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e structure, composition and
hardness of a biological material: the shell of
freshwater mussels

Anupam Chakraborty,a Saida Parveen,b Dipak Kr. Chanda c

and Gautam Aditya *ab

The shell of the freshwater mussel (Mollusca: Bivalvia) is a composite biological material linked with

multifunctional roles in sustaining ecosystem services. Apart from providing mechanical strength and

support, the shell is an important site for adherence and growth of multiple types of algae and

periphyton. Variations in the shell architecture are observed in the mussels both within a species and

among different species. Considering the prospective utility of the shell of the freshwater mussels as

a biological material, an assessment of the shell characteristics was accomplished using Corbicula

bensoni and Lamellidens marginalis as model species. The calcium carbonate (CaCO3) content of the

shells, physical features and mechanical strength were assessed along with the morphometric analysis.

The CaCO3 content of the shell (upto 95% to 96% of the shell weight) of both the mussels was positively

correlated with the shell length, suggesting increased deposition of CaCO3 in shells with the growth of

the species. The cross sectioned views of FE-SEM images of the shells exhibited distinct layered

structure with external periostracum and inner nacreous layer varying distinctly. In the growing region,

the growth line was prominent in the mussel shells revealed through the FESEM images. In addition XRD,

FTIR and EDS studies on the mussel shells confirmed the existence of both aragonite and calcite forms

of the calcium carbonate crystals with the incidence of various functional groups. The mechanical

strength of the mussel shells was explored through nanoindentation experiments, revealed significant

strength at the nanoparticle level of the shells. It was apparent from the results that the shell of the

freshwater mussel L. marginalis and C. bensoni qualify as a biological material with prospective multiple

applications for human well-being and sustaining environmental quality.
1. Introduction

The unique morphological features of all mussels (Mollusca:
Bivalvia) is the presence of two symmetrical calcareous valves,
constituting the shells, connected by a calcied leathery
hinge.1,2 The toughest calcareous shells of the mussels vary
extensively in shape, size, colour and biomass.3 While calcium
carbonate is the dominant chemical constituent of the shells,
minor inorganic trace elements are common in different
species of bivalves.3–9 Owing to the presence of the shells with
multiple functional attributes, the snails and mussels qualify as
ecosystem engineers modifying the constituents and the inter-
actions of the freshwater community.10–12 Due to the phenotypic
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variation in traits, the shells of the mussels are vulnerable to the
selection process for renement with higher adaptive value.13,14

The shell formation in mussels as in other Mollusca, is
considered as a typical process of biomineralization;4,6,15 that
may involve the precipitation of the nacreous aragonite from
extrapallial uid reservoirs with prominence of growth
bands.4,16 At a proximate level, the shell formation in snails and
mussels involve biodeposition of the ingredient minerals15 on
a biological matrix17 following different orientation pattern to
yield a species specic unique architecture.3,17 However, the
entire process of shell formation is controlled genetically as well
as physically at the cellular level.18–20 The synthesis and
remodelling of crystal varieties depend on their thermodynamic
stability in the concerned environment.15,21 Among three forms
of CaCO3 crystal, calcite and aragonite forms are more prevalent
in constructing the shells of mussels.5 During the process of
shell fabrication, inorganic materials with different shape and
size assemble in complex pattern according to various level of
hierarchy, and eventually construct the biological material.22,23

Varied species of mussels, oysters, and clams are exploited as
food resource and therefore bear signicance in food security
RSC Adv., 2020, 10, 29543–29554 | 29543
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and livelihood.12,24 In the natural habitats, in course of the
movement and feeding, the mussels facilitate bioltration,25,26

bioturbation27 and biodeposition28 that enable water purica-
tion and nutrient cycling. The mussels and oysters are also the
sources for pearl culture.29–31 Following harvest of mussels from
the natural population or from culture, the esh is extracted (as
well as the pearl, if from pearl culture) and the shell is discarded
as a waste. The waste shells are highly valued resource used in
multiple purposes.32–36 Owing to a rich source of calcium
carbonate, the shells of mussels are converted into useful
lime,37 which can facilitate oil removal38 or act as a catalyst in
biodiesel formation39,40 or as a catalyst in the 4H pyran forma-
tion.41 Themussel shells can be incorporated in polypropylene42

or in reinforced composites.43,44 Application of the whole
mussel shell in the sulphate reducing bioreactors for acid mine
drainage treatment enables reduction of pollution load.45 The
use of the calcined mussel shell in the waste water treatment is
also promoted.46 A modied mussel shell powder is also used to
immobilize microalgae, for removal of nutrients from eutrophic
waters.47 The shells of the mussels are considered as a cheap
source of lime and used in mulching the soil48 that may also
induce changes in the pest insect behaviour.49 Alternatively, the
compost bivalve shells can be used, which are more effective
than the freshly derived oyster shells.50 The shells of the
mussels and snails are cost effective biosorbent that can be used
for the purpose of metal and dye removal,36,51,52 directly as akes
or granules53,54 or through the formation of hydroxyapatite.55

The shells of the bivalves are also considered suitable as llers
and for the use as a substitute to mortar.56,57 Owing to the
diverse applications ranging from the water purication to the
soil amelioration, the shells of mussels, oysters and clams are
true aquaculture waste with considerable value to safeguard
ecology and mobilize economy.

As a potential resource with multiple uses, the character-
ization of the mussel shells is immensely important to ascertain
sustainable use. Exploration of the mussel shell structure
enables understanding the functional properties with higher
precision that may allow selection as a biological material
judiciously. Empirical evidences suggest that the shell charac-
teristics of several mussels, oysters and clams are recorded,3–9

inclusive of genetic mechanisms of shell protein formation,18–20

and the calcium carbonate crystal deposition.6,15,58 Variations in
the shell calcium composition and microarchitecture are
observed in several studies involvingmussels of Pinctada, Pteria,
Atrenia, and other genera.3,7–9,59–61 As a result, the structure of the
bivalve shells is well understood through exploration of the
crossed lamellar microstructure and nacre layers with aragonite
tablets, which provides evidence for its prospective use as bio-
logical material.62 Extending the signicance of the mussel shell
as a bioresource, an exploration on the microarchitecture,
composition and hardness was carried out using the shells of
two freshwater mussels, namely Corbicula bensoni Deshayes
1854 (Bivalvia: Veneroida) and Lamellidens marginalis (Lamarck,
1819) (Bivalvia: Unionoida). On an evolutionary scale, the
bivalve families including Unionoida and Veneroida exhibit
features to suit the hypoosmotic medium following indepen-
dent radiations from marine to inland habitats.2,63 The mussels
29544 | RSC Adv., 2020, 10, 29543–29554
under Veneroida (Corbiculidae) and Unionoida are diverse in
shape and features, though both are common in freshwater
habitats.1,10 On a proximate scale, the exterior of the shell of C.
bensoni appears as minute, thin striae and subtrigonal in shape,
whereas, the freshwater mussel L. marginalis possesses thin,
oblong–ovate and roundedly angular shell.64 An appraisal of the
material features remains pre-requisite to promote the utility of
the shells of these mussels that are generated as wastes
following exploitation for food65 and pearl.66,67 Although, the
shell dust of L. marginalis have shown the potential for biore-
mediation of heavy metals,54 the ultrastructural details are yet to
be deciphered to suggest their use in other purposes. In the
present instance, the shell physical characteristics, chemical
composition and the nanomechanical properties were also
explored to substantiate the freshwater mussel shells as bio-
logical material68 with prospective application in varied elds as
a waste bioresource.32–36 On the whole, the multifunctionality of
the freshwater mussels can be established through the possible
use of the waste shells apart from the role in food security and
livelihood.
2. Materials and methods
2.1. Preparation of samples

The freshwater mussel C. bensoni was collected from Mun-
deshwari river, Hooghly district, West Bengal, India, during July
2018. At the same time period, the freshwater mussel L. mar-
ginalis was collected from ponds and lakes in and around Kol-
kata, West Bengal, India by using insect net of 200 mmmesh size
or hand-picked from substratum. Following collection and
identication, the esh of the mussels were removed and the
shells were washed under running water and then sun dried.53,54

Further, the esh remnant, if any, attached to the shells were
removed carefully, prior to the use in the experiments. In order
to carry out the characterization of the shells, 23 shells of C
bensoni and 18 shells of L. marginalis were randomly picked
from the collections. While selecting the shells, the size differ-
ences and the random collections were maintained to qualify
each shell as a true replicate. In addition, 23 shells of C. bensoni
and 16 shells L. marginalis, were also used for the determination
of the calcium carbonate content. The shell length and shell
weight characteristics being – for C. bensoni the shell length (SL
in mm) ranged between 8.1 mm and 13.7 mm, with mean 10.29
� 0.35 mm SE, and shell weight (SW, in mg) ranged between
90.6 mg and 256.3 mg, with mean 162.91 � 11.99 mg SE; for L.
marginalis, the shell length (SL in mm) ranged between
44.92 mm and 91.01 mm, with mean 74.19 � 3.5 mm SE, and
shell weight (SW, in mg) ranged between 4301.1 mg and
26 380 mg, with mean 13 343.58 � 1704.1 mg SE. The shell
measurements were taken and prepared for the experiments
related to the shell surface architecture and nano-scale
characterization.53,54
2.2. X-ray diffraction (XRD)

Using a mortar and pestle the freshly prepared dry shells were
crushed to dust for the XRD analysis. The crystalline phase of
This journal is © The Royal Society of Chemistry 2020
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the shell forming major component of shell dust of the two
freshwater mussels (C. bensoni and L. marginalis) were deter-
mined by powder XRD analysis, using X'Pert Pro MPD diffrac-
tometer (PANalytical, Almelo, The Netherlands). The phase
composition data were collected by step wise scanning mode in
steps of 0.02� at scattering angles (2q) ranging from 20� to 80� by
usingmonochromatic Cu-Ka radiation (l¼ 1.5406) at 40 kV and
20 mA.69

2.3. Fourier-transform infrared spectroscopy (FTIR)

The study was carried out through mixing 100 mg of KBr con-
taining 1% of dried mussel shell dust (separately for C. bensoni
and L. marginalis), initially. Subsequently, the mixture was
ground to form KBr pellets of shell dust for Fourier transform
infrared spectrum analysis. The infrared spectrum attributable
to the shell dust was obtained in Fourier transform infrared
spectrometer (Jasco FT/IR-6300 type A; serial no. A014461024).
For both the mussel species, the spectra were collected at
a resolution of 4 cm�1 with scanning speed of 2 mm per second
over a range of 500 to 3500 wave numbers (cm�1).9,53,70

2.4. Field-emmission scanning electron microscopy
(FESEM) and energy-dispersive X-ray spectroscopy (EDS)

Intact mussels shells were ground into pieces and at surfaces
were chosen to get the images of both inner and outer surfaces.
The assessment was made separately for the mussels, C. bensoni
and L. marginalis. In order to access the consecutive inner layers
of shells, dilute chemical etching i.e. 0.1 (N) HCl was employed
for considerable time. As a result, the successive inner shell
layers were exposed gradually. Prepared shells were then coated
and mounted by using 3 nm thin platinum lm and was made
ready for FESEM image to insight the surface morphology and
consecutive inner layers achieved through acid etching practice
by using eld-emission scanning electron microscopy (MODEL
JEOL JSM-7600F) operated at 15 kV to gain adequate resolution
and conductivity for the proper magnication. The EDX
measurements of the shells of mussels were performed in INCA
Energy 250 Microanalysis System (EDS). The cross-sectioned
shell samples were rst mounted perpendicularly in a stain-
less steel mold by using epoxy resin and hardener and the whole
system was le for 24 h. Aer that the resin mounted shell
samples were taken out of mold. Subsequently, the samples
were grinded and polished by Struers Labopol 5 polishing
machine. The surface of the samples were rst smoothened by
grinding with 240 grit SiC emery paper for 30 seconds at
200 rpm in aforesaid polishing machine, following which the
samples were further grinded with 400, 800, 1000 and 1200 grits
emery papers respectively to yield smooth surface. Aer
smoothing, the surface was polished by using diamond paste.
The resin mounted shell pieces were polished by 9 mm diamond
paste in water–glycerol mixture sprayed every 20–30 seconds on
napless paper for 5 minutes at 150 rpm in polishing machine.
The same procedure was repeated by using 6 mm diamond
pastes. Final level of polishing was made by using 1 mm dia-
mond suspended in water-soluble oil and sprayed every 20–30
seconds on napped cloth for 2 minutes at 120 rpm.71 Finally
This journal is © The Royal Society of Chemistry 2020
mirror nished sample surfaces were obtained. The prepared
samples were then mounted directly onto carbon tape for EDX
measurement. From the cross sectioned area of each shell
sample only the internal mineralized layer was targeted for EDX
measurements excluding the outer shell matrix.21,72,73

2.5. Determination of nanomechanical properties of
biological material

The nanomechanical properties of the shells of C. bensoni and
L. marginalis were evaluated by measuring the nanohardness
(H) applying different loads (P) ranges from 100 mN to 700 mN
using a Berkovich tip (�radius 150 nm) of a nanoindenter
(Fischerscope H100-XYp; Fischer, Switzerland). The loads are
applied to the particular position of at outer surface of the
shell samples. All experiments were conducted at room
temperature and soware generated area function of the
indenter tip was applied before each measurement to obtain
load (P) versus penetration depth (h) data by means of tip
blunting effect. The nanoindentation data were analyzed
following Oliver and Pharr method.74

2.6. Estimation of CaCO3 content in mussel shells

The dried shells following removal of the esh were subjected to
the CaCO3 determination. Prior to the initiation, the shell
length (in mg) was determined to the nearest 0.1 mm using
a vernier caliper (Insize, Brazil) along with the corresponding
shell weight (in mg) to the nearest 0.1 mg, which was measured
in a pan balance (Citizen, India). Individual shells of both the
mussels, C. bensoni and L. marginalis, were sequentially sub-
jected to the CaCO3 (in mg) determination. Following
measurement, a 2 (M) HCl solution was added in a drop wise
manner on the individual shell placed in a beaker and stirred at
room temperature until complete digestion of shell occurs. In
order to remove the impurities and large particles of shell
remnants, the slurry was then ltered through Whatman Grade
No. 1 lter paper. Subsequently, to the above ltrate, 2 (M)
Na2CO3 solution added drop by drop until and unless total
precipitation reaction complete to form CaCO3 and sodium
chloride.75 Aer that the solution cooled to room temperature
and to the obtained the CaCO3 precipitate mixture was ltered
and then washed to remove soluble salts. The ltered CaCO3

procured from each mussel shell was collected and dried for
quantication. A regression equation (along with Pearson's
product moment correlation coefficient) was calculated to
represent the CaCO3 (in mg) as a function of the shell length
and shell weight of the freshwater mussels.

3. Results
3.1. Elemental analysis through EDS, XRD, FTIR pattern
study

The comparative XRD patterns of shells of two different mussels
(C. bensoni and L. marginalis) revealed similarities in crystalline
peaks (Fig. 1) conrmed the existence aragonite and calcite
forms of calcium carbonate. The X-ray diffraction data were
composed in steps of 0.02� at scattering angels (2q) ranging
RSC Adv., 2020, 10, 29543–29554 | 29545
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Fig. 2 The representative FTIR spectra of the prepared shells of the
two freshwater mussels (A) C. bensoni and (B) L. marginalis.
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from 20� to 80�. The XRD phase analysis of aragonite has been
revealed in this Fig. 1 having high density peaks at 2q ¼ 26.63�,
29.69�, 33.37�, 36.42�, 38.20�, 43.15�, 46.06�, 48.75�, 52.95� with
monochromatic Cu-Ka radiation (l ¼ 1.5406). It can be
conclude that the shells of two mussels contain aragonite with
intense peaks for (111) and (012) planes and calcite with intense
peaks for (104) and (202) planes.9,53,54

The conformational study about the functional groups was
made through FTIR spectra analysis for the shell of two mussels
(Fig. 2) which showed similar features. The peak around
2936 cm�1 appeared due to the C–H stretching vibration
suggestive of the presence of methyl andmethylene groups. The
spectral peak at 2360 cm�1 was due to the COO� functional
groups. The band at 1467 cm�1 corresponded to the C]C bond
and at 1080 cm�1 was due to the C–O stretching, which perhaps
related the existence of glycosylated proteins of the shell matrix.
The characteristic carbonate band at 701.9 cm�1, 713.5 cm�1

and 865.8 cm�1 revealed the existence of calcium carbonate in
the shell.9,54,69 Identication and classication of different layers
of mussel shells were made21,76–78 accordingly for the interspe-
cic comparison and the variations in the different layers.
3.2. Microstructure observation and characterization with
the FESEM

The electron micrographs of the shells of the two mussels C.
bensoni and L. marginalis portrayed three distinct layers in
transverse section (Fig. 3A and B) namely, the external protec-
tive periostracum layer, the prismatic layer and the inner
nacreous layer.

3.2.1. Outer periostracum layer. The protein containing
sclerous periostracum layer of the shell of both the mussels was
very prominent (Fig. 4A and B). Apparently, the exterior surface
of the periostracum of mussel C. bensoni shell consisted of
prominent, radial, oblique ridges arranged in more or less
regular interval. In comparison, the exterior micro ridges were
not so prominent but more frequently arranged in the perios-
tracum of the mussel L. marginalis with regular folds and
corrugations.5,12 The mild acid etching exposed the inner
Fig. 1 The XRD patterns of the prepared shells of the two freshwater
mussels (A) C. bensoni and (B) L. marginalis. a ¼ intensity peaks for
aragonite, c ¼ intensity peaks for calcite.

29546 | RSC Adv., 2020, 10, 29543–29554
vacuolar periostracum which was oen continuous with the
subsequent inner mineralized layers.5,72,76,77 The FESEM images
(Fig. 4C and D) of inner vesicular layers of the periostracum of
the shell of both the mussels showed prominent vacuoles.

3.2.2. Mineralized internal layers. The representations in
Fig. 5A and B depict the closed microstructural views of
subsequent shell layers of both mussel species. In C. bensoni,
immediately below periostracum layer inconsistently arranged
irregular brous prismatic structure was prominent where each
prism having common structural nodule (Fig. 5A).5,72,76,77 Below
prismatic layer a distinct cloud layer made up mainly of calcite
oating above the nacreous layer. This amorphous supersatu-
rated cloudy structure helps in shell biomineralization. The
intersection between calcite layer and adjacent nacreous layer
was prominent (Fig. 6A) for C. bensoni, while, the nacreous layer
where the aragonite made tablets, piled in parallel elongated
row stacking manner.21

In Fig. 5B, closed view in electronmicrograph image of shells
of L. marginalis illustrates three distinct calcium carbonate
layers. Below the periostracum simple aragonite prisms in
which the rst order columnar prisms, polygonal in shape
arranged perpendicular to the outer surface in more or less
regular interval. The arrangement pattern of nacreous layer of L.
marginalis entirely follows the sheet nacre model of nacreous
formation (Fig. 6B) in which the individual tablet shaped crys-
tals are somewhat displaced along the succeeding rows to
mimic an aggregate of overlapping sheets.78 In the mussel L.
marginalis, maximum proportion in the midst of different shell
layers was occupied by sheet nacreous layer where the indi-
vidual aragonite sheets horizontally overlapped with one
another to make continuous superimposed sheets
(Fig. 6B).21,76–78 The organization pattern in the growing region
of nacreous layer showed distinct growth lines prominent in
both species (Fig. 7A and B). With the mineralization and
deposition of aragonite plates reorientation and compilation of
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The cross-sectioned views of shells of (A) C. bensoni and (B) L. marginalis illustrating different layers. Outer layer is located on the top of
the layers.
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plates into nacreous sheet proceeded which further surrounded
by organic matter to exist as a biocomposite.3
3.3. Nanoindentation and mechanical properties of
biological materials

The presentation in Fig. 8A and B shows the load (P)–depth (h)
plots of the all two mussels shells of C. bensoni and L. marginalis
at different loads (e.g., 100 mN, 300 mN, 500 mN, and 700
mN).79 From P–h plots it was evident that the nal depths of
penetrations were the maximum and minimum for the shell
samples of C. bensoni and L. marginalis respectively. So, from P–
h plots, it was expected that nanohardness (H) would be
minimum for shell of C. bensoni and maximum for shell of L.
marginalis. The nanohardness plot in Fig. 9A and B validates
that the maximum hardness was shown by the shell of L. mar-
ginalis and lower in case of C. bensoni. As shown in the gures
(Fig. 9A and B), it was evident, that the nanohardness was load
independent. This was probably due to layered structures of the
Fig. 4 Themost external periostracum is very clear in outer surface of ea
acid-etching of periostracum layers from each shell showing vacuoles in

This journal is © The Royal Society of Chemistry 2020
mussel shell.74,79 The arrangement pattern of calcium carbonate
crystal plate in horizontal array was common and clear in the
FESEM photomicrograph of each mussel shell sample. Perhaps,
this layered structure resulted in the load independency of the
nanohardness.80–82
3.4. Characterization and estimation of major content of
shells of mussels

The EDS spectra of respective mussel shells in Fig. 10A and B
conrmed about the elemental composition of mineralized
layer. The polymorphs of CaCO3 exhibit strong Ca peaks as well
as C and O peaks with the incidence of Mg and Si peaks. Acid
digestion of each shell using 2 (M) HCl followed by precipitation
reaction by adding 2 (M) Na2CO3, calcium carbonate content of
individual mussel shell was estimated. The proportion of
CaCO3 (in mg) with shell weight (in mg) of the shells of two
different mussel species was estimated as: C. bensoni (range
between 0.51 and 0.98; 0.68 � 0.04 SE) and L. marginalis (range
ch shell of (A)C. bensoni and (B) L. marginalis. FESEM images taken after
middle periostracum layers of (C) C. bensoni and (D) L. marginalis.
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Fig. 5 The FESEM images of close observation on transition zones among different layers within the shells of (A) C. bensoni and (B) L. marginalis.
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between 0.61 and 0.91; mean 0.8 � 0.03 SE), exhibiting varia-
tions with the shell weight considerably. Although the present
data support high calcium carbonate content of the shells, the
proportional presentation was comparable to freshwater snails
that show 95–99.9% calcium carbonate by shell weight with
variations in shell size and origin of the snail.83 For each species
the CaCO3 content as a function of shell length complied with
a power regression equation (y ¼ 0.043x3.336; r ¼ +0.949; r2 ¼
0.937 for C. bensoni, y ¼ 0.693x2.218; r ¼ +0.805; r2 ¼ 0.724 for L.
marginalis) (Fig. 11A and B). Irrespective of all mussel species,
a positive correlation was observed for the correlation between
shell weight and CaCO3 content shows power regression equa-
tion (y ¼ 0.430x1.065; R2 ¼ 0.994) (Fig. 11C). In both instances,
the CaCO3 content was observed to be an increasing function of
the shell length and shell weight, which indicate that the
calcium content in the shells of the mussels vary with the age of
the concerned species.84
4. Discussion

In the living form, the freshwater mussels carry out several
functional roles related to the bioltration,25,26 biodeposition,28

bioturbation27 and bioremediation,54 which enable sustenance
of the environmental quality.12 In course of the growth, the
addition of mostly the calcium carbonate, increases the
biomass of the shell, and therefore makes it more efficient in
protecting the living specimen and adds to the quality of the
pearl growing inside.29–31,66,67 However, following harvest of
esh65 and/or pearl66,67 the shells are discarded as waste, which
bears huge prospect as a biological material.32–38 While
Fig. 6 SEM image of the nacreous layer of the shells of (A) C. bensoni a

29548 | RSC Adv., 2020, 10, 29543–29554
discarded marine shells derived from mussels, oysters, clams
and abalones have been characterized as biological material
with multiple utility, few efforts have been made from the
freshwater mussels.41,54 Several studies have shown that shells
of marine bivalves and gastropods are more worthy as waste
with multiple applications in the eld of biodiesel produc-
tion,39,40 waste water treatment,46,47 soil amelioration,48–50 bio-
sorbent for dye and heavy metal,45,51,52,54,55 llers and alternative
to mortars,56,57 and as an alternative to the bone materials.32 In
order to judge and qualify the shells of freshwater mussels as
a biological material with potential for multiple applications in
agriculture and industry, characterization of the shell at the
physical and chemical levels is a pre-requisite. This proposition
was justied in the present instance, through the microscopic
studies, nanohardness and the chemical characterization of the
shells of the two freshwater mussels, C. bensoni and L.
marginalis.

A close observation on the microstructure of the shells of the
two common freshwater mussel C. bensoni and L. marginalis
showed variation in construction from the outer periostracum
to the inner nacreous layer. The chemical composition with the
dominance of the CaCO3, justify that the shells of the mussels
as a source and sink of CO2, thereby bearing signicance in the
carbon cycle. As the precipitation of the CaCO3 in the shells
during the growth and remodeling in the living mussels result
in the sequestering of carbon, the shell appears to act as a sink
of atmospheric CO2, which, however, is lost and released in the
environment as the shells are degraded naturally. In the snails
and mussels, at the cellular level, the genetically and environ-
mentally regulated biomineralization process results in the
nd (B) L. marginalis.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 The growth front of shell nacre of (A) C. bensoni and (B) L. marginalis.
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distinct shape and form of the shells.15,18–20 Such variations in
the shell shape and shell architecture have been observed in
several species reecting the species specic differences in the
shell calcium, mineral and the organic matter contents.

In the present instance, micro-structural divergence in per-
iostracum layers was observed between the two mussel species,
reecting the differences in the regulation and thus disparities
in the shape and form of the shells. The sclerotized perios-
tracum containing mainly brous protein, carbohydrate and
lipids arise from periostracal groove and form a multilayered
sculpture.85 In supercial view, the periostracum of both the
mussel species appears smooth and shining in blackish-brown
colour.64 A thin shell with distinct ne striations on perios-
tracum is the distinguishing character of C. bensoni. The ridges
are not so prominent in central region but are prominent in
marginal border of shell in L. marginalis. Under FESEM the
surface periostracum of the mussel C. bensoni exhibit ne
ridges arranged obliquely at regular interval whereas in peri-
ostracum of the mussel L. marginalis micro ridges are not so
prominent but regular folds and corrugations are frequent at
the marginal area.5,72,76,77 In addition to the organic matrix layer,
crystalline prisms formed the subsequent layer. In C. bensoni,
the prismatic structure is made up of irregular aragonite bre to
construct common structural module, whereas, simple
Fig. 8 Typical load depth (P–h) plots from nanoindentation experiments
and (B) L. marginalis.

This journal is © The Royal Society of Chemistry 2020
aragonite prism bres compiled into columnar prisms in
polygonal shape is very distinct in L. marginalis. Variation in
bre length and their orientation are very common and provide
signicant role in shell growth and remodeling.86 Amorphous
calcite-made cloud layer oating on the nacreous layer helps the
shell to increase strength and assist in shell biomineraliza-
tion.87,88 There is sharp discrimination in microstructure of
nacreous layer of the shells of the two mussel species. Aragonite
made tablets piled in row stacking manner arranged parallel to
each other to construct the nacreous layer of C. bensoni, while,
the nacreous layer of L. marginalis is arranged as overlapping
sheet made up of calcium carbonate crystals. In case of marine
mussels (Bivalvia: Pteriidae), the thickness of the nacreous layer
vary considerably with reference to different species like Pinc-
tada martensii, Pteria hirundo, Atrina pectinata, Pteria avicula,
and Isognomon radiata.3 The thickness of the nacreous layer
varies from species to species.3 Adequate thickness with over-
lapping piling up of the calcium carbonate crystals increase the
strength of shell and makes it resistant to fracture.12 Consid-
ering the mussel shells, the nacre appears to be the strongest
structure with the fracture strength in bending varying between
35 and 106 MPa (MNm�2) as observed for wide range of bivalve
species89 supported by further studies on the mussel Pinctada
margaritifera, with a value of 210 MPa.59 A separate study also
conducted on biological materials like shells of mussels (A) C. bensoni
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Fig. 9 The variation of nanohardness of shells of mussels (A)C. bensoni and (B) L. marginalis as a function of load applied in nanoindentation test
on shell samples.

Fig. 10 The SEM-EDS of cross sectioned surface of shells (A) C.
bensoni and (B) L. marginalis.
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substantiated the tensile strength of the nacre of Pinctada to
between 140 MPa and 170 MPa for wet and dry condition of the
shell respectively60 with corresponding Young modulus being
70 GPa and 60 GPa. Assuming correlations between tensile
strength and nanoindentation properties,90 the present data
29550 | RSC Adv., 2020, 10, 29543–29554
appear to be similar with the tensile strength could be deduced
for C. bensoni and L. marginalis, but considerably low than red
abalone, where the tensile strength to be greater than 170 MPa.

The growth and structural exibility of biological materials
depend mainly on the favourable interactions among various
organic molecules. In this case, orientation and assemblage of
crystal faces on stretched matrix bed remains essential to
construct different layers of mussel shells. Unique crystalline
property of aragonite and calcite in maintaining constructional
exibility is evident through different studies.91–93 Aragonite
form of crystal is much harder and relatively less brittle than
that of other forms of calcium carbonate crystals like vaterite
and calcite and show versatility in bonding with other elements.
This makes the aragonite composing shell mechanically more
stable than the other forms. On the other hand, the calcite made
layers in shells are structurally more strong and their arrange-
ment patterns are energetically more favourable.94–97 Although
aragonite and the calcite forms are redundant in the mussel
shells, the amount vary with the size of shells as observed in
Mytilus trossulus from Gulf of Gdansk, Poland.84 The aragonite
content varied with the shell height (shell length) ofM. trossulus
ranging between �24% for the smaller size class to the 35% for
the largest size class. In the present instance, the calcium
carbonate content increased with the corresponding increase in
the shell length and shell weight of both the species. These
physical and chemical attributes enable the shells of the
freshwater mussel C. bensoni and L. marginalis to qualify as
unique biological materials for multiple applications (Fig. 12)
beyond the level of heavy metal bioremediation.54 Considering
the potential multiple uses of the shells of the freshwater
mussels, exploration in the characterization of the shells of
different species seems obvious. The recognition of the poten-
tial uses of the shell of freshwater mussels would add impor-
tance as a biological resource with valued ecosystem service
provider.12
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 The calcium content (in mg) in both the freshwater mussel species C. bensoni and L. marginalis. Here, (A) CaCO3 (in mg) as a function of
shell length (SL, in mm) and (B) as a function of shell weight (SW, in mg) of C. bensoni, while (C) CaCO3 (in mg) as a function of shell length (SL, in
mm) and (D) as a function of shell weight (SW, in mg) of L. marginalis and (E) correspondence of the shell weight (log SW, in mg) and CaCO3

content (in mg) (log transformed value), irrespective of species.
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5. Conclusion

The diverse arrangement pattern of calcite and aragonite crys-
tals in different layer of the shell of two freshwater mussels C.
bensoni and L. marginalis form distinct structures like brous
prismatic structure, distinct calcite made cloud layer, sheet like
nacreous layer, which make the shells mechanically tough and
tensile. The microstructure of shells showed uniformity in the
surface architecture and regular arrangement pattern of crystal
bre along its entire framework. The shells having particular
high mineral content conrm unusually good mechanical
performance as a biological material. Through the process of
biomineralization, growth and remodelling the mussel shells
construct layered pattern of crystalline aggregates that conrms
This journal is © The Royal Society of Chemistry 2020
both structural and functional adaptability with stability to
ensure the structural hierarchy.72 In course of addition of the
calcium carbonate in the shell, for growth, repair and remod-
elling, the mussels inuence the global carbon cycle involving
carbon dioxide and bicarbonates that seemed to vary with the
size of the shell. Considering the calcium content and integrity
at the nanoscale, the shells can serve as biosorbent and thereby
involve in the removal of the dyes and heavy metal from the
freshwater ecosystem. The similarity in the chemical composi-
tion and structural organization of the shells of C. bensoni and
L. marginalis with the marine mussels, oysters and clams,
indicate that the shell derived materials can be used for
multiple purposes including, amelioration of the soil condition,
reduction of eutrophication, waste water purication, catalyst
RSC Adv., 2020, 10, 29543–29554 | 29551
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Fig. 12 The schematic representation highlights the functional roles of living freshwater mussels and the contributions of the shells in the
sustenance of ecosystem service. As a part of bioprospecting the shells, discarded from aquaculture or otherwise, the material characteristics
was evaluated, which substantiated the significance of freshwater mussel shells as biological material with multiple uses.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 3
/9

/2
02

6 
9:

09
:0

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
in biodiesel production and as llers and construction substi-
tutes. Further possibilities of the use of the nano-scale shell
particles in environmental bioremediation can be carried out to
prove the cost effectiveness of the biological material.
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