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MATERIALS SCIENCE

A sustainable single-component “Silk nacre”

Zongpu Xu't, Mingrui Wu', Weiwei Gao?, Hao Bai'*

Synthetic composite materials constructed by hybridizing multiple components are typically unsustainable due
to inadequate recyclability and incomplete degradation. In contrast, biological materials like silk and bamboo
assemble pure polymeric components into sophisticated multiscale architectures, achieving both excellent per-
formance and full degradability. Learning from these natural examples of bio-based “single-component” composites
will stimulate the development of sustainable materials. Here, we report a single-component “Silk nacre,” where
nacre’s typical “brick-and-mortar” structure has been replicated with silk fibroin only and by a facile procedure
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combining bidirectional freezing, water vapor annealing, and densification. The biomimetic design endows the
Silk nacre with mechanical properties superior to those of homogeneous silk material, as well as to many fre-
quently used polymers. In addition, the Silk nacre shows controllable plasticity and complete biodegradability,
representing an alternative substitute to conventional composite materials.

INTRODUCTION

High-performance composite materials are in great demand in many
fields, such as building construction, automobile manufacturing, air-
craft technology, and biomedical engineering (1-5). To this end, the
strategy of hybridizing multiple components, including metals, ceramics,
and polymers, is generally used. Despite the progress achieved in
improved performance for such composite materials, concerns over
their sustainability increase rapidly (6), due to the difficulty of remov-
ing individual components for recycling and incomplete degradation.
In particular, environmental issues associated with the pollution of
waste plastics and synthetic composites have aroused increasing atten-
tion worldwide (7-9). Therefore, constructing more high-performance
and sustainable composites from bio-based polymers becomes in-
creasingly vital, where many natural polysaccharides (cellulose, chitin,
and starch) or proteins (silk, collagen, and keratin) can serve as prom-
ising building blocks (1, 6).

Biological materials usually achieve excellent performance by
building sophisticated multiscale architectures, despite their limited
selection over components (10-16). This strategy is particularly evi-
dent in pure polymeric materials like silk and bamboo, which are
also categorized as “single-component” composite in the sense that
they have composite architectures. For example, with pure biopolymer,
silk achieves both high strength and toughness by building nano-
sized crystalline phase embedded in an amorphous matrix (17). The
same strategy applies to bamboo, where biopolymer matrix is rein-
forced by hierarchically aligned cellulose fibrils (11). Learning from
these natural examples will stimulate the development of high-
performance and sustainable composite materials. This has become
increasingly important as typical synthetic composites are difficult
to recycle such as glass fiber-reinforced composites used in wind power
blades and tires reinforced with functional nanofillers. Hence, the
natural strategy of building high-performance materials by efficient
integration of single components into composite architectures rep-
resents a more sustainable solution than the typical strategy of hy-
bridizing multiple components. However, the achievement of using
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this bioinspired strategy is still far from satisfaction in terms of mate-
rial performances, mainly due to our limited capability of mimick-
ing the sophisticated architectures of biological materials.

Here, as a proof of concept, a silk-based nacre-like composite
material, denoted as “Silk nacre,” is constructed by using one single
component (silk fibroin) as the building block while mimicking
natural nacre’s composite structure. Generally speaking, nacre is
formed by living animals (mostly mollusks) in the natural environ-
ment and presents as a composite material, which is reported to
consist of about 95 weight % (wt %) aragonite (CaCOs) and ~5 wt %
biopolymers (2, 15). The layered aragonite platelets are bonded by a
thin layer of biopolymer, forming a brick-and-mortar-like archi-
tecture. Nacre’s hierarchical structures and the strong interfacial
interactions between the inorganic “bricks” and the organic “mortar”
endow it with remarkable mechanical properties, combining both high
strength and toughness. In contrast to common organic-inorganic
nacre-like composites, the bricks and the mortar in the Silk nacre
derive from the same component, which are compactly integrated
without any other glue. The composite structures of the Silk nacre
endow it with mechanical properties superior to those of a homogeneous
silk material, with its bending strength, modulus, and strain signifi-
cantly improved by 67, 37, and 19%, respectively. Moreover, the Silk
nacre shows controllable plasticity, which is usually difficult to achieve
regarding strong and bulk nacre-like composites. In addition, the
Silk nacre is completely biodegradable with the enzyme pronase E at
37°C, indicating its favorable environmental friendliness. We believe
that this work paves an effective way to develop high-performance and
sustainable materials with a simple component and a facile manufac-
turing procedure.

RESULTS

Fabrication of the Silk nacre

During the past decades, nacre has drawn considerable attention for
its elegant “brick-and-mortar” architecture (15, 16, 18). Similar to many
biological materials, nacre also achieves both high strength and tough-
ness, which are generally mutually exclusive in synthetic composites
(1, 19, 20). To build strong and tough bulk nacre-like materials, a
series of procedures, including construction of an ordered nanoma-
terial framework (21-24), sintering or densification (21, 22), poly-
mer infiltration, and curing (23, 24), are frequently applied. In this
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work, we provided an effective approach to build nacre-like materials,
which was simplified both in component types and manufacturing
procedures.

The Silk nacre was constructed via bidirectional freezing, water
vapor annealing, and densification, as briefly illustrated in Fig. 1
(A to H). First, regenerated silk fibroin solution (10%, w/v) was ex-
tracted from silkworm cocoons and then poured into a mold with a
polydimethylsiloxane (PDMS) wedge. Because of the low thermal
conductivity of PDMS, the ice crystals would start to grow at the
bottom end of the wedge when cooling; with both vertical (ATy) and
horizontal (ATy) temperature gradients generated by the PDMS
wedge, ice crystals grew preferentially vertically away from the cold
finger and horizontally along the PDMS wedge at the same time
(25-29). During this process, silk fibroin molecules were expelled
from the freezing solution to the space between lamellar ice crystals
(Fig. 1, C and D). After the sublimation of ice crystals, a silk aerogel
was obtained with a typical long-range aligned lamellar structure
(Fig. 1, E and I). Mimicking nacre’s architectures, the laminae served
as the bricks (Fig. 1J), and their thicknesses could be regulated from
~1 to 4.5 um by simply changing the cooling temperatures (fig. S1).
To further generate the mortar, freeze-dried silk aerogel was put
under 75% relative humidity and room temperature for water vapor
annealing. In this procedure, water molecules penetrated silk aerogel
and plasticized the laminae surfaces (Fig. 1F), leading to improved
mobility of silk fibroin chain networks (30). Last, the silk aerogel

Silkworm cocoons Silk fibroin solution

E F

annealed by water vapor was vertically compressed for densification
(Fig. 1G; ~10 MPa at room temperature for 20 min), and the Silk nacre
was fabricated by adhesion among silk laminae themselves (Fig. 1H).
Figure 1K shows the cross section of the Silk nacre, which is similar to
that of natural nacre (fig. S2), indicating the compact integration of
silk laminae while keeping their aligned lamellar structures. Briefly, a
single-component material with nacre-like composite structure was
successfully constructed by a facile manufacturing procedure.

Mechanical properties of the Silk nacre

The hierarchical architectures of biological materials play a dominating
role regarding to their unrivaled mechanical properties. Presenting
as multilayered architectures, the lamina thickness of nacre-like ma-
terials is believed to have an effect on their mechanics, depending
on the number of interfaces between adjacent laminae (31). In this
work, the Silk nacre composed of thinner laminae (1 to 2 um) had
higher breaking strength (fig. S3) than thicker laminae (~4.5 um),
due to the abundant interfaces and strong sliding-resistant effect
(31), with many elongated laminae observed in the fracture surface
(fig. S4). On the basis of the above understanding, we selected the
Silk nacre with thinner laminae to further investigate the advantages
of multilayered structures, and a solvent-casting silk plate with ho-
mogeneous structure was prepared for comparison (fig. S5). Al-
though the densities of both materials were around 1.3 g/cm > and they
shared the same component, the Silk nacre and silk plate exhibited

Bidirectional freezing

G H

Low-pressure compression
at room temperature

Fig. 1. Schematic diagram of the fabrication processes and the morphology of silk-based single-component nacre-like composite material. (A to D) Silk fibroin
solution is extracted from silkworm cocoons and then undergoes bidirectional freezing process. (E to H) The as-prepared silk aerogel with lamellar structures is annealed
by water vapor at room temperature, then compressed to achieve densification, and lastly presents as the Silk nacre. (I and J) Scanning electron microscopy (SEM) images
of the cross sections of silk aerogel show its long-range aligned lamellar structures (inset is an optical photograph). (K) SEM image of the cross section of the Silk nacre

shows its nacre-like architectures (inset is an optical photograph).
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notably different mechanical performance. As indicated by stress-
strain curves of the three-point bending tests, the Silk nacre could
withstand higher strength and larger strain (Fig. 2, A and B). It was
worth noting that such nacre-like structure simultaneously achieved
strengthening and toughing effects; the bending strength, modulus,
and strain of the Silk nacre increased to 125 MPa, 6.8 GPa, and 3%,
which were 1.67, 1.37, and 1.19 times as high as those of silk plate, re-
spectively. Besides, the strength and modulus of our Silk nacre ex-
ceeded many frequently used polymers (Fig. 2C) (32-40), suggesting
its considerable potential as an alternative to synthetic polymers in
terms of mechanical performance.

In general, the mechanical properties of silk-based materials are
related to the conformation of silk molecules, and previous studies
have confirmed that increased crystallinity could improve the break-
ing strength of silk-based materials (41). However, according to Fourier
transform infrared (FTIR) spectrum analysis, the content of B sheet
in the Silk nacre was much less than that in silk plate (17% versus
36%; Fig. 3, A and B), indicating that the biomimetic structure would
lead to better mechanical outcomes beyond the component’s intrin-
sic properties. Figure 3 (C and D) shows the fracture surfaces of silk
plate and the Silk nacre, indicating their totally different fracture
mechanisms. As a homogeneous material, silk plate exhibited brittle
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Fig. 2. Comparison of mechanical performance. (A and B) The Silk nacre shows both better strength and toughness than that of homogeneous silk plate according to
the data calculated from stress-strain curves. (C) Comparison of modulus and strength among silk plate, the Silk nacre, and various frequently used polymers [from (32-40)].
PBS, poly(butylene succinate); PP, polypropylene; PA-6, polyamide 6; PET, polyethylene terephthalate; PMMA, polymethyl methacrylate; PC, polycarbonate; ABS, acrylonitrile
butadiene styrene; PVC, polyvinyl chloride; PS, polystyrene; the red star refers to the Silk nacre.
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Fig. 3. Comparison of protein conformation and fracture morphology between silk plate and the Silk nacre. (A and B) Analysis of FTIR spectrum shows lower 3 sheet
content of the Silk nacre than silk plate. a.u., arbitrary units. (C and D) SEM images of the fracture cross sections indicate totally different fracture mechanisms between

silk plate and the Silk nacre.
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Fig. 4. Comparison of impact resistance between silk plate and the Silk nacre. (A and B) Typical optical photographs from falling ball impact tests show totally differ-
ent behaviors of silk plate and the Silk nacre. (C and D) The force-time curves recorded in the impact tests indicate better impact resistance of the Silk nacre than silk plate

in terms of maximum transient force and cushioning effect.

failure and many cracks were observed, resulting in its rapid fracture
process. While for the Silk nacre, on one hand, densified interfaces
among the bricks and the mortar increased its breaking strength; on
the other hand, the lamellar structures and the elongated silk laminae
effectively retarded the fracture process. For comparison, another nacre-
like silk material was prepared by directly compressing freeze-dried
silk aerogel without water vapor annealing. Because of lack of the mor-
tar, such material had relatively loose structure and showed a marked
decline in mechanical properties (only 20% of the strength to the
Silk nacre; fig. S6), which further demonstrated the importance of
building the brick-and-mortar structure. In addition, the pressure ap-
plied to the water vapor-annealed silk aerogel also influenced the
interactions between the bricks and the mortar. When the pressure is
lower than 10 MPa (e.g., 6 or 8 MPa), the breaking strength of ob-
tained silk material decreased significantly (about 35 or 55% of the
strength to the Silk nacre; fig. S7A), mainly resulted from the reduc-
tion in their structural densification, with interlamellar voids ob-
served at the fracture surfaces (fig. S7, B and C).

We also investigated the impact resistance of the Silk nacre and
silk plate via falling ball impact tests (movie S1). As shown in Fig. 4
(A and B), silk plate broke into pieces after falling ball’s strike, while
the Silk nacre kept intact still, indicating its better impact resistance.
The impact force on silk plate and the Silk nacre were recorded by a
mechanical sensor, and notable difference was observed in terms of the
maximum transient force and cushioning effect (Fig. 4, C and D).
For silk plate, the maximum transient force was around 2.8 N, and
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it suddenly dropped after the contact with the falling ball. In contrast,
the value for the Silk nacre was about 2 N, and it decreased in stepwise,
suggesting that the lamellar structures endowed the Silk nacre with
notable cushioning effect and impact resistance (42). Moreover, the
results of Split-Hopkinson pressure bar (SHPB) tests at high-strain
rate compression (10,000 s71) further illustrated the better impact
resistance of the Silk nacre due to its higher breaking strength and
larger deformation strain (fig. S8).

Plasticity and biodegradability of the Silk nacre

Despite high strength and stiffness, the Silk nacre was able to be manu-
factured into various shapes by a very simple method. Steam could
break the hydrogen bonds inside the Silk nacre and made it soft (30),
which then became flexible enough to be processed into wavy, curved,
and helical shapes; after cooling for several minutes in air, the shapes of
the Silk nacre were fixed (Fig. 5A). Unlike traditional shaping proce-
dure, where molten or quasi-liquid polymer is put into a certain mold,
we provide a quasi-solid and mold-free approach. The processed Silk
nacre maintained its intriguing mechanical performance, as it could
withstand around 1000 times of its own weight (Fig. 5B). In addition,
the Silk nacre showed complete biodegradability due to the intrinsic
nature of silk fibroin. As is known, environmental pollution of waste
plastics and synthetic composites is becoming increasingly serious
worldwide in recently years (7-9), thus growing attention has been paid
to biosourced materials (6, 43, 44). During the past decade, silk-based ma-
terials have been widely studied to partly substitute synthetic polymers,
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Fig. 5. Plasticity and biodegradability of the Silk nacre. (A) The Silk nacre can be manufactured into various complex shapes via steam-induced plasticity. (B) The
processed Silk nacre can withstand around 1000 times its own weight. (C) Optical photographs show the morphological changes at different time points during the
degradation period. (D) The residue mass-time curve indicates the Silk nacre can be completely biodegraded with the enzyme pronase E within 30 days.

whether as tissue engineering scaffolds, substrates in flexible electronics,
or reinforcement elements (45-49). Figure 5 (C and D) shows the bio-
degradation process of the Silk nacre and the corresponding variation
curve of its residue mass, illustrating that it can be fully biodegraded
with the enzyme pronase E at 37°C within 30 days. Hence, such single-
component Silk nacre is environment-friendly and sustainable for on-
demand disposal and recycle after service life.

DISCUSSION

In summary, we propose and successfully demonstrate a bioinspired
strategy to construct high-performance and sustainable composite ma-
terials with single polymeric component. Despite its simple compo-
sition (pure silk fibroin), our Silk nacre achieves excellent mechanical
properties by mimicking nacre’s brick-and-mortar structure. Together
with its controllable plasticity and complete biodegradability, our Silk
nacre suggests a great opportunity to partly substitute conventional
composite materials that are increasingly suffering from difficult recy-
cling and incomplete degradation. This work will not only provide an
insightful perspective for better understanding the sophisticated multi-
scale architectures of biological materials but also paves an effective
way for the development of high-performance and sustainable com-
posites with a simple component and a facile manufacturing procedure.

MATERIALS AND METHODS
Materials

Bombyx mori silkworm cocoons were purchased from Yiwu Ruiheng Co.
Ltd., China. Na,CO3, LiBr, and HFIP (1,1,1,3,3,3-hexafluoro-2-propanol)
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were purchased from Shanghai Sinopharm Group Co. Ltd., China.
Pronase E was purchased from Jiangsu Qianye Biotechnology Co.
Ltd., China. PDMS (SYLGARD 184) was purchased from Dow Corning
Co. Ltd., China. For the preparation of bidirectional freezing molds,
acrylic tubes were sealed with a copper plate on one end and tilted
to an angle of around 20°. The PDMS precursor was poured into the
tube to cover the copper plate, yielding a PDMS wedge after curing
at 60°C for 4 hours.

Fabrication of silk plate and the Silk nacre

First, regenerated silk fibroin solution was extracted from silkworm
cocoons according to a routine procedure, including degumming, dis-
solution, dialysis, and concentration processes. Then, silk fibroin solu-
tion (10%, w/v) was poured into the bidirectional freezing molds and
frozen at various temperatures of cooling stage, including -30° and —90°C
via a cryogenic ethanol bath and —196°C via liquid nitrogen. The en-
tirely frozen samples were taken out from the molds and lyophilized
for 48 hours under 5 Pa and —80°C by a freeze dryer (Labconco 8811).
For the preparation of silk plate, the freeze-dried silk aerogel was first
dissolved in HFIP to obtain a 15% (w/v) solution, and then the silk-HFIP
solution was poured onto an aluminum dish repeatedly along with the
HFIP evaporation. After curing in methanol for 72 hours and drying in
an oven at 60°C for 24 hours, silk plate was lastly obtained. For the prepa-
ration of the Silk nacre, the freeze-dried silk aerogel was put into a
closed hood with 75% relative humidity for water vapor annealing at
room temperature and then vertically compressed (~10 MPa) at room
temperature for 20 min. In contrast, the Silk nacre with weak interfaces
was obtained by directly compressing (~10 MPa) the as-prepared
freeze-dried silk aerogel at room temperature for 20 min.
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Characterization

The cross sections of silk aerogel and the Silk nacre as well as the
fracture surfaces of silk plate and the Silk nacre were observed by
scanning electron microscopy (SEM; Hitachi 3500) with a voltage
of 5kV, and the secondary electron images were collected. The me-
chanical properties of silk plate and the Silk nacre were tested by a
universal testing machine (Instron 5944), in a three-point bending
mode (samples in 20 mm by 8 mm by 1 mm). The load cell of 1 kN
was selected, and the loading speed was set as 0.015 mm/min. FTIR
spectroscopy was used to analyze the conformation and crystallinity
of the two samples.

For falling ball impact tests, silk plate and the Silk nacre (samples
in 35 mm by 35 mm by 1 mm) were fixed on a holder connecting
with a mechanical sensor. A stainless-steel ball (~4 g) freely fell at
the height of 100 cm and struck on the samples. The impact process
was recorded by a digital camera, and the force-time curve was an-
alyzed from the collected data. For the SHPB tests, the samples were
in cylindrical shape (7 mm in diameter and 2 mm in height), and
the compression strain rate was set as 10,000 s

Plasticity and biodegradability of the Silk nacre

The Silk nacre was put in steam until it became soft, and then it was
processed into different shapes. After taking away from the steam and
cooling for a while, the shape of the Silk nacre was fixed. The bio-
degradation of the Silk nacre was tested by immerging it into 0.01 M
phosphate-buffered saline solution containing pronase E (10 U/ml)
at 37°C. The residue mass of the Silk nacre was weighed at certain
time intervals, and optical photographs were taken to observe its mor-
phology changes.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo0946
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