin, 1875) [218] and the
land snail C. aspersum were selected, respectively, as an

@ Springer

appropriate 3D chitinous template and as a hemolymph
donor. The formation of a calcium-based phase on the sur-
face of chitinous matrix after its immersion in hemolymph
was confirmed by specific staining (Alizarin Red S); (see
Fig. 8). The authors described the unique role of mol-
luscan hemocytes in the creation of the finetuned micro-
environment required for calcification ex vivo. Modern
analytical tools, such as X-ray diffraction, Raman spec-
troscopy and scanning electron microscopy, confirmed
the creation of a new biomimetically created composite
based on ex vivo synthetized amorphous calcium car-
bonate (ACC) and calcite. The mineral phase was tightly
bound to the surface of a 3D sponge chitin structure. In
the near future, the authors plan to determine cytotoxic-
ity and propose biomedical applications for the created
mineralized scaffolds.

Biomimetics is now established as a powerful approach
for the creation of new composite materials [219] and
as a milestone for novel biologically inspired materials
chemistry and biomedicine. The field has gained great
attention, especially where there is a need for the develop-
ment of advanced functional materials which feature 3D
morphology under mild conditions using biomineralizing
invertebrates. A recent report demonstrates that chitin-
and collagen-based templates can be effectively calcified
in vivo by living snails [40] (see Fig. 9). These results
indicate that the type of organic template used for in vivo
biomineralization has a substantial effect on the nature of
the mineral phases, for example, by determining the crystal
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Fig.8 a The 3D chitinous scaffold isolated from A. archeri prior
to ex vivo biomineralization by snail hemolymph became slightly
violet-pink b after Alizarin Red S staining. ¢ Well visible calcium-
based granular deposits on the chitin surface after biomineralization

polymorph. In the contrast to previous studies of naturally
occurring biomineralization, where the aragonite form was
observed, chitin and collagen induced calcite formation in
the first layer of crystals. The authors of the study plan in
the near future to investigate the possible application of the
obtained materials in tissue engineering and regenerative
medicine.

5 Conclusion and prospects

Mollusks have been inspiring people for millennia, and the
first use of nacre as a biomaterial is known from 2000 years
ago, when the Mayans used it as a dental implant. Nowa-
days, mollusks are considered a valuable source of meat,
cosmetically active products based on snail’s mucus as
well as biomacromolecules (peptides) with antimicrobial,
antiviral, antifungal and anticancer activity. In this review,

ex vivo. d Digital light microscopy representation of obtained mate-
rial after Alizarin Red S staining. Calcium-based deposits possess
orange-red color (black arrows). Adapted from [34]

we have attempted to indicate the importance of another
mollusks-derived product: hemolymph. This unique body
fluid plays a crucial role in biomineralization and in shell
creation and regeneration. Recently, the use of molluscs
as natural biomineralizers has been reported. Biomimeti-
cally conducted biomineralization using live snails and their
hemolymph has enabled the design of novel biocomposites
based on the diverse organic 3D scaffolds and corresponding
calcium carbonate phases. In the near future, the usability of
the obtained materials in tissue engineering and regenerative
medicine should be investigated. We believe that this review
will encourage the scientific community to pay particular
attention to molluscan hemolymph-mediated biominerali-
zation as a special biomimetic tool for the creation of novel
biomaterials. It is necessary now to develop a nonlethal and
fast industrial method for large-scale hemolymph extraction.
However, the bioeconomics of molluscan hemolymph-based
approaches to biomedicine should be critically studied in
the near future.
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Fig.9 a The fragment of C. aspersum regenerated shell after
mechanically hole perforation. Digital microscopy representation
of mineralized with calcium carbonate regeneration membrane b, c.
d 3D chitinous scaffold, act like as a template, which fills the hole
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into damaged shell also e, f becomes uniquely mineralized in vivo.
g-i In the same way, collagen scaffold could be used as a template for
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visible, see yellow arrows. Adapted from [40]
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