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Squid/synthetic polymer double-network gel:
elaborated anisotropy and outstanding fracture
toughness characteristics
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Abstract

The hierarchical anisotropy of a biotissue plays an essential role in its elaborate functions. To mimic the anisotropy-
based functions of biotissues, soft and wet synthetic hydrogels with sophisticated biotissue-like anisotropy have been
extensively explored. However, most existing synthetically manufactured anisotropic hydrogels exhibit fundamental
anisotropy and poor mechanical toughness characteristics. In this paper, natural/synthetic hybrid double-network (DN)
hydrogels with hierarchical anisotropy and high toughness characteristics are reported. These DN gels are prepared
directly by using a squid mantle as an anisotropic soft bioproduct for the primary network and polyacrylamide (PAAM)
as a synthetic polymer for the secondary network. The obtained squid/PAAm DN gel maintains the complex
orientation of the muscle fibers of the squid mantle and exhibits anisotropic, enhanced mechanical properties and
excellent fracture resistance due to its unique composite structure. This hybrid strategy provides a general method for

preparing hydrogels with elaborated anisotropy and determining functions derived from the anisotropy.

Introduction

The anisotropy characteristics of biotissues are essential
for the elaborate functions and activities of organisms’.
For example, muscles enable directional movements due
to unidirectional and hierarchical muscle fibers®. Nacres
and bones are extremely tough anisotropic composites
that can sustain heavy impact®. Vascular bundles enable
the directional transportation of nutrients in plants®. The
complex metabolic pathways of organisms synthesize
these tissues with three-dimensional (3D) and hierarchical
anisotropy characteristics through a process that con-
sumes little energy. However, hydrogels are materials that
contain water inside the polymer network. Hydrogels have
attracted significant attention as materials that can
potentially mimic various functions of soft biotissues
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because their soft and wet properties are similar. For
example, hydrogel-based actuating devices®, tough
hydrogels®'°, and mass transportation actions by
hydrogels have been developed thus far''. However,
although most biotissues exhibit distinct functions due to
their anisotropy characteristics, the structures, properties,
and functions of typical hydrogels remain isotropic. Var-
ious attempts to introduce anisotropy into hydrogels have
been made to reproduce the distinct functions of aniso-
tropic  biotissues'®>. Monodomain liquid crystalline
hydrogels'®'* and hydrogels made from the directional
assemblies of biopolymers have been prepared using
molecular-scale approaches'>'®, Moreover, hydrogels
with aligned voids'’, hydrogels with oriented nanofillers
trapped in the network'®, and 3D-printed hydrogels have
been prepared through mesoscale approaches'®. These
synthetically manufactured anisotropic hydrogels exhibit
a certain level of anisotropic properties; however, most of
them only have very fundamental anisotropies, such as
uniform uniaxial or biaxial orientations, which are dis-
similar to the elaborate anisotropy of organisms.
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Moreover, mesoscale approaches consume a large
amount of energy to construct anisotropy, such as a
strong magnetic field for unidirectional nanofiller orien-
tation'”. Furthermore, most synthetic hydrogels com-
prising nonorganized polymer networks have poor
mechanical properties, limiting their applicability as
structural materials. As shown above, mimicking the
elaborate functions of biotissues using synthetic hydro-
gels remains challenging.

To address this issue, in this study, we propose a nat-
ural/synthetic hybrid double-network (DN) hydrogel
prepared by utilizing bioderived products that already
have anisotropic structures as their primary networks. DN
hydrogels are tough and strong interpenetrating network
hydrogels obtained from stiff and brittle primary networks
and soft and flexible secondary networks”®. Due to the
large stiffness value, the initial mechanical responses of
DN gels are dominated by their primary network®. While
the sole primary network typically possesses low
mechanical strength due to the stress concentration at the
defect and the subsequent crack propagation, the flexible
secondary network suppresses the stress concentration in
the primary network; these phenomena significantly
improve the fracture resistance of the DN gel®. As a result,
DN gels exhibit large compressive fracture strengths
comparable to those of human knee cartilage”®. A wide
variety of polymer species can be used as the primary
network for DN gels. While covalently cross-linked iso-
tropic polymer networks were used in the original report’,
noncovalently cross-linked natural polymer networks**>",
anisotropic liquid crystalline gels****, and jellyfish have
been adopted as the primary networks of DN gels**. The
mechanical characteristics and functions of DN gels vary
widely depending on the primary network species. The
isotropic primary network leads to the isotropic char-
acteristics of the DN gels. For the anisotropic primary
network, the resulting DN gels are mechanically aniso-
tropic*'**. Moreover, DN gels generally maintain the
chemical or physical functions of their parent networks’.
If DN gels are synthesized with highly anisotropic bio-
derived products as their primary components, the
obtained DN gels are expected to have high strengths and
elaborative anisotropic functions of the primary network.

In this study, as a proof-of-concept of our strategy, we
report such a DN gel utilizing the mantle of the squid
(Ommastrephes bartramii) as an anisotropic bioproduct.
Squid mantles are soft and wet muscular tissues that
provide fast locomotion to squids with jet propulsion®®*’.
A mantle expands to take water inside and then strongly
contracts to shoot water as a jet. To realize this powerful
movement, the squid mantle contains two types of ani-
sotropic muscles with connective tissues, as shown in Fig.
1a%°7%°, The circular muscle, with muscle fibers that run
circumferentially to the mantle, is a major component
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contributing to mantle contraction. The radial muscle,
oriented perpendicular to the circular muscle, is a minor
component contributing to mantle re-expansion. Since
squid mantle is mainly composed of muscle fibers and
connective tissues that noncovalently bind muscle fibers,
in this paper, we state the squid mantle as a physically
cross-linked gel/network. The mechanical properties of
the mantle are anisotropic mainly due to the structural
anisotropy of the circular muscle®* % The fresh squid
mantle exhibits a higher tensile strength when stretched
parallel to the circular muscle than when stretched per-
pendicularly®**'. The rupture energy of the fresh squid
mantle is higher when broken parallel to the circular
muscle than when broken perpendicularly®>. When the
mantle is cooked by heating, the relationships between the
orientation of the circular muscle and the mechanical
properties are reversed due to the heat-induced damage to
the structures® 2,

We use a squid mantle as the primary network and
synthesize a polyacrylamide (PAAm) network inside the
mantle as the secondary network to create a squid/PAAm
DN gel. We demonstrate anisotropic and significant
fracture toughness characteristics of the squid/PAAm DN
gel due to the sophisticated anisotropy.

Materials and methods
Materials

Frozen squid mantles (Ommastrephes bartramii) were
purchased from Tsukiji Gyogun Dream Island Co. Ltd.,
Japan. Acrylamide (AAm), N,N-dimethylacrylamide
(DMAAm), N,N'-methylenebis (acrylamide) (MBAA),
ammonium peroxydisulfate (APS), and sea sand
(425-850 pm/20-35 mesh) were purchased from FU]JI-
FILM Wako Pure Chemical Corporation Inc., Japan.
Osmium tetroxide 1% aqueous solution was purchased
from Nissin EM Co. Ltd., Japan. All chemicals were used
as received without further treatment.

Synthesis of squid/PAAm DN gels

The squid mantles were defrosted at ambient tem-
perature and sliced into thin rectangular shapes. The
obtained slices were immersed in aqueous solutions
containing AAm (4 or 6 M), MBAA (0.1 mol% to mono-
mer) as a cross-linker, and APS (0.1 mol% to monomer) as
an initiator for at least 3 d. Then, these slices were placed
in a 65°C oven for 10h to initiate the thermal poly-
merization of AAm and MBAA in the squid slices. The
squid/PDMAAm gel was prepared with the same proce-
dure while using DMAAm instead of AAm. For reference
PAAm single-network gels, AAm (6 M), MBAA (0.1 mol%
to monomer) as a cross-linker and APS (0.1 mol% to
monomer) as an initiator were dissolved in pure water.
The solutions were poured into rectangular glass molds
and thermally polymerized at 65°C for 10 h in an oven.
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Fig. 1 Anisotropic structures of the squid/PAAm DN gels. a Macroscopic and microscopic illustrations of the structures of squid mantles.

squid/PAAm DN gel

Soaked into
the AAm solution

b Preparation process of the squid/PAAm DN gel from pure squid. LV-SEM images of the ¢ L-T and d L-C cutting surfaces of the squid/PAAmM-6 DN
gel. TEM images of the (e, f) L-T and (g, h) L-C cutting surfaces of the squid/PDMAAmM-6 DN gels. Muscle fibers in circular muscles were selectively
stained with osmium tetroxide. i Deformation ratio of each axis of the squid upon preparing the squid/PAAmM-6 DN gel. Data are represented as the

mean + SD with n=3.

For heated squids, the cut rectangular squids were put in a
glass mold and heated at 65 °C for 10 h in an oven. After
the processes, the as-prepared samples were packed into a
plastic bag to prevent drying without soaking in water and
stored at 4 °C. The as-prepared samples were subjected to
the following measurements within one week of pre-
paration. For the degradation resistance measurements,
the bags containing the samples were left at 4 °C for two
months or soaked in 90 °C hot water for 1h.

Low-vacuum scanning electron microscopy (LV-SEM)
analysis

The cut and fractured surfaces of the samples were
characterized by a scanning electron microscope in low-
vacuum mode (JSM-6010LA, JEOL Ltd., Japan). A razor
blade was used to create the cut surface. The gels were

observed without drying, ion sputtering, or other treat-
ments under low-vacuum conditions, with an acceleration
voltage of 10kV.

Transmission electron microscopy (TEM) analysis

TEM analysis was performed to observe the
morphologies of the squid/PDMAAm DN hydrogels
stained with H-7650 (Hitachi High-Tech Co., ]apan)33.
The hydrogels were frozen in liquid nitrogen; the water
in the frozen hydrogels was substituted with ethanol
and then acrylic resin (London Resin white, medium) in
the chamber of an automatic freeze substitution system
(EM AFS2, Leica Microsystems, Germany). Then, 100-
nm-thick resin-cured specimens were cut using an
ultramicrotome knife (EM UC7i, Leica Microsystems,
Germany) and placed on a carbon-supported copper
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mesh grid. The e-gun had an acceleration voltage of
100 kV.

Water content analysis

The water contents of the pure squid and squid/PAAm
DN gel were measured by a moisture balance (MOC-
120H, Shimadzu Co., Japan). The samples were covered
with sea sand in a moisture balance and heated at 120 °C
until completely dry. The water contents of the samples
were analyzed by (W,, — W)/ W,,, where W, and W, were
the weights of the wet sample and the dried sample,
respectively.

ATR-FTIR analysis

The pure squid, squid/PAAm DN gel, and PAAm gel
were analyzed with attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR). The cut
surfaces of the samples were analyzed with an FTIR 6600
equipped with an IRT-5200 (JASCO Co., Japan). A razor
blade was used to create the cut surface. Each spectrum
was recorded in are range of 4000—-400cm ' from an

average of 32 scans at a resolution of 2cm ™.

Tensile and cycle tensile tests

Uniaxial tensile tests were conducted using an Instron
5965 commercial tensile tester (Instron Co., USA). The
samples were cut into dumbbell shapes (12 mm gauge
length and 2 mm width). The tensile velocity was fixed at
100 mm/min, which corresponded to a strain rate of
0.14s '. The nominal stress, o, was defined as the
retraction force divided by the initial cross-sectional area
of the sample. The nominal strain, &, was defined as the
displacement of the sample divided by its original length.
The fracture strain was defined as ¢ at the fracture point.
The maximum stress was defined as the maximum o
during the test.

Cyclic tensile measurements were performed on the
same specimens using an Instron 5965. The samples were
first elongated to a certain target strain and then imme-
diately unloaded. After the jig head returned to its initial
position, it was immediately elongated to a larger target
strain and unloaded. The tests were repeated until the
specimens fractured. The loading and unloading velocities
were fixed at 100 mm/min.

Fracture tests

Two types of fracture tests were conducted on the
squid/PAAm DN gels and corresponding pure squid and
heated squid to evaluate their anisotropic fracture
toughness values®*. For the single-edge notch test, sam-
ples were cut into rectangular shapes (70 mm gauge
length and 7 mm width) with or without an initial notch
(notch length ¢ =2 mm) on the edge of the long axes of
the samples. The samples were then uniaxially stretched
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at constant velocities of 100 mm/min using an Instron
5965 commercial tensile tester. For the trouser tear test,
samples were cut into trouser shapes (pure squid and
heated squid: 70 mm in length with legs 30 mm in initial
length and 15 mm in width; squid/PAAm DN gel: 50 mm
in length with legs 20 mm in initial length and 7.5 mm in
width). Tearing was performed by pulling one leg of the
sample at a constant velocity of 500 mm/min using an
Instron 5965 to induce crack growth.

Notch introduction tests

Notch introduction tests of the squid/PAAm DN gels
were conducted to demonstrate their high fracture resis-
tance characteristics. We hung rectangular DN gel (70-
mm length and 7-mm width) with 500 g weight and then
imposed the crack on the C-T plane or L-T plane with
scissors; the sample size was the same as the single-edge-
notch test.

Statistical analysis

The Student’s ¢-test was used in the Supplementary
information to check for the statistical significance values
of different groups, and a two-sided p < 0.05 was con-
sidered significant.

Results
Preparation of the squid/PAAm composite

The defrosted squid mantle was immersed in the second
network precursor solution. The secondary PAAm net-
work was then synthesized from the monomer and cross-
linker in the presence of a squid mantle to prepare squid/
PAAm-X gels by thermal polymerization at 65 °C, where
X is the molar feed concentration of AAm for poly-
merization (Fig. 1b). For the squid/PAAm-6 DN gel, the
formation of the squid/PAAm composite was confirmed
by Fourier transform infrared spectroscopy (Supplemen-
tary Fig. 1a), and its composition ratio was estimated to be
approximately 69.2 wt.% water, 18.0 wt.% PAAm, and 12.8
wt.% solids derived from squid (Supplementary Note 1).
PAAm was uniformly distributed in the squid/PAAm DN
gel (Supplementary Fig. 1b, c), suggesting the sufficient
penetration of AAm monomers in the mantle.

Hereafter, the long (L), circumferential (C), and thick-
ness (T) axes shown in Fig. 1a were used to describe the
directions of the squid samples. The L-T and L—C planes
of the as-prepared squid/PAAm-6 DN gels were cut using
a razor blade and observed by low-vacuum scanning
electron microscopy (LV-SEM). LV-SEM was suitable
for the observation of wet samples because the wet sam-
ples could be measured without any pretreatment, such as
freeze-drying, which could introduce artifacts in observed
images. In the L-T cross-sectional image shown in Fig. 1c,
the cross-sections of the fibers were observed. In the L-C
cross-sectional images shown in Fig. 1d, unidirectionally
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oriented fibers along the C-axis were observed. These
fibers corresponded to circular muscle fibers running
along the C-axis*’. Transmission electron microscopy
(TEM) was used to observe the structures of the DN gels
with higher magnification levels. For TEM analysis, a
secondary network of poly (N,N-dimethylacrylamide)
(PDMAAm) instead of PAAm was adopted due to the
high affinity of PDMAAm to ethanol, making the DN gels
suitable for resin-embedding treatment for TEM obser-
vation®®. Figure le~h shows TEM images of the squid/
PDMAAm DN gels after their water was replaced with
resin. Due to the high resolution, an elliptical leaf-like
structure of the circular muscle fibers was observed in the
L-T cross-sectional images (Figs. 1e and 1f). In the L-C
cross-sectional images shown in Figs. 1g and 1h, in
addition to the parallel orientation circular muscle fibers,
a cross-section of a radial muscle oriented along the
T-axis was observed, as reported in a previous study®.
The radial muscle of a pure squid exhibited an elliptical
shape similar to that of a circular muscle, while the
elliptical structure shown in Fig. 1h was slightly obscured.
These electron microscopic images indicated that the
structures of the muscles of the squid mantle were pre-
served in the DN gels.

Deformations of the squid along the L-, C-, and T-axes
upon the preparation of the squid/PAAm-6 DN gel were
investigated. As shown in Fig. 1i, the squid finally shrank
by 5% along the C-axis and 14% along the L-axis; however,
along the T-axis, the squid thickened by 40%. Such
transverse and longitudinal contractions and thickness
increases of a squid upon heating were previously repor-
ted®'. Squid muscle fibers composed of water-insoluble
proteins maintain their structure after heat or chemical
treatment®>>®, However, the connective tissue of squid
binding the muscle fibers mainly consisted of water-
soluble collagen and partially gelatinized and dissolved
after heat or chemical treatment®>*>3®, This phenomenon
implied that the observed deformations of the squid
occurred mainly due to damage to the connective tissue
caused by chemical (immersion in the precursor solution)
and heat (thermal polymerization at 65 °C) stimuli. The
slight collapse of the radial muscle observed using TEM
(Fig. 1h) was explained by the deterioration of the con-
nective tissue.

Anisotropic tensile properties of the squid/PAAm DN gels

The anisotropic structure of the squid/PAAm-6 DN gel
resulted in anisotropic mechanical properties. The squid/
PAAm-6 DN gels and relevant samples were stretched
along the L- and C-axes (Fig. 2a). Figure 2b, ¢ shows the
uniaxial stress—strain curves of the PAAm gel, the pure
(untreated) squid, the heated squid, and the squid/PAAm-
6 DN gel. In this experiment, the pure squid was the
untreated squid just after defrosting, and the heated squid
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was the specimen heated at 65°C for 12h without
immersion in the monomer solution. The isotropic
PAAm gel was soft and stretchable with a fracture strain
reaching 7. In contrast, the tensile properties of both the
pure and heated squids were brittle, stiff, and anisotropic.
The fracture strains of both squid samples remained less
than 1, indicating their brittleness. The Young’s modulus
values of both squids were larger than those of the PAAm
gel. The modulus of the pure squid along the L-axis was
larger than that along the C-axis; however, this tendency
reversed due to the heat treatment. Regardless of the
differences in physical properties, both the squid
(untreated and heated) and PAAm gels were mechanically
weak, exhibiting fracture stresses of less than 0.1 MPa.
However, the mechanical properties of the squid/PAAm-6
DN gel remarkably improved relative to those of the
parent materials while maintaining the anisotropy. The
maximum stresses of the DN gel were more than 0.1 MPa
for both axes, which were significantly higher than those
of the squid specimens (Fig. 2d). The fracture strain of the
DN gel along the L-axis was approximately 2; it could be
stretched to a strain of approximately 5 along the C-axis
(Fig. 2e). In addition, at a strain of approximately 1, strain
hardening was observed when stretched along the L-axis;
softening was observed when stretched along the C-axis
(Fig. 2b). Notably, the squid specimens were cut from the
downside of the mantle, whereas the effects of the cutting
position on the mechanical properties of the squid/PAAm
DN gel were not significant (Supplementary Fig. 2).
Figure 3a—j shows pictures of the fractured specimens of
the squid/PAAm-6 DN gels and the related materials
upon uniaxial stretching. The pure squid stretched along
both the C- and L-axes exhibited highly ductile fracture
with neck formation (Fig. 3a, f). However, the heated
squid and the squid/PAAm-6 DN gel showed brittle
fracture when stretched along the L-axis (Fig. 3b-—e).
Moreover, the samples exhibited rough L-T fractured
planes when stretched along the C-axis (Fig. 3g—j). We
further tried to observe the fractured planes by LV-SEM
with high magnification. Because the nonflat fractured
planes could not be measured clearly in the low-vacuum
mode due to the gradual drying during the observation,
we only showed the C-T fractured plane of the heated
squid and the squid/PAAm-6 DN gel (Fig. 3k, 1). For the
heated squid (Fig. 3k), radial muscle fibers oriented along
the T-axis were observed, suggesting that the fracture of
the heated squid at the C-T plane was caused by the
detachment of the radial muscle fibers. However, for the
DN gel (Fig. 3i), circular muscle fibers oriented along
the C-axis were observed, suggesting the fracture of the
DN gel by the detachment of the circular muscle fibers.
We conducted cyclic tensile tests to investigate the
origin of the anisotropic mechanical properties of the
pure squid and squid/PAAm-6 DN gels. Figure 4a, b
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shows the cyclic tensile curves of the pure squid along the
C- and L-axes, respectively. Almost irreversible mechan-
ical hysteresis and large residual strain characteristics
were observed in both axes. Since the mechanical hys-
teresis of pure squid was independent of the time interval
between the adjacent cycles (Supplementary Fig. 3), the
mechanical behavior of pure squid was plasto-viscoelastic.
Figure 4c, d and Fig. 4e, f show the cyclic curves of the
heated squid and squid/PAAm-6 DN gel, respectively,
along the C- and L-axes. In both cases, mechanical hys-
teresis was partly reversible in both axes. Moreover, the
occurrence of residual strain in both axes was effectively
suppressed.

The following discussion on the anisotropic structure
and mechanical properties of the squid/PAAm DN gel
was made based on the above mechanical and fracture
observations. Because the connective tissue of the squid
did not strongly bind muscle fibers to each other, semi-
permanent slippage or detachment of the muscle fibers
could occur during the deformation of the pure squid®*.
This phenomenon corresponded well to the low fracture

stress, highly ductile fracture, and plasto-viscoelastic
deformation of the pure squid. By heating squid at
65 °C, the connective tissue was partly denatured, corre-
sponding to the longitudinal shrinkage and lead aggre-
gation of the muscle fibers*®. Since the squid became
more elastic due to aggregation, the heated squid exhib-
ited suppressed residual strain and brittle fracture. How-
ever, the aggregated muscle fibers still lacked large
deformability. For squid/PAAm DN gels, in addition to
the aggregation of the muscle fibers due to thermal
polymerization, the introduced PAAm network func-
tioned as a matrix around the muscle fibers. Since PAAm
exhibited hydrogen bonding capabilities through the side-
chain amide groups, the formation of a robust muscle
fiber-gel interface was highly expected®’. Such a robust
fiber-gel interface could enhance the mechanical proper-
ties of squid/PAAm DN gels because the strong bonding
between the matrix and fibers in composites generally
enhanced the strength of the composites®®. When the
squid/PAAm DN gel was stretched along the L-axis, a
stretching force was applied between the muscle fibers for
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detachment. At this time, the PAAm network confined
between the muscle fibers was strongly stretched,
accompanied by strain hardening (Fig. 2b). The DN gel
was finally fractured by detaching the circular muscle
fibers through the rupture of the PAAm network (Fig. 3i).
However, when the squid/PAAm DN gel was stretched
along the C-axis, the gel between the fibers underwent
shear deformation. The gel was largely deformed along
the C-axis due to the sliding of the fibers accompanied by
strain softening. The rough L-T fracture surface implied
that the DN gel was finally broken by the rupture of the
circular muscle fiber bundles near the stretching limit of
the PAAm matrix.

As discussed above, the mechanical properties of the
squid/PAAm DN gel were likely determined by the
interplay of the two components through the interaction
at the interface. From this viewpoint, the squid/PAAm
DN gel could be regarded as a soft composite with squid
muscle fibers as fillers.

Anisotropic fracture toughness of the squid/PAAm DN gels

We observed the enhanced anisotropic toughness of the
squid/PAAm DN gel using the trouser tear and single-
edge notch tests. For the tear test, the initial notch was
imposed on the L-T plane (crack propagation along the
L-axis) or C-T plane (along the C-axis) of the specimen
(Fig. 5a). The tearing energy, 7, was estimated as
T = 2F,,./t without considering the stretch of the legs,

where F,,. is the average tearing force and ¢ is the
thickness of the gel**. The pure squid was tearable along
both planes, as shown in Fig. 5b, c; however, tearing along
the L-T plane showed a remarkably higher tearing
energy of 1400 ] m > relative to that along the C-T plane
(2007 m™~?). The heated squid and the squid/PAAm DN
gels could be torn along the C-T plane (Fig. 5e, g);
however, if the tearing test was performed along the L-T
plane, the crack immediately bended 90° and propagated
along the C-T plane (Fig. 5d, f). This crack bending
indicated that the tearing energies of the heated squid
and the squid/PAAm DN gels along the L-T plane were
significantly higher than those along the C-T plane.
Figure 5h shows the tearing energies of the pure squid,
the heated squid and the DN gels. Notably, the tearing
energy of the heated squid and the DN gel along the L-T
plane could not be measured due to crack bending. The
tearing energy along the C-T plane significantly
increased from 200 (pure squid) to 1400 ] m™ > by com-
positing the squid with PAAm.

For the single-edge notch test, the initial notch was
imposed on the C-T plane or L-T plane of the rectan-
gular specimen (Fig. 6a). Figure 6b, ¢ shows photographs
of the squid/PAAm-6 DN gels subjected to a single-edge
notch test, and Fig. 6d shows the load—displacement
curves of the notched DN gels. Movies of the single-edge
notch test are available as Supplementary Movies 1 and 2.
When an initial notch was imposed on the C-T plane and
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variation.

stretched along the L-axis, corresponding to a fracture
parallel to the circular muscle, the straight propagation of
the crack after a small extension was observed. However,
when the notch was imposed on the L-T plane and
stretched along the C-axis, corresponding to a fracture
perpendicular to the circular muscle, the crack did not
propagate simply perpendicularly to the circular muscle;

instead, the crack sometimes branched in a direction
parallel to the circular muscle. This phenomenon resulted
in multistep crack propagation. Such bifurcation and
refraction of cracks are often observed during the fracture
of anisotropic materials®’. Furthermore, as shown in
Fig. 6c, a large displacement was required for the com-
plete crack propagation to the DN gel along the L-axis.
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This phenomenon indicated that the fracture resistance of
the squid/PAAm DN gel along the L-T plane was sig-
nificantly larger than that along the C-T plane; these
findings were consistent with the tear test results. Figure
6d shows a summary of the strain energy release rate, G,
of the squid/PAAm DN gels and their parents. The strain
energy release rate is an index of the toughness values of
materials; it was calculated using the formula G =
—_ W (Ap)c, where Ay, is the fracture strain of the notched
éé;bqples and W(A,) is the area under the stress—strain
curve of the corresponding unnotched samples at the
strain of 1, >*. The G value of the PAAm gel was as low as
35Jm~ % The pure squid and heated squid exhibited
strongly anisotropic G values; the G value along the C-T
plane was approximately 100 m™ 2 whereas that along
the L-T plane was approximately 1500]m % these
findings were consistent with the tearing test results.
However, the G values of the squid/PAAm-6 DN gel
along the C-T plane were approximately 500]m 2
which was significantly higher than those of the pure
squid and heated squid. Moreover, the measured G of the
DN gel along the LT plane reached 4000] m 2, which
was comparable to the maximum fracture toughness of
DN gels reported until now". Note that we set the initial
crack length ¢ as 2 mm, while a smaller ¢ was preferable
for correct measurements>*. If we used ¢ = 1 mm for the
single-edge notch test of the DN gel, the specimen rup-
tured near the gripper without crack propagation from
the initial crack. This phenomenon suggested that the
true G of the squid/PAAm-6 DN gel was remarkably
greater than the measured G.

The two types of fracture tests revealed the aniso-
tropic enhanced fracture toughness values of the squid/
PAAm DN gels. The toughness of the DN gel along the
L-T plane was remarkably larger than that along
the C-T plane because the fracture along the L-T plane

required the rupturing of the muscle fiber; fracture
along the C-T plane only required the peeling of the
muscle fiber interface. Such anisotropic toughness of
the squid/PAAm DN gels was demonstrated by the
notch introduction test (Supplementary Movies 3 and
4). When a DN gel with a suspended weight was not-
ched along the C-axis, the gel immediately ruptured.
However, when the gel was notched along the L-axis, no
crack propagation was observed. The presence of the
PAAm network enhanced the toughness of squids,
probably because the densely introduced PAAm net-
work bound the muscle fiber bundles strongly. This
hypothesis was supported by the fact that the toughness
of the squid/PAAm DN gel increased with increasing
PAAm concentration (Supplementary Fig. 4).

Degradation resistance

Pure squid gradually degraded after long-term storage
or heat treatment>'®2, Therefore, whether the obtained
squid/PAAm-6 DN gel would degrade with time or by
heating was investigated. Figure 7a shows the tensile
stress—strain curves of the squid/PAAm-6 DN gel left
for two months at 4 °C. The DN gel maintained its high
strength after two months of storage, while there was
little deterioration in the physical properties. Figure 7b
shows the stress—strain curves of the squid/PAAm-6
DN gel heated at 90°C for 1h. In this case, no sig-
nificant deterioration was observed (Supplementary
Fig. 5). The mechanical deterioration of pure squid was
mainly caused by the denaturation of connective tissue
that bound the muscle fibers. In squid/PAAm DN gels,
the stable PAAm matrix was substituted for connective
tissue. This phenomenon could explain why the sig-
nificant mechanical deterioration of the squid/PAAm
DN gels due to heat or long-term storage was not
observed.
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Conclusions

We successfully synthesized a tough and anisotropic
squid/PAAm DN hydrogel using the squid mantle as a
primary network. The DN gel was prepared using a low-
energy process by leaving the precursor at 65 °C for 10 h.
The tensile properties of the squid/PAAm DN gels were
significantly enhanced relative to those of untreated squid
while maintaining the anisotropy from the squid mantle
muscle. In addition, a squid/PAAm DN gel could serve as
a material with remarkable fracture resistance, where
cracks would be less likely to propagate across muscle
fibers. The introduced PAAm could function as an arti-
ficial connective tissue that strongly bound to the muscle
fibers of squid and provided elasticity and stability to the
material. To date, we do not have evidence of interactions
between the squid muscle fibers and PAAm. Thus, the
effects of the gel—fiber interaction on the mechanical and
fracture properties of the materials were not clear, which
was a limitation of this study that should be investigated
in the future.

The squid/PAAm DN gel would be potentially useful as
load-bearing artificial fibrous tissues, such as artificial
ligaments and tendons. The basic criteria of artificial
fibrous tissues were biocompatibility, high fracture resis-
tance, and high elastic modulus. The squid/PAAm DN gel
was potentially biocompatible after removing residual
unreacted monomers (Supplementary Fig. 6), and it
exhibited excellent fracture toughness. Unfortunately, the
elastic modulus was not sufficient at this point for this
purpose and had to be improved by modifying the com-
positions of the two components.

As shown by the squid/PAAm DN gels in this paper,
the preparation of natural/synthetic DN gels was an
effective and general method for producing tough DN
gels with outstanding functions derived from the
anisotropy characteristics of biological products. Ani-
sotropy and related mechanical functions were con-
trollable by choosing natural products for the primary
network. The study of natural/synthetic DN gels
would aid the development of anisotropic gels with
elaborate structures and functions for more practical
applications.
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