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Abstract
Here introduced a route for the synthesis of 3D structures that display a mechanical strength that
competes with that of the toughest materials found in nature. Following the “brick-and-mortar”
biomineralization typical of nacre, self-strati�ed, periodic materials are obtained by one-step ion diffusion
gradient and hydrogelation of nanochitin with simultaneous mineral coprecipitation. Speci�cally, under
appropriate electrolyte conditions, hydroxyapatite (HA) microspheres grow in an organic network formed
from partially deacetylated chitin nano�bers (NCh), resulting in periodic stacking of mineralized (HA) and
non-mineralized (NCh) layers. By directional diffusion, customizable 3D shapes are self-assembled and
demonstrated to function as optical waveguides with selective light transmission at interfaces. Upon hot
pressing, the resulting solid structures exhibit a superb mechanical performance while being
biocompatible (tested with chondrogenic ATDC5 cells as a model for physiological mineralization).
Overall, a shape-controlled, one-pot biomineralization method was proposed that achieves hierarchical,
periodic and strong “nacre-like” structures suitable as biomedical material.

Introduction
Biogenic materials usually exceed the mechanical performance achievable by man-made counterparts,
even if built from similar components. This justi�es the ongoing quest to approach biomimicry as a
design process to achieve such performance,1-6 which has considered biomineralization and other
mechanisms. In the animal kingdom, such processes lead to the formation of bones, enamel and cuticles,
among others.7,8

Nacre, a “gold model” for biomineralization, is a typical biomineral material that displays a highly ordered,
multilevel hierarchical structures.9 In nacre, brittle �akes of calcium carbonate (~95%) bind to a
biopolymer component (~5%) to form alternating organic and inorganic layers,3 e.g., a “brick-and-mortar”
(BM) structure that displays an extraordinary strength and fracture toughness.10 The excellent properties
of such structures depend on the inherent supramolecular assembly, typically spanning multiple size
scales. Natural nacre is a perfect example of the genetically-determined synergy between organic and
inorganic components.

Nacre formation is distinctively slow, since it takes years to complete; therefore, provided that a similar
performance is achieved, the possibility of faster processing is an inviting proposition. So far, the
synthesis of nacre-like BM structures have considered (a) layer-by-layer deposition,11-14 (b) self-
assembly,15-18 and (c) freeze-casting.19-22 In layer-by-layer deposition, solvent volatilization or �ltration is
�rstly used to produce sheet-like inorganic structures (nanoscale MTT, graphene oxide, HA, nanoclay),
which are then combined with an organic phase (PVA, chitosan, silk, alginate).23-30 The resulting
nanosheets resemble native nacre but suffer from the uncontrollable assembly of the organic phase.24,27

The �rst step in freeze-casting or templating involves the formation of an organic lamellar framework
that is then �lled with the inorganic component, representing a large number of possible permutations.31
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Recently, organic-inorganic composites have been proposed by co-precipitation.32,33 Unfortunately,
controlling the orientation and pattern design have remained as major challenges, which is in contrast to
the hierarchical and ordered structures that form naturally in nacre.

In an attempt to address the challenges of producing synthetic nacre, we introduce partially deacetylated
chitin nano�bers (NCh) as building blocks that develop cationic charges in aqueous suspension and are
pH-responsive, allowing controlled gelation. Taking advantage of such properties and inspired by nature,
we use NCh in organic templating and biomimetic mineralization (Supplementary Fig. 1).34 By mixing
mineral ions and hydrogelation through evolution of ammonia gas, self-strati�ed hierarchical and
periodic layers are formed from hydroxyapatite (HA) and the NCh hydrogel. Ultimately, HA-NCh
dehydration followed by hot pressing leads to nacre-like 3D materials that display a remarkably high
mechanical strength (Fig. 1a), comparable to that of natural nacre and surpassing those of relevant man-
made materials.

Results And Discussion
Formation of self-strati�ed, periodic layers of HA-NCh hydrogel (LH). Crab shell α-chitin is highly
crystalline, which potentially �brillar systems ideally suited for mineral deposition. NCh was stably
dispersed under acidic conditions and further assembled into networks by pH shifting.35 The pH
responsiveness of NCh and its gelation were synergistically combined with hydroxyapatite (HA) minerals,
making an ideal system for coprecipitation.36,37 In this work, we used gradient hydrogelation and
mineralization in one-pot, self-stratifying systems. Electrolytes comprising Ca2+ and PO4

3- ions (Ca/P
ratio of 1.67), were added to an aqueous nano�ber suspension, followed by ultrasonic homogenization,
increasing the viscoelasticity of the system by ionic crosslinking and endowing the gels with high levels
of conformability when cast in molds of given shapes (Fig. 1b, Supplementary Fig. 2). Furthermore,
ammonia-based gas phase gelation allowed the formation of a layered HA mineral structure in the
presence of the organic NCh phase (Supplementary Videos 1 and 2).

Following the above process, layered HA-NCh hydrogels (herein referred to as “LH”) were self-assembled
into multiscale, ordered and periodic structures (Fig. 1c-h). Their smallest characteristic dimension
corresponded to HA nanosheets (~1.5 nm thickness, Supplementary Fig. 3) stacked with NCh (diameter
of ~10 nm and hundreds of nanometers in length, Supplementary Fig. 1). The mineral content in the
network reached values as high as 60.6% (dry weight) (Supplementary Fig. 4), which is otherwise not
reachable in natural crab or shrimp shells. More speci�cally, HA microspheres were held in a NCh network,
which presented pores of only tens to hundreds of nanometers in size (Supplementary Fig. 5). At larger
scales, HA-NCh composites (mineralized layer rich in HA) and pure NCh layers (non-mineralized, with no
HA) stacked alternately, forming a periodic LH of macroscopically strati�ed structures. The distribution of
the elements on the surface (Fig. 1(i-l) and Supplementary Fig. 6) indicated calcium and phosphorus
present mainly in the HA microspheres, distributed in the mineralized layers. By contrast, the non-
mineralized layers were composed of carbon and oxygen species, depleted in phosphorus and calcium.
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The results further established that HA was distributed in the gel following a regularly strati�ed pattern.
Complementary analyzes (FTIR, XRD and XPS, Supplementary Fig. 7-9) con�rmed the presence of HA in
the mineral phase.38

Strati�cation mechanism. HA formation took place under the increased pH caused by ammonia diffusion
in the gas phase. Nucleation of HA, Ca2+ and PO4

3- occurred at a threshold pH, forming crystals in the
organic network. Simultaneously, deprotonation of NCh’s surface amino groups took place (the organic
phase), thereby reducing the electrostatic repulsion between the nano�bers and consolidating a
hydrogen-bonded network.39 Gelation and mineralization occurred consecutively, forming a strong LH.
Most remarkably, the mineral phase was arranged as a macroscopic, layered and highly ordered structure
interlaced with the organic phase. The spontaneous and autonomous features of the process, reported
here for the �rst time, departs from the multilayer structures that are typically formed in a stage-wise
manner.

As indicated in Fig. 2a, the mineralized, periodic and multilayered structures after an induction step. The
latter occurs at the onset of HA formation, as a homogeneous gel (Fig. 2a and Supplementary Fig. 10).
After a given time, strati�ed gel is formed spontaneously (Supplementary Fig. 11), as a result of ammonia
mass diffusion in the gel via Fick’s second law, as a function of a concentration gradient.40 Accordingly,
for a given initial concentration, the molecular diffusion rate decreases with time. On the other hand,
according to Henry’s law, the partial pressure of ammonia in the gas phase is constant (isothermal
conditions).41 Thus, ammonia concentration at the surface of the aqueous phase (hydrogel) is also
constant. Overall, in the early stage of mineralization, the transfer rate of ammonia is expected to be very
fast but gradually decreases with the progression of time. This process induces HA precipitation and NCh
crosslinking following a mechanism that leads to macroscopically-ordered layered structures, under “ion
diffusion and gradient gelation” (IDGG) (Fig. 2a, b).

In sum, we hypothesize that LH formation involves (1) the growth of an uniform HA-NCh hydrogel layer
when the transfer rate of ammonia, VAM, is greater than that of mineral ions, VMI (VAM > VMI). Following,
(2) self-strati�cation of the hydrogel occurs forming a periodic pattern when VAM < VMI. In this latter stage,
ammonia and mineral ions �rstly reach a nucleation concentration (NC), leading to the formation of HA
nuclei. Subsequently, neighboring ions diffuse to the site to support HA growth into a mineralized layer.
Simultaneously, ion depletion takes place underneath the mineralized layer. The nucleation and
mineralization are prevented if the ions concentration is much lower than NC. In sum, lamellar or layered
mineralization occurs by simultaneous mineralization and ion diffusion, following a top-down evolution,
from the air/water interface and progressively growing until reaching the deepest regions of the system.
The proposed LH formation process is depicted in Fig. 2c.

Diffusion of alkali ammonia vapor produces a pH gradient in the out-of-plane direction (top-down), while
a uniform pH is maintained at the given layer (latitudinal level). When the pH rises to a value
corresponding to HA nucleation (Fig. 2b), Ca2+ and PO4

3- form HA crystal nuclei, thereby continuously
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followed with HA mineralization, forming a mineralized layer. Simultaneously, during HA mineralization a
pH shift occurs: OH- ions are consumed, leading to a local pH reduction. Along this process and
underneath the mineralized layer, a neighboring organic layer is formed by non-mineralized ions that are
continuously consumed, forming a gradient of reduced ion concentrations. The ions are constantly
transferred to the mineralized layer through ionic diffusion and form an ion-defect layer, depleted in Ca2+

and PO4
3-. This is a reason why HA microspheres form at the bottom of the mineralized layer, with sizes

that are much larger than those formed at the upper levels (Fig. 1f-h). Accordingly, a non-mineralized layer
is formed. In the ionic diffusion area, the concentrations of Ca2+ and PO4

3- increase gradually, in the

downward direction, until reaching another high Ca2+ and PO4
3- concentration (Fig. 2b). With the

progression of time, ammonia continues to diffuse downwardly until reaching an ion concentration that
leads to new nucleation, at a certain distance below the last mineralization layer. Thus, repeated cycles
take place, involving nucleation and mineralization, formation of mineralized and defect layers,
eventually forming macro-layered periodic structures.

LH structuring control. As noted before, LH is formed by IDGG, uniformly and following a self-assembly
process. Here we show that the structure can be �nely controlled, for example, by adjusting the ammonia
concentration through the volume of liquid ammonia (Supplementary Fig. 12). For instance, the
mineralization rate is very slow at low ammonia concentrations, but strati�cation occurs at the early
stages. To highlight the role of ammonia diffusion in the strati�cation process, we conducted additional
experiments where ammonia was replaced with NaOH. The latter specie was expected to produce a pH
shift and enable nucleation and mineralization of HA in the NCh network. However, this was not the case
since NaOH failed to trigger the formation of strati�ed structures.

Ammonia is a weak alkali and, contrary to aqueous NaOH, it is volatile42 and gradually volatilizes and
enters in contact with the aqueous NCh and Ca/P mixture; thus, the permeation and diffusion of
ammonia continuously proceeds in the downward direction, which leads to a pH or ion concentration
gradient. By contrast, NaOH directly dissociates into OH- ions that once in contact distribute in the NCh
and Ca/P system, preventing a gradual relaxation and permeation. Therefore, along with the pH-induced
mineralization and gelation, a gradient diffusion is necessary for self-strati�cation. Moreover, IDGG
allows the formation of mineralized HA-NCh hydrogel in a tailorable fashion, allowing the control of the
strati�cation (Fig. 3), as well the shape, pattern, layer thickness and structure. Given that ammonia
diffusion occurs in the downward direction, when using a cylindrical vessel, the ammonia gas contacts
the upper surface, and diffuses evenly top-down. This leads to HA-mineralized layers that stack parallel to
the upper surface. By controlling the direction of ammonia diffusion, more complex patterns can be
designed, depending on the shape of the mold and ammonia transport.

HA layers in the LH can form in triangular or circular “onion” patterns (Fig. 3b). Other designs are possible
with a layer thickness and structure that is controlled with the concentration of Ca2+ ions and the
temperature (or by using regulating species, such as ethanol, Fig. 3a). Indeed, higher precursor
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concentrations and mineralization temperatures, and the addition of ethanol, resulted in a denser layered
HA structure.

The above observations cannot be directly rationalized in terms of the rate of ion transfer; the HA
mineralization process should be considered. In fact, we found that the layer thickness was linearly
related to the pH of HA nucleation (Supplementary Fig. 13) in which a denser lamellar structure was
formed at lower nucleation pH. All in all, the LH prepared under the proposed mechanism developed a
grating-like, periodic structure, with a layer thickness that can be tailored, from tens of microns to few
millimeters.

The structure of the gel included an opaque HA inorganic mineral interlaced with a transparent, organic
NCh network. Such periodic structures showed interesting selective optical re�ection: light transmission
followed the path parallel to the mineralized layer, acting as a waveguide, with the light being blocked in
the direction perpendicular to the mineralized layer (Fig. 3c, Supplementary Video 3). It is important to
note that HA was distributed in the gel network as a periodic lamellar structure, while the NCh network
was evenly distributed throughout the gel.

Synthesis of “nacre-like” HA-NCh layered plates (LP). So far, the obtained hybrid composite structures are
similar to those found in nacre or crab shells, which involve biological minerals, proteins and pigments
(but with much less water). Importantly, a much shorter time was needed in our process. Compared to
any other reported approach, the one-pot, rapid and customizable synthesis are important attributes of
our proposed protocol. Here, the hybrid stacking of LH were further advanced into nacre-like layered HA-
NCh solid plates (herein termed as “LP”).

Freeze-dried dehydration followed by hot pressing was applied to obtain nacre-like LP (Fig. 4a, d) with a
remarkable mechanical strength. We noticed a “brick-and-mortar” (BM) structure following closely the
hierarchical assembly of natural abalone. It was observed that on the top surface of the “nacre-like” LP,
HA beads were evenly distributed and separated by organic matter, similar to the Taylor polygonal
structure of aragonite in abalone (Fig. 4b, e).3 The BM structure was formed by alternating stacking of
organic and inorganic components. Moreover, a step-like staggered structure was found on the oblique
fracture surfaces of the LP, similar to that of natural abalone shells (Fig. 4c, f). The mineral layers formed
by HA were approximately 10 μm, and the organic chitin layers were approximately 200 nm (Fig. 4j-n).

Following the removal of inorganic HA layers by acid treatment, the remaining NCh organic layers were
compacted (Supplementary Fig. 14). The assembled structures and organic binders led to energy
dissipation, which is the structural basis for the development of the macroscopic properties of the
synthesized LP. Indeed, upon fracture, a signi�cant crack de�ection was observed, forming a zig-zag
crack pattern and interlaminar delamination, Fig. 4 g-i. The multilayer nacreous structure led to crack
de�ection, crack branching and splitting, which are key mechanisms that explain the strength and
toughness of our synthesized LP, similar to that of natural pearl.
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The LP and its alternating organic and inorganic components, each with respective mechanical strength,
contributed to a segmented crack surface, which was tested by surface nanoindentation. As expected, the
mineralized HA layer had a higher modulus, given its inorganic nature. By contrast, the modulus of the
organic layer was lower. The cracked surface of the whole sample showed alternating “high-low”
mechanical strength (Fig. 5a).

Three-point stress-strain curves of specimens containing different amounts of HA, namely, LP-0.25, LP-
0.5 and LP-1 (corresponding to original Ca addition of 0.25%, 0.5% and 1% wt/v, respectively), are
displayed in Fig. 5b. HA is a hard and brittle material that plays an important role in the strength of the
sample but has a negative effect on toughness.

The mechanical properties of pearls have been extensively reported.30,43 Herein, we compared our results
with those of four natural nacres, abalone, oyster, mussel and pectinidae (Fig. 5c, Supplementary Fig. 15).
The mechanical properties of our LP are similar to those of natural pearly materials (Supplementary
Table 1). We noted that while LP is homogeneous at the macro- or sub-microscopic levels, few
unavoidable defects were present in the microscale. Owing to such defects, the speci�c fracture stress
and speci�c elastic modulus were slightly smaller than those of natural pearls, cortical bone or a few
arti�cial materials (Fig. 5d).12,31,38,44-49 Nevertheless, the prepared LP displayed a mechanical strength
that surpassed that of cancellous bone. It also showed a better elastic modulus than that synthetic
MTT/CNF composites. Notably, and as discussed, the composites synthesized in this study displayed
multilevel and controllable hierarchical structures. Finally, considering the application of LP as a
biomaterial, we studied its biocompatibility with ATDC-5 cells (chondrogenic ATDC5 cells used as a
model for physiological matrix mineralization). The results (Supplementary Fig. 16) showed that cells
adhered and proliferated on LP, indicating its excellent prospects as substitute for arti�cial bone and
related biomaterials.

Conclusions
We introduced organic-inorganic composite hydrogels synthesized by ion diffusion and gradient gelation.
The process involves rapid and spontaneous strati�cation into layers, under no external control. The
composites showed HA distributed in regularly interspaced layers, forming periodic patterns that could be
selected by design. The mineralized, multiscale hydrogels, comprising alternating organic-inorganic
structures, showed selective light transmission and direction-dependent properties. They were further
processed into plates showing BM structures, similar to those that occur in nature, e.g., nacre or
crab/shrimp shells. Upon mechanical loading, the fractured areas observed in the cross section of the
plates indicated alternating strong-weak zones, as expected from layering. This is likely a key factor
explaining the high strength and toughness of the material. The combination of simple preparation,
customizable formation, strength and biocompatibility make the HA-NCh system a biomaterial suitable
for scaffolding or as bone substitute. Our biomaterial-inspired designs open the possibilities for easy
manufacturing of strong, multiscale materials that are otherwise not accessible using currently available
fabrication protocols.
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Materials And Methods
Preparation of partially deacetylated nanochitin (NCh). Puri�cation of chitin: The chitin used in our
experiments was puri�ed from the shells of crabs (Eriocheir sinensis). Brie�y, the shells were �rst
immersed in 1 M HCl for 12 h to remove minerals, and then immersed in 1 M NaOH for 12 h to remove
protein. This process was repeated three times to make sure the protein and mineral were removed
completely. The pigment was bleached by treatment with 0.5% wt/v NaClO2 at pH 5, 70 °C for 2 h. The

puri�ed chitin was obtained after washing with distilled water.34

Preparation of NCh: The NCh was prepared by partially deacetylation and mechanical treatment. Brie�y, 4
g of puri�ed chitin was dispersed in 200 ml aqueous NaOH (35% wt/wt) under continuous stirring in
water bath at 90°C for 4 h. After washing with distilled water, partially deacetylated chitin with degree of
deacetylation (DDA) of ~26% was obtained. For preparation of chitin nano�bers, 1 g of partially
deacetylated chitin was dispersed in 100 ml aqueous acetic solution (1% wt/v), followed by high pressure
homogenization at 500 bar, 5 passes. A NCh dispersion of 1% wt/v concentration was obtained.

Fabrication of HA-NCh hydrogels (LH) with layered mineralized structure. Preparation of ion precursor
buffer: Solution A, 5 g of CaCl2 was dissolved in 15 ml 1 M HCl. Solution B, 5.7 g of NaH2PO4·12H2O was
dissolved in distilled water. Then solution A was mixed with solution B slowly under constant stirring. The
molar ratio of Ca and P was 1.67, which is the same to that of HA. The co-precipitation reaction is as
follow:

10 Ca2+ + 6 PO4
3- + 2 OH- → Ca10(PO4)6(OH)2

Preparation of LH: NCh was mixed with certain ion precursor buffer and 1% wt/v aqueous acetic solution
was used for dilution to the �nal concentration under constant stirring followed with tip sonication to
completely and homogeneously re-disperse the mixture. Before tip sonication treatment, the dispersion
was degassed via water bath ultrasonication and vacuum. Then the dispersion was placed in a
cylindrical container and stored in a sealed environment with overdose of 25% wt/v aqueous ammonia
for a period of time that depended on the volume (height) of the dispersion. As a result, a layered
mineralized LH was obtained. For the LH with different shapes, the dispersion mixture was placed in a
dialysis bag, and the bag was hung in an airtight container, as described before. For the preparation of
sample for FT-IR, SEM and XPS analyses, the hydrogels were dehydrated (freeze drying) before testing.
Before freeze drying, the hydrogels were washed by deionized water to remove free ions and water in the
hydrogel was exchanged with tertiary butanol. The analysis methods can be seen in supplementary
information.

Fabrication of nacre like HA-NCh plate (LP). To fabricate the bulk LP, the hydrogel was prepared in a
polycarbonate mold. After the hydrogel was formed, the uniform part (with no layered mineralization
structure) and the irregular part at the bottom of the gel were removed carefully. Then, the LH was taken
out and immersed in deionized water to remove free ions. After thoroughly washed, the hydrogel was
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freeze dried to remove water. Eventually the dehydrated LH was transferred into the metal mold and hot
pressed at 5 MPa for 30 min and cooled down to room temperature. Then the nacre like LP was taken out
and used for further tests.
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Figure 1
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LH synthesis and microstructure comprising layered HA-NCh hydrogels. (a) Schematic illustration of the
development of LH structured as nacre-like sheets. (b) Schematic diagram of the device used for LH
synthesis. (c) Photograph and (d) SEM image of LH showing a self-strati�ed layer structure. (e-h)
Detailed structure of each LH layer, as shown in (d). (l) SEM of HA microspheres embedded in the NCh
network and (i-k) EDS maps of (l).

Figure 2
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Proposed mechanism leading to the formation of periodic layers of HA-NCh hydrogel (LH). (a) A uniform
HA-NCh hydrogel is formed top-down when VMI < VAM (see sequence in the top row). Once VMI becomes
greater than VAM, HA-NCh hydrogel self-assembles into self-strati�ed structures via ion diffusion (see
sequence in the bottom row). The pro�les in (b) are drawn to illustrate the suggested time evolution for
self-strati�cation of HA layers in LH (see also Figure 3). Ammonia (AM) diffuses from top to bottom (b1).
Nucleation occurs when CAM and CMI reach the nucleation concentration, NC (b2). Thereafter, mineral
ions diffuse upward, to the nucleation site (forming HA), depleting ions and preventing nucleation (b3).
With time, the concentration of mineral ions underneath the HA layer decreases, leading to VMI < VAM,
which favors ammonia diffusion across the mineralized layer (b4), reaching another NC (b5) followed by
the next HA layer (b6). (c) Sequence of photographs taken at given times, illustrating the LH formation
process. Notation: VMI and VAM are the transfer rates of mineral and ammonia, respectively; CAM and
CMI are the concentrations of ammonia and mineral ions, respectively. NC is the nucleation
concentration.
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Figure 3

Structural regulation of LH: (a) Layer spacing control of LH by the selection of conditions (temperature,
ion concentration and ethanol concentration). (b) Pattern control of LH depending on the direction of
ammonia diffusion. (c) Light selective transmittance through one of the LH structures.

Figure 4

Structure of a solid plate (LP) prepared from layered HA-NCh: (a) Photograph of LP obtained upon hot
pressing of a LH. (b) Voronoi pattern of the HA layer of LP observed by SEM. (c) SEM oblique fracture
surface of LP. (d) Photograph of Abalone and its (e) Voronoi pattern (SEM) as well as (f) oblique fracture
surface. (g) Pro�le of the fractured LP and (h, i) corresponding crack de�ection and splitting between
layers (magni�ed image of area in (g)). (j) Vertical fracture surface of LP (k-n). Surface element
distribution (Ca, P, C, and O).
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Figure 5

Mechanical properties of LP. (a) Surface modulus of the vertical fracture surface tested by nano-
indentation. (b) Stress-strain pro�le of LP produced from HA at different Ca2+ concentrations, as
indicated. (c) Stress-strain curve of natural pearls and LP (Ca2+ concentration of 0.5%). (d) Speci�c
fracture stress versus speci�c fracture modulus of LP, natural nacre and several arti�cial organic-mineral
(hybrid) materials reported in the literature (see references) compared with the mechanical performance
of our synthetic LP, shown in red color (see also Supplementary Fig. 15).
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