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ABSTRACT

Nature has provided us best materials with exceptional properties. In order to
develop next-generation new materials with light weight, high-strength, and
tough materials, establishment of novel design strategies must be implemented.
Nacre, the mother-of-pearl, an organic-inorganic composite material
produced by some molluscs that is strong, resilient, and iridescent. Hence
mimicking nacre’s micro/nanostructure in artificial materials is an alternative
way to fabricate high performance structural materials for scientists and
engineers. This gives us numerous multifunctional materials with unique
properties of stiffness and hardness. Artificial nacres have found enumerable
applications in modern day science from flame retardant materials to
implanting into biomaterials. This review presents various strategies for making
artificial nacre and its uses in advanced applications.

Introduction

Nature has given us with numerous examples of biomaterials, which exhibit
fascinating and excellent multifunctionality that possesses unique properties of
stiffness, hardness and fracture toughness with the characteristics of self-
organizing, self-assembly, self-healing, etc. [1]. Mimicking many of these
properties are still remain a challenge by man-made composites. It is to note
that only materials on the macroscopic scale can be applied for potential
replacement of conventional structural materials. One such example is nacre,
the iridescent material found inside a large number of seashells or mollusc
shells. The excellent mechanical strength in the nacre originates from the
hierarchical micro- and nanostructures [1].

Structure of Nacre

Mollusc shells consist of 95-99% of calcite or aragonite as a major constituent
and 0.1-5% of organic materials in the form of polysaccharides and proteins
as shown in Figure 1 [2,3]. The hierarchical structure consists of organic and
inorganic, though being made of an intrinsically soft material; nacre is 3000
times higher than the monolithic aragonite platelets (CaCO3). This enhances
mechanical strength is due to the nano/microstructures of the platelets and also
due to the viscoelastic energy dissipation in the organic layers associated with
the controlled sliding. There have been many synthetic methods for mimicking
various kinds of natural structures either organic or inorganic at the
micro/nanoscale. Biomaterials have been made by different strategies, in

particular artificial nacre, where the organic matrix plays a major role [4].
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Nacre can be viewed in many dimensions such as 1D
nacre-inspired fibres, 2D nacre-inspired films, and 3D
nacre-inspired bulk composites [5]. Though these
materials are high in demand but still the applications
are limited and needs to be explored for future
prospects.

Design strategies

Nacre-like structures from nanoplatelets/sheets: Using
the nanoplatelets and polymers, a high-strength and
highly transparent nacre-like nanocomposites have been
prepared via layer-by-layer assembly technique, for
example, poly (vinyl alcohol) (PVA) and Na*-
Montmorillonite (Na MMT) clay nanosheets, which are
strong, flexible, but also highly transparent.

Purely inorganic artificial nacre has been prepared by
controlled evaporation technique. Pujala et al. have
prepared nacre-like structures from Na*-Montmorillonite
and Laponite with hierarchical structures of clay platelets
using this method [6,7]. They have also demonstrated
that the transparency and the structural ordering of the
films can be tuned by playing with the mixing ratios.
Artificial nacres films are formed by solution casting
methods and also by slow evaporation of soft gels. The
ordering of the platelets is not disturbed by the
presence of nano/microspheres and it displays numerous
interesting features such as mechanical strength and
flexibility of the nacre-like films [6,7].

There have been numerous approaches to produce
structurally ordered composites with structure and
mechanical properties similar to those of natural nacre
[8]. Macroscopic nacre-like composite materials can be
prepared from hot-press assisted slip casting, freeze
casting biomineralization or bottom-up approach [9],
extrusion and roll compaction, solution and gel-casting
methods. Clay nanosheets and graphene based artificial
nacre have been extensively studied due to its
availability and biocompatibility. Sarin et al. produced
chitosan/clay nanoplatelets materials via charge based
self-assembly mediated progressive, in situ charging of
chitosan. [10]. Das et al. used poly (vinyl alcohol) (PVA)
and clay nanoplatelets of multiple aspect ratios to
produce glass-like transparency, excellent gas barrier

properties, and excellent mechanical properties via
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concentration induced self-assembly. Smaller platelets
resulted in Materials with smaller platelets gave rise to
stiffer materials than the large aspect ratios [11].

Nacre-like structures from grapheme: Graphene has
attracted lot of interest recently as a biomaterial due to
its electrical conductance, biocompatibility, bioactivity,
and has potential for surface modification. Graphene is
an ideal candidate as it is tailorable nanomaterial, for
the ceramic phase in nacre mimetic materials. Wan et al.
fabricated conductive and strong nacre-like structures
using vacuum assisted filtration to align graphene oxide
(GO) [12]. High tensile strength and toughness of
graphene was achieved by nanofibrillar cellulose. The
impressive mechanical properties were due to the
breakage of hydrogen bonds [13]. Nacre-mimetic
materials with multifunctional properties and excellent
mechanical properties can be obtained by combining
ceramics and polymeric phases that exhibits with
enhanced electrical conductance, fluorescence and

optical transparency.

Aragonite-rich plate
- hundreds of nm

Organic matrix
~tensof nm

Figure 1: Schematic of nacre with brick-and-mortar like
structure, in which hard aragonite-rich plates are glued
together with soft organic matrix to form files.

Nacre-like bionanocomposites: Although the major
component of the nacre composed of more than 95 wt%
inorganic aragonite, the organic component (0.1-5%
(w/v)) is vital not only to the excellent mechanical
properties but particularly for the bioactivity and
biocompatibility of the nacre [14]. The organic material
forms the framework between the inorganic mineral
phases. It is composed of beta — chitin, silk-like proteins,
and acidic glycoproteins rich in aspartic acid. The use of
organic matrix has been the subject of extensive

research  [15]. This decides the bioactivity,
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biocompatibility, osteogenic activity and
biodegradability of nacre.

Applications of artificial nacre

Nacre-inspired composites represent alternatives for
replacing traditional engineering materials, such as
plastics, alloys and ceramics due to their exceptional
mechanical and thermal properties. Additionally, for
potential applications in the fields of electric cables,
fire-retardant materials, gas barriers, nanogenerators,
and supercapacitors, modification of high mechanical
performance materials has to be done to achieve nacre-
inspired materials (Figure 2) [16-20]. Graphene oxide-
carrageenan (GO-Car) nanocomposite films are
promising materials for the replacement of traditional
petroleum-based plastics and also as tissue engineering-
oriented support materials [21]. Nanocomposite film
based on 2D graphene (G), nanosheets and 1D carbon
nanotubes (CNTs) and nanofibrillated cellulose (NFC)
prepared from casting method showed superior water
resistance and great potential in practical applications

[22].
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Due to its biocompatibility, mechanical strength,
bioactivity and biodegradability of nacre-based
biomaterials, and also additional properties such as
fluorescence ability, nacre can be utilized as a
biomaterial in a variety of applications as shown in
Figure 2. Major applications of nacre-based
biomaterials include:

(a) Use of nacre material directly as a bone substitute or
in the bone defects [23].

(b) As a coatings for implants and drug delivery
vehicles. This is done to improve the biocompatibility of
implants by means of physical or biological methods.

(c) Injection of nacre matrix into bone defects.

(d) Nacre-like Nanomaterial, fluorescent material within
soft materials [24].

(e) Used as Osteogenic additives. Nacre nanocomposites
can be used in the field of nanotechnology and also as
novel nanocarriers. They can be used as implants in vivo

[25].
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Figure 2: Design and applications of nacre-based materials. Application of inorganic (without additives), polymer nanocomposites
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Conclusion

An efficient approach to attain high mechanical and
structured materials in artificial materials is achieved by
mimicking nacre’s hierarchical brick-and-mortar structure.
Artificial nacre materials were synthesized by different
strategies such as layer-by-layer (LBL), centrifugation,
hot-pressing and evaporation methods. In this review, we
summarized recent achievements in nacre-inspired bio-
and nanocomposites and other novel strategies for
further improvement in their mechanical, thermal and
electrical properties. Nacre-like materials with better
performance will be achieved with clear understanding
of the relationship between structure and properties.
Their applications will be broadened in the near future
in the fields or soft matter, nanomaterials, biomaterials.
They are the efficient replacement for the plastic, alloys,
ceramics, bones, coating for the implants and Injectable
materials. However, there is lot of scope for improving
their mechanical strength, bioactivity and
biocompatibility. Thus, these nacre-based new materials
are a subject of greater interest currently, and many
studies are being dedicated to explore the structure and
its future applications.
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