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Science behind nacre: matrix-directed mineralization
at ambient condition
Qunfeng Cheng1 and Lei Jiang1,2*

Mother Nature has demonstrated the importance of struc-
tural designs at multiscale: biological structural materials
frequently adopt complex hierarchical structures to opti-
mize their mechanical performance that is far beyond their
abiotic counterparts [1]. One of the most studied biologi-
cal materials is the nacreous part in some mollusk shells,
i.e., nacre, due to its amazing ‘brick-and-mortar’ structure.
Although nacre is composed of about 95 v.% of aragonite
and 5 v.% of organic matrix [2], its toughness is three
thousand times higher than that of pure aragonite through
both intrinsic and extrinsic toughening mechanisms while
maintaining a high strength [3]. Plenty of observations
have uncovered the basic processes of nacre growth as the
following: the formation of several layers of organic matrix
mainly composed of insoluble β-chitin, the attachment
growth of aragonite platelets in the presence of proteins
and inorganic ions through channels in the organic layers
(involving the aggregation and crystallization of precursor,
the occlusion of organic moieties, etc.), and the lateral
growth of nascent platelets to form a Voronoi pattern [2].

Bio-inspired structural materials have witnessed signifi-
cant progress. Inspired by the structure of nacre, composite
films have been fabricated via various techniques such as
layer-by-layer assembly or spin-coating method [4–6]. At
the same time, an effective way to make three dimensional
ceramic composites has also been reported based on freeze
casting technique [7–10]. Briefly, the ceramic particles in
the slurry are separated by growing ice crystals induced by
directional cooling to form alternating ceramic/ice layers.
After the removal of ice via vacuum drying, the remaining
ceramic laminates are sintered at a high temperature (>
1000°C) to ensure the coalescence of the ceramic particles.

Alternatively, by taking advantage of magnetic field-as-
sisted alignment, heterogeneous composites that mainly
consist of Fe3O4-magnetized alumina platelets have been
fabricated [11]. Besides the high flexural strength and
fracture toughness, these textured ceramic composites
produced by different techniques undergo large strains
before failure, which is rarely seen for traditional ceramics.

Despite of the attractive properties of these artificial
nacre-like materials, there are some drawbacks that im-
pede their applications. For instance, previous techniques
are slurry-based and a sintering step is inevitable, and thus
they are not available for numerous materials. Moreover,
previously reported nacre-like composites did not possess
completely replicated natural nacre’s fine features such
as platelet waviness and dovetail structure, which were
also the significant designs of natural nacre to enhance its
mechanical performance.

Recently, a biomimetic materials research group led by
Prof. Shu-Hong Yu from the University of Science and
Technology of China (USTC) developed a novel mesoscale
“assembly-and-mineralization” approach for the fabrica-
tion of synthetic nacre by precisely mimicking the process
of mineralization of nacre [12] (Fig. 1a). Based on freeze
casting, the researchers firstly demonstrated the scaffold
with a predesigned laminated chitin matrix, which pro-
vided space for the mineralization of CaCO3 under mild
conditions in a circular system, mimicking the real biomin-
eralization process in mollusks. The mineralized matrix is
infiltrated with silk fibroin and then hot-pressed, resulting
in an exact artificial nacre until now. This synthetic nacre
bears a striking resemblance to natural nacre with respect
to the components (~90 wt.% of CaCO3 and ~10 wt.%
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of chitin and silk fibroin), and contains the hierarchical
structures and the fine features (waviness, roughness and
dovetail) (Fig. 1b). On account of the ‘brick-and-mor-
tar’ structure of the synthetic nacre, its flexural strength
and fracture toughness are comparable to that of natural
nacre. Specifically, the synthetic nacre also exhibits good

crack-resistance property (Fig. 1c).
In fact, the nacre is a typical binary cooperative com-

plementary material system [13], showing hard inorganic
component of calcium carbonate and soft organic compo-
nent of protein matrix assembled via a “brick-and-mortar”
hierarchical micro/nano-scale structure  (Fig. 2).  In 2006,

Figure 1   Synthetic nacre versus natural nacre. (a) Mineralization of the predesigned matrix. (b) Structural similarity of natural nacre and the synthetic
nacre. (c) Rising crack resistance curve (R-curve) of the synthetic nacre, demonstrating the extrinsic toughening mechanism. Reprinted with permission
from Ref. [12], Copyright 2016, American Association for the Advancement of Science.

Figure 2   Freeze casting for mimicking natural nacre. (a) Digital image
of natural nacre. (b and c) Brick-mortar hierarchical micro/nano-scale
structure with inorganic component of calcium carbonate glued with
organic protein matrix. The nacre is the typical binary cooperative
complementary material system. Reprinted with permission from Ref.
[7], Copyright 2006, American Association for the Advancement of
Science. (d) The freeze casting for mimicking nacre is developed by
Tomsia et al. Reprinted with permission from Ref. [3], Copyright 2014,
Nature Publishing Group. (e and f) The freeze casting technique of
ice-induced inorganic scaffold is utilized to fabricate high performance
bulk ceramic composites with high temperature operation. Reprinted
with permission from Ref. [8], Copyright 2008, American Association
for the Advancement of Science. (g and h) The freeze casting
technique of ice-induced organic scaffold is demonstrated for
precisely mimicking mineralization of nacre at ambient condition.
Reprinted with permission from Ref. [12], Copyright 2016, American
Association for the Advancement of Science.
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Tomsia’s group developed a novel freeze casting technique
with ice-induced template for mimicking nacre to obtain
high performance ceramic composites [7]. However, it
needs high temperature to sinter inorganic precursor for
preparing the layered scaffold (Figs 2e and f) [8], which
limits its application for constructing heat-labile mate-
rials at ambient condition. Contrary to the ice-induced
inorganic scaffold [7–10], Yu’s group creatively developed
ice-induced organic scaffold to precisely mimic the min-
eralization of nacre [12]. The synthetic nacre shows the
highest similar structure and components like natural
nacre until now (Figs 2g and h) [12], and excellent me-
chanical properties comparable to natural nacre.

This work has been highlighted by Nature as entitled
of “Bulk production of mother-of-pearl” [14], but more
important breakthrough is mineralization under ambient
conditions for mimicking nacre. As a significant break-
through in the fabrication of bio-inspired materials, com-
mented by the anonymous reviewers (“this is a solid and
pioneering work”, “this manuscript will contribute to the
design principles for preparing robust composite materials
with hierarchically ordered structures using various con-
stituents including brittle and heat-labile building blocks,
which is instructive for future work”), this innovative strat-
egy is applicable to a wide range of components including
ceramics and metal-organic frameworks (MOFs). In ad-
dition, by applying different predesigned matrix and min-
eralization/precipitation conditions, the nano- to micro-
scopic structures can be controlled. This feasible strategy
represents a rational strategy for the preparation of robust
composite materials with hierarchically ordered structures,
where various constituents are adaptable, including brit-
tle and heat-labile materials, showing broad potential ap-

plications in many fields such as tissue engineering and
aerospace industry.
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