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Artificial nacre with multiple functions and improved mechanical performance can be produced through a co-mineralization strategy.

Public summary

m Inspired by the in vivo growth of biological ceramics, a matrix-directed co-mineralization strategy is proposed to fabric-
ate artificial nacre samples incorporated with different functional nanoparticles.

m The artificial nacre samples have similar functions as original nanoparticles, demonstrating their successful functionaliz-
ation through the proposed strategy.

m By properly controlling the size and surface charge of the incorporated nanoparticles, the mechanical performance of the
nanoparticle-incorporated artificial nacre samples can be significantly improved compared with that without nano-
particles.
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Abstract: Natural nacre, one of the most studied biological structural materials with delicate hierarchical structures and
extraordinary performance, has inspired the design and fabrication of artificial structural ceramics with high fracture
toughness. However, to meet the diverse requirements of different applications, future structural materials must be multi-
functional with superior mechanical properties, such as strength, hardness, and toughness. Herein, based on the matrix-dir-
ected mineralization method for producing biomimetic structural materials, we introduce nanoparticles with different in-
herent functions into the platelets of artificial nacre via the co-mineralization of aragonite and the nanoparticles. Besides
their enhanced mechanical properties, the obtained artificial nacre materials also exhibit different functions depending on
the type of the nanoparticles. To extend the versatility of this strategy, the effects of nanoparticles of different sizes and
zeta potentials on mineralization are also analyzed. This universal strategy can be applied to the fabrication of other types
of functionalized biomimetic structural ceramics that have potential applications in various fields, such as biomedical
science.

Keywords: artificial nacre; functionalize; nanoparticle; matrix-directed mineralization
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1 Introduction laminated structure, have been transcribed into artificial
ceramics. However, their mechanical performance has yet to
Skeletal materials in biological systems, such as bones'"”, meet expectations, and multifunctional properties are absent
teeth™* and mollusk shells™, provide mechanical support for in these materials!*. These disadvantages are attributed to the
living organisms to complete complex life functions. The re- following reasons. First, the structural features of artificial
markable performance of skeletal materials has been the fo- ceramics at a smaller scale have not been properly controlled,
cus of attention for several decades""?. Many of these mater- such as the occlusion of impurities inside the platelets.
ials are essentially biological ceramics consisting of tiny min- Second, it is difficult to homogeneously introduce guest nano-
erals (e.g., calcium carbonate and hydroxyapatite) and ductile particles with various functions into the host ceramics without
biopolymers connecting these tiny minerals. These tiny min- disturbing the structure of the entire material™!. In contrast,
erals and biopolymers are organized into complex hierarchic- despite their low weight content, organic molecules and small
al structures that enable the staggering mechanical perform- ions as impurities in many biological ceramics are crucial to
ance of skeletal materials as well as other functions!""”. For the performance of these materials™*’. Taking the above
example, nacre —the inner shell layer of some mollusks — factors into consideration, we propose a facile fabrication
consists of aragonite platelets and organic chitin interlayers, strategy, i.e., biomimetic matrix-directed co-mineralization, to
exhibiting a remarkably enhanced fracture toughness (40 produce artificial nacre with both enhanced mechanical per-
times higher than that of pure aragonite)”. While it has been formance and multiple integrated functions.

recognized that the upper limit of the mechanical perform- .
ance of artificial ceramics can be extended by biomimetic 2 Materials and methods
structuralization, the fabrication of such hierarchically struc-

tured ceramics remains quite challenging!* '\, Artificial struc- 2.1 Materials

tural ceramics with integrated multifunctions are highly de- All raw materials and reagents were commercially available

sired as they can serve different purposes. By means of some and used without further purification. Different sizes (10 nm,

fabrication = methods such as  freezing-casting!" ™", 25 nm, 80 nm, 150 nm, and 350 nm) of Fe;O, nanoparticles

laminating™*", magnetically assisted slip-casting® and 3D (NPs) and polyacrylic acid (PAA, average M,, = 1800 g/mol)

printing™!, some of the structural features of nacre, e.g., the were purchased from Sigma-Aldrich Co. Chitosan (average
1-1 DOI: 10.52396/JUSTC-2022-0022
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M, = 4800 g/mol), methanol, acetic anhydride, glacial acetic
acid, Na,COs, LiBr, CaCO;, MgCl,, CdCl,, and NaBH, were
purchased from Sinopharm Chemical Reagent. 3-Aminopro-
pyltriethoxysilane was purchased from J&K Scientific. Mer-
captopropionic acid and K,TeO; were purchased from Alad-
din Biochemical Technology Co., Ltd.

2.2 Synthesis

2.2.1 Laminated chitin matrix preparation

Chitosan (1 g) was dissolved in glacial acetic acid (GAA)
solution (1 mL of GAA and 48 mL of deionized water
(DIW)) followed by vigorous stirring. The obtained solution
was treated according to the bidirectional freezing protocol in
a polydimethylsiloxane mold. The frozen samples were sub-
sequently dried in a Scientz-18N freeze-dryer (Ningbo Sci-
entz Biotechnology Co., Ltd.) for 78 h. The obtained chitosan
matrices were transformed into chitin matrices” in a mixed
solution of methanol and acetic anhydride at 45 °C for 4.5 h.
Then, the chitin matrices were washed several times with eth-
anol and water.

2.2.2  Silk fibroin (SF) sol preparation

SF sol was derived from Bombyx mori cocoons (Anhui
Province, China) according to the protocol reported by Ka-
plan et al.b”. Briefly, silkworm cocoons were treated with
0.02 mol/L of heated Na,COj; solution to remove the gum.
Then, the degummed fibers were dried and dissolved in 9.3
mol/L of LiBr solution (60 °C). The obtained transparent sol
(SF sol) was dialyzed for 24 h to remove the residual ions.

2.2.3 Surface modification of Fe;0, NPs

Commercially available negatively charged Fe;O, NPs were
treated to obtain positively charged Fe;O, NPs. In a typical
experiment, 1.0 g of Fe;O0, NPs were dispersed in 1000 mL of
ethanol. Then, 2.21 g of 3-aminopropyltriethoxysilane was
added to the mixture. The mixture was subjected to vigorous
stirring overnight at 60 °C. The obtained positively charged
Fe;O4 NPs were then separated and washed thoroughly with
ethanol and DIW.

2.2.4 (CdTe quantum dot synthesis

CdCl, (0.0533 g) was added to a three-necked flask with 50
mL of DIW followed by vigorous stirring. Then, 17.4 pL of
mercaptopropionic acid was added to the solution at pH 10.5.
Next, 0.01012 g of K,TeO; powder was first dissolved in 50

chitin scaffold

Fig. 1. Fabrication scheme of the artificial nacre.

mL of DIW by sonication for 5 min, and added to the solu-
tion at 100 °C followed by nitrogen gas bubbling. Finally,
0.0759 g of NaBH, was added. A series of CdTe quantum
dots (QDs) with various fluorescent colors were obtained by
heating the solution at 100 °C for 30 min, 2 h, and 5 h, re-
spectively.

2.2.5 Mineralizing solution preparation

Excess calcium carbonate was mixed with DIW (2 L) at
25 °C followed by carbon dioxide gas bubbling. After 2 h, the
solution was filtered to obtain a saturated calcium bicarbon-
ate solution. PAA (0.6 mmol/L), MgCl, (24 mmol/L), and
different concentrations of NPs, including magnetite NPs and
CdTe QDs, were added to the calcium bicarbonate solution.
The solutions with different NPs were used as the mineraliz-
ing solutions.

2.2.6 Fabrication of bulk artificial nacre

The predesigned chitin matrix was carefully placed in a silica
rubber mold (12 mm x 12 mm x 15 mm). Then, 450 mL of
mineralizing solution was pumped into the mold and flowed
through the matrix repeatedly at 40 °C. The mineralizing
solution was replaced twice (days 4 and 7); the entire mineral-
ization process lasted for 12 days. Afterwards, the mineral-
ized matrix was immersed in DIW for one day to remove re-
sidual salts and then dried in a Leica EM CPD300 supercritic-
al drying system. The dried matrix was immersed in 0.4 wt%
SF sol and then hot-pressed at 200 MPa in a steel mold

(Fig. 1).
2.2.7 Characterization

Scanning electron microscopy (SEM) images were obtained
with a Carl Zeiss Supra 40 field-emission scanning electron
microscope at an acceleration of 3 kV. X-ray diffraction
(XRD) patterns were obtained using a PANalytical X’pert
PRO MRD X-ray diffractometer with CuKal radiation (1 =
1.54056 A). Vickers hardness measurements were obtained
using a microhardness tester (HX-1000, Suzhou AOKA Op-
tical Instruments Co., Ltd.) with a maximum applied load of
0.3 kg for 10 s. Thermogravimetric analysis (TGA) data were
acquired with a TA Instruments SDT Q600 thermogravimet-
ric analyzer. Zeta potential data were obtained by a Zetasizer
Nano S instrument (Malvern) at a pH of 6. The magnetic
properties were acquired using a superconducting quantum
interference device (SQUID, MPMS XL5). Photolumines-
cence (PL) spectra were collected using a Fluorolog-3-Tou
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spectrometer (Jobin Yvon Inc.) at room temperature.
3 Results and discussion

3.1 Microstructures of the artificial nacre

Multifunctional nacre-mimetic ceramics are obtained through
the co-mineralization method, where CdTe QDs and Fe;0,
NPs are incorporated into CaCO; mineral platelets (denoted
as QDN and FeN, respectively) (Fig. 2). Aragonite is the only
polymorph of CaCO; identified in both the QDN and FeN
(Fig. 3a), which is precipitated under the control of Mg* and
PAA™*. The QDN exhibits steady-state PL upon excitation
with 365 nm UV light (Fig. 3b). The PL wavelength of the
QDN is slightly larger than that of the original QDs, which
may be due to the slight shape distortion of the QDs in the ar-
agonite platelets in the nacre”*”. The obtained FeN also ex-
hibits ferromagnetism (Figs. 2c¢ and 3c) owing to the incor-
poration of Fe;O,. These results indicate the inherent physic-

polymer layer

polymer layer

al properties of the incorporated NPs (i.e., QDs and Fe;0,)
are preserved even when they are co-mineralized with aragon-
ite and embedded in the platelets. Both the QDN and FeN
show a typical layered structure: the mineral layers are 1-4
um with the thin polymer layers alternately distribute between
the mineral layers. This structure is similar to that of the aba-
lone nacre (Fig. 2d—f). Each mineral layer of the artificial
nacre consists of microscale platelets that form distinct Voro-
noi patterns (Fig. 2g—i). The platelets (~ 40-300 um) consist
of aragonite nanograins and NPs. The sizes of the aragonite
nanograins in both the QDN and FeN are approximately
10-100 nm (Fig. 2j—1). The nanograins in each platelet tend to
orient randomly such that the entire platelet is polycrystalline.
We suppose that the reorientation of the precipitated CaCO;
nanograins, which can lead to the formation of a single crys-
tal, is retarded by the high temperature and interaction
between the host crystals and guest NPs"*’. By using the pro-
posed matrix-directed co-mineralization strategy, different

; ~=.polymer labers
mineral layer mineral layer 3 7
polymer layer
minerallayer - 4
f olymer layer:.. .+
mineral layer PO Yl

polymer layef:

200.0m

Fig. 2. Microstructure comparison between natural nacre and artificial nacre. (a) Abalone nacre. (b, ¢) Artificial nacre: (b) QDN and (c) FeN. The inset in
(b) shows the PL of the original QDs. (d—f) Fracture surface of the (d) abalone nacre, (e) QDN, and (f) FeN. (g—i) Aragonitic layer of the (g) abalone
nacre, (h) the QDN, and (i) FeN. (j-1) Enlarged micrographs of the aragonite platelets of the (j) abalone nacre, (k) QDN, and (1) FeN.
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Fig. 3. Characteristics of the artificial nacre. (a) XRD patterns for the QDN and FeN. (b) Photoluminescence spectra of the QDN. (c) Magnetic hysteresis

loops of the FeN.

functions are successfully introduced into the artificial materi-
als while retaining their nacre-like structures.

3.2 The influence of the NPs properties on the artificial
nacre

Because the properties of the NPs can strongly influence the
precipitation of CaCO;, we further studied the effects of the
Fe;04 NPs of various sizes and surface charges on the com-
position and structure of the artificial nacre (Fig. 4). Because
the laminated structures of the matrices are the same despite
the presence of different NPs, different artificial nacre
samples obtained by the addition of different NPs all exhibit
similar nacre-like laminated structure (Fig. 5). Analyses of the
cross-sections of these artificial nacre samples reveal that
negatively charged NPs are more easily embedded into the
mineral hosts (Fig. 4). The chitin layers are mineralized into
aragonite layers (Fig. Sa—f). In contrast, positively charged
NPs can lead to a decrease in the aragonite content (Fig. 4).
Some of the chitin membranes (yellow arrows in Fig. 5b, d,
and f) remain unmineralized in the artificial nacre in the pres-
ence of positively charged NPs. While FeN,— (i.e., the artifi-
cial nacre incorporated with ~ 10 nm negatively charged NPs)
contains 92.8 wt% inorganic materials, FeN;s,— and FeN;s,—
has much lower inorganic content (Fig. 4). These results re-
veal that aragonite precipitation onto the matrix is retarded by
the increase in NP size (Fig. 4), which is also evidenced by

100 20
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X o o Positively charged NPs
E °su\ —~~
~ o — 115 R
E e
3 \ 5
S ° 410 E
(@] o o
(&] (&]
c n
® 1s o
D 60 pd
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£ e

— 0

1o 00
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Fig. 4. Composition analysis of the artificial nacre with different NPs.
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the significant amount of residual unmineralized chitin layers
(Fig. 5g and h).

To understand the influence of the size and surface charge
of NPs on the co-mineralization process, the morphological
change of the Fe;O, NPs in the solutions after 10 h is ob-
served (Fig. 6). NPs with larger sizes are found to be more
easily encapsulated by aragonite, which then grow even lar-
ger (Fig. 6a—e). Similarly, positively charged NPs are prone
to coalesce with negatively charged polymer-stabilized arag-
onite and form large aggregates (Fig. 6f~h). The mobility as
well as specific area of the NPs is restrained in both cases;
consequently, the amount of incorporated NPs decreases. The
large NP aggregates may also block mass transfer from the co-
mineralization solution into some of the chitin layers; hence,
that part of the matrix remains unmineralized (Fig. 5g and h),
leading to a reduced inorganic content (Fig. 4). In contrast,
the negatively charged Fe;O, NPs with relatively small sizes
are uniformly dispersed in the solution without aggregation
(Fig. 6a). Thus, the mineralization process is carried out ef-
fectively, which contributes to the homogeneous mineraliza-
tion of the entire matrix and the higher inorganic content of
the artificial nacre (Figs. 4 and 5a).

3.3 Mechanical performance

Apart from the additional functions provided by the incorpor-
ated NPs, the NPs can also modify the mechanical behavior
of the artificial nacre. The Vickers hardness values of the arti-
ficial nacre samples significantly varies (Fig. 7a). For ex-
ample, while the Vickers hardness of FeN;,— can reach
183.5 + 0.7 (HV0.3), that of FeNs5— is only 66.0 + 2.6
(HV0.3), which is even lower than that of the artificial nacre
without NP incorporation (NFN) (Fig. 7a). This can be attrib-
uted to the much lower inorganic content of the FeNss,—
sample compared with the other NP-incorporated samples and
NFN (Fig. 4). In general, the negatively charged NPs with
smaller sizes can best enhance the Vickers hardness of the ar-
tificial nacre because both the inorganic material and incor-
porated NPs content can both be higher in this case (Fig. 4).
The flexural stress of the artificial nacre is also influenced by
NP incorporation. In particular, FeN;,— exhibits the highest
flexural strength and modulus (Fig. 7b). This effect primarily
stems from the inorganic composition and interactions
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between the NPs and aragonite™. The above data suggest that improves the mechanical performance of the obtained artifi-

incorporating NPs with the proper size and surface charge®*! cial nacre.
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Fig. 5. Influence of the sizes and surface charges of the NPs on the microstructures of the artificial nacre. (a—h) Fracture surface of the artificial nacre: (a)
FeN,;—, (b) FeN,g+, (¢) FeN,s—, (d) FeN,s+, (e) FeNg,—, (f) FeNgyt, (g) FeN,5y—, and (h) FeN;5,—. FeN,— is the artificial nacre incorporated with ~ 10
nm negatively charged NPs.

500 | Fe,0,[150}-

Fe,O,[80]#

Fig. 6. Morphology of the NPs with different surface properties in the solution. (a-h) SEM images of the dried mineralizing solution samples with (a)
Fe;0,4[10]— NPs, (b) Fe;04[25]— NPs, (c) Fe;0,[80]— NPs, (d) Fe;0,[150]— NPs, (e) Fe;0,4[350]— NPs, (f) Fe;0,[10]+ NPs, (g) Fe;04[25]+ NPs, and (h)
Fe;0,4[80]+ NPs. Fe;0,4[10]— denotes the negatively charged Fe;O, NPs with approximately 10 nm diameter.
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Fig. 7. Mechanical performance of artificial nacre: (a) Vickers hardness (at a load of HV0.3) and (b) flexural strength of different artificial nacre samples.

4 Conclusions

We have demonstrated that artificial nacre with multiple in-
tegrated functions and optimized mechanical performance can
be obtained by the addition of different NPs with the appro-
priate size and surface charge during the mineralization of the
matrix. The proposed matrix-directed co-mineralization
strategy is a feasible and universal method to construct func-
tionalized biomimetic materials. We anticipate that various
artificial structural materials with different functions capable
of meeting the demands of various applications can be fabric-
ated.
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