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ENGINEERING

Robust and sensitive conductive nanocomposite
hydrogel with bridge cross-linking—-dominated

hierarchical structural design

Tian Li', Haobo Qi', Yijing Zhao', Punit Kumar?, Cancan Zhao®, Zhenming Li3, Xinyu Dong’,
Xiao Guo', Miao Zhao', Xinwei Li', Xudong Wang?*, Robert O. Ritchie?*, Wei Zhai'*

Conductive hydrogels have a remarkable potential for applications in soft electronics and robotics, owing to their
noteworthy attributes, including electrical conductivity, stretchability, biocompatibility, etc. However, the limited
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strength and toughness of these hydrogels have traditionally impeded their practical implementation. Inspired
by the hierarchical architecture of high-performance biological composites found in nature, we successfully fabri-
cate a robust and sensitive conductive nanocomposite hydrogel through self-assembly-induced bridge cross-
linking of MgB; nanosheets and polyvinyl alcohol hydrogels. By combining the hierarchical lamellar microstructure
with robust molecular B—O—C covalent bonds, the resulting conductive hydrogel exhibits an exceptional strength
and toughness. Moreover, the hydrogel demonstrates exceptional sensitivity (response/relaxation time, 20 milli-
seconds; detection lower limit, ~1 Pascal) under external deformation. Such characteristics enable the conductive
hydrogel to exhibit superior performance in soft sensing applications. This study introduces a high-performance
conductive hydrogel and opens up exciting possibilities for the development of soft electronics.

INTRODUCTION

Hydrogels have immense potential for various applications in bio-
medicine (I-3), energy storage (4), soft robotics (5, 6), and flexible
electronics (7, 8). Nevertheless, a notable obstacle to their practical
utilization is their limited strength (less than 1 MPa) (9, 10). More-
over, achieving an optimal combination of characteristics, such as
high sensitivity, self-healing capability, and mechanical robustness,
is crucial for the successful implementation of soft hydrogels in
practical applications (11, 12).

The development of conductive hydrogels typically entails the
integration of conductive components into the hydrogel matrix.
These conductive phases encompass a variety of types such as nano-
materials [e.g., graphene (13), carbon nanotube (14), MXene (15-
17), and Ag nanoparticles (18)], conductive ions [e.g., metal ions
(9) and ionic liquid (19)], and conductive polymers [e.g., poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (20),
polyaniline (PANTI) (21), and polypyrrole (PPy) (22)]. It has brought
to attention that often weak molecular bonds between the conduc-
tive phases and the hydrogel matrices, along with disordered struc-
tural distribution within the matrix, can adversely affect the
mechanical properties of conductive hydrogels.

Biological soft tissues, such as tendon and cartilage, exhibit an
exceptional combination of strength, flexibility, and message-
passing ability, although they are composites based on simple com-
positions comprising biopolymers and minerals. For instance, the
hierarchical organization of tendon endows them with high strength
and flexibility, allowing them to endure mechanical stress and
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execute contractions and relaxations. Moreover, the interplay be-
tween message-passing proteins and other constituents within soft
tissues contributes to their overall strength and sensing capabilities
(23, 24). Inspired by the remarkable properties of bio-soft tissues,
researchers have explored various structural and molecular engi-
neering technologies to enhance the mechanical properties of hy-
drogels. Structural approaches, including freeze casting to create
hierarchical structures (17, 25), stretch training to align hydrogel
fibers (26), and salting out to induce strong chain aggregation (27,
28), have been extensively investigated. Molecular engineering ap-
proaches, including the formation of covalent bonds (29), hybrid
networks (30), and nanocrystalline domains through annealing
(31), have shown great potential in enhancing the mechanical
strength of hydrogels. However, most of these engineering methods
are “top-down” approaches that have limitations in creating strong
bonding between hierarchical units after gelation (32).

Biological soft tissues are formed through the intricate process of
cell division, which can be characterized as a “bottom-up” approach.
A similar approach is observed in self-assembly, where physical
driving forces are used to construct materials with ordered struc-
tures (33, 34). During self-assembly, the basic units gradually ag-
gregate and become bulk materials with strong interface bonding.
For instance, during the evaporation process, two-dimensional (2D)
nanosheets in a solution effortlessly align under the influence of
unidirectional solvent evaporation forces. Simultaneously, dehydra-
tion reactions occur between the hydroxyl groups of soluble
hydroxyl-containing polymer molecules, leading to layer-by-layer
crystallization of polymer molecules (35-37). To combine both
structural and molecular engineering strategies, we incorporate 2D
MgB; nanosheets as the electrical conductive phases within polyvi-
nyl alcohol (PVA) hydrogel matrix and create them into nanocom-
posite hydrogels through a simple self-assembly-induced boron
bridging method. Structurally, the evaporation approach facilitates
the layer-by-layer self-assembly of PVA and MgB, nanosheet layers
into a lamellar microstructure. Meanwhile, MgB, nanosheets can
serve as high-functionality cross-links, forming a large number of
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strong B—O—C covalent bonds with PVA nanolayers for mechanical
strengthening (38, 39). Furthermore, MgB, nanosheets could pro-
vide conducting ions and electrons for enhanced electrical properties
(40). Through this approach, we have successfully created hierarchi-
cal lamellar MgB, nanosheet (HLMN)-bridging PVA hydrogels, ex-
hibiting impressive tensile strength (8.58 to 32.7 MPa) and toughness
(27.56 to 123.3 MJ/m®). In addition, these nanocomposite hydrogels
demonstrate high sensitivity to deformation pressure, characterized
by a remarkable response/relaxation time of 20 ms and a detection
lower limit as low as 1 Pa. These remarkable properties make them
suitable for a wide range of applications across various fields.

RESULTS AND DISCUSSION
The fabrication process of the HLMN-hydrogel begins with the syn-
thesis of 2D MgB, nanosheets using a chemical exfoliation method

based on chelation reactions. Figure 1A shows the crystal structure of
MgB,, highlighting its layered characteristics consisting of distinct
and alternating Mg and B layers. This layered configuration is further
confirmed by the scanning electron microscopy (SEM) image
(fig. S1) of a micro-MgB; particle, which reveals a plate-like structure
with a pronounced length-to-thickness ratio. This layered structure
of MgB; presents the potential for its exfoliation into nano-sized, 2D
nanosheets. However, the crystal bonding within MgB, is complex
and strong. Specifically, MgB, exhibits an AlB,-type crystal structure,
consisting of closely packed Mg layers and graphene-like B layers
bonded by a combination of ionic interlayer bonding and a mixture
of covalent and metallic bonding (41). To overcome the formidable
crystal bonding and successfully exfoliate MgB, nanosheets, we use
chelation reactions, through which a metal ion forms a strong com-
plex with an organic ligand, thereby extracting the metal ion from its
original position (42). EDTA, chosen as the chelating agent, has four
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Fig. 1. Fabrication and characterizations of the MgB, nanosheets. (A) Schematic illustration of the exfoliation process for MgB, nanosheets. (B and C) TEM and HRTEM
images of exfoliated MgB; nanosheets. (D) TEM-EDS of the MgB, nanosheets. (E) Surface area of the MgB, nanosheets. (F) AFM image of the nanosheets. (G) XPS of MgB,

nanosheets.
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acidic protons enabling the formation of strong Mg-EDTA complex-
es, as displayed in fig. S2. When MgB, nanoparticles react with
EDTA, EDTA firmly engages with the Mg, extracting them from
their native positions within the crystal structure. This interaction
leads to a Mg-deficient layered structure, which weakens the inter-
layer bonding within the MgB, crystals and facilitates their cleavage
into MgB, nanosheets under the influence of ultrasound vibrations.
The resultant exfoliated MgB, nanosheets exhibit a thin-plate micro-
structure approximately 500 nm in length and 20 nm thick, as con-
firmed by the transmission electron microscope (TEM) image and
atomic force microscopy (AFM) data in Fig. 1 (B, C, and F, respec-
tively). This result verifies the successful exfoliation into 2D MgB,
nanosheets. Furthermore, Brunauer-Emmett-Teller (BET) surface
area analysis measurements reveal a significant increase in surface
area from 6.904 m?/g for the MgB, nanoparticles to 31.580 m*/g for
the MgB, nanosheets (Fig. 1E). Energy-dispersive spectroscopy anal-
ysis under TEM (TEM-EDS) confirms the composition of Mg and B
elements in the MgB; nanosheets (Fig. 1D). X-ray photoelectron
spectroscopy (XPS) is used to demonstrate the reduction of the Mg
element in the MgB, nanosheets (Fig. 1E). A clear distinction is ob-
served in the Bls XPS spectra between the MgB, nanoparticles and
nanosheets. In the MgB, nanosheets, the Bls peak splits into three
distinct peaks at approximately 187, 187.7, and 188.4 eV (Fig. 1G).
The broader peak observed at 188.4 eV in the MgB, nanosheets can
be attributed to an increased presence of B—OH species (43). With
this change in dimension and increased boron composition, these
MgB, nanosheets show great promise for enhancing the mechanical
and electrical performances of conductive PVA hydrogels.

The HLMN-hydrogel was then prepared by a combination of
evaporation-driven self-assembly and bridging-cross-linking ap-
proach, as shown in Fig. 2A. This process starts by blending 0.16 wt %
MgB; nanosheets with 4 wt % PVA aqueous solutions, which is the
highest ratio of MgB, nanosheets that can be added without affect-
ing the fluidity of the mixture. As shown in fig. S4, when the PVA
content is increased to 8 wt % or the MgB, nanosheets content is
raised to 0.24 wt %, the mixture undergoes a swift transition from a
liquid state to a gel-like consistency, thereby hindering the self-
assembly process. This change also indicates an effective boronate-
ester bonding creation between the B—OH species of the MgB,
nanosheets and the hydroxyl groups (-OH) of the PVA. This flow-
able mixture then undergoes an evaporation process in an ambient
environment to form either a thin film or a bulk shape, depending
on the duration of evaporation. During the evaporation process, de-
hydration reactions occur among the hydroxyl groups of PVA, lead-
ing to the layer-by-layer assembly of PVA micro/nanolayers bonded
by hydrogen bonds. Meanwhile, leveraging their high aspect ratio,
the MgB, nanosheets naturally align with their flat surfaces parallel
to the PVA layers, facilitating the formation of boronate-ester bonds
in between. This process forms the initial cross-linking of the com-
posite system assisted by the hydrogen bonds and boronate-ester
bonds. Subsequently, the sample undergoes a low-temperature ther-
mal annealing, which largely increases the number of PVA nano-
crystalline domains within the PVA layers and the formation of
boronate-ester bonds bridging the MgB, nanosheets with the PVA
layers, as illustrated in Fig. 1A. Last, the annealed sample is swelled
in water until equilibrium to achieve the HLMN-hydrogel, which
consists of ~93% water content, as confirmed in fig. S5.

For comparison, we also prepared pure PVA hydrogels (PVA-hydrogel)
and MgB, nanoparticle-doped PVA hydrogels (MP-hydrogel) using

Lietal., Sci. Adv. 10, eadk6643 (2024) 2 February 2024

similar evaporation-assisted self-assembly and thermal annealing
methods. The microstructures of these comparing samples are ex-
amined in fig. S6. The PVA hydrogels display a well-ordered lamel-
lar microstructure due to the evaporation-driven self-assembly
effect. However, the MP-hydrogels exhibit a less orderly structure
due to the spherical shape of the MgB, nanoparticles (fig. S7) that
disrupts the orderly formation of PVA layers during evaporation.
The HLMN-hydrogels, however, showcase a perfectly aligned la-
mellar microstructure, owing to the 2D platelet-like shape of the
MgB, nanosheets. These nanosheets, with their high aspect ratio
and nanometer thickness, fit perfectly between the PVA layers. The
formation of boronate-ester bonds further strengthens the connec-
tions between the PVA layers and the MgB, nanosheets, promoting
arefined layer-by-layer assembly of the materials during the evapo-
ration process. The SEM images (Fig. 2B) highlight the hierarchical
lamellar microstructure of the HLMN-hydrogel, with nanoscale
alternating PVA layers and MgB, nanosheet layers. Specifically, the
nanocomposite hydrogel consists of the following hierarchical la-
mellar structures and multiple molecular bonds: (i) Through the
evaporation process, PVA chains assemble into nano- and micro-
scale lamellar layers with MgB, nanosheets embedded in-between;
(ii) the PVA layers, interconnected via hydrogen bonds, comprise
numerous nanocrystalline domains formed during thermal an-
nealing; (iii) MgB, nanosheets serve as high-functionality cross-
links, producing an abundance of boronate-ester bonds through
the interaction of B—OH species on the MgB, nanosheets and the
-OH groups of the PVA layers.

Uniaxial tensile tests were conducted on all samples, with results
presented in Fig. 2C. The HLMN-hydrogel, despite consisting of a
high-water content of ~93%, displayed substantially superior me-
chanical properties compared to the other groups. Its tensile strength
(8.58 + 1.34 MPa) was 11 times higher than that of the PVA-
hydrogel (0.78 + 0.04 MPa) and 2.7 times that of the MP-hydrogel
(3.17 + 0.56 MPa) (Fig. 2, C and D). The toughness of the HLMN-
hydrogel, measured as the area under the stress-strain curve, fur-
ther showcased its superiority. The value for the HLMN-hydrogel
(27.56 + 7.48 MJ/m°) was nearly 20 times larger than the PVA-
hydrogel (1.37 + 0.21 MJ/m’) and 3.7 times larger than the MP-
hydrogel (7.45 + 1.88 MJ/m”). By modulating the water contents,
the mechanical performance of the HLMN-hydrogels could be fur-
ther enhanced (fig. S10). The mechanical properties of the HLMN-
hydrogel exceeded that of most hydrogels (Fig. 2F and table S1).
Furthermore, the HLMN-hydrogel displayed a great shape recovery
capability and decent hysteresis performance (Fig. 2E). These re-
sults demonstrate the advantages of our facile assembly approach
for fabricating strong and tough hydrogels.

The remarkable strength and toughness of HLMN-hydrogel, ca-
pable of supporting a 2 kg load with a thin strand (0.3 mm by 3 mm),
can be attributed to the synergistic energy dissipation mechanisms
from their hierarchical lamellar structures and multiple molecular
bonds, as illustrated in Fig. 3A. On a micro- and nanoscale, the well
aligned MgB, nanosheets embedded within the PVA layers (Fig. 3A)
impede crack propagation via fracture deflection. Simultaneously,
the pullout of MgB, nanosheets from the PVA layers dissipates ad-
ditional mechanical energy and enhances the overall deformation
capability, allowing the HLMN-hydrogel to stretch more than 10-
fold its original length. This is over three times the stretchability of
pure PVA-hydrogels, which can only reach thrice their original
length before fracturing (Fig. 2D). SEM images of cross-sectional
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fractures corroborate this, revealing a deflected fracture surface
across multiple layers and the identifiable pullout of individual MgB,
nanosheets (Fig. 3, C and D). At the nanoscale, the PVA layers were
reinforced by thermal annealing to form abundant nanocrystalline
domains, which consist of highly aggregated and intertwined PVA
chains with strong molecular bonding. The fracture of these highly
crystallized PVA layers lead to significantly energy dissipation.

Lietal., Sci. Adv. 10, eadk6643 (2024) 2 February 2024

Differential scanning calorimetry (DSC) analysis (Fig. 3F) reveals a
broad curve for annealed HLMN-hydrogels with higher intensity
compared to unannealed ones. This suggests the formation of more
crystalline domains in the annealed HLMN-hydrogels. The highly
crystallized anisotropic lamellar microstructure of the HLMN-
hydrogel can also be identified by the flattened circular and elliptical-
like pattern from the small-angle x-ray scattering (SAXS) tests
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(Fig. 3E). An enormous number of boronate-ester bonds were
formed to bridge the MgB, nanosheets and the PVA layers at molecu-
lar scale, augmenting the strength and toughness of the hydrogels as
high-functionality cross-links. The existence of B—OH species on the
surface of the MgB, nanosheets was confirmed from the XPS results
in Fig. 1G. The appearance of the B—O—C bonds (1125 cm™") and
O—B—0 bonds (710 cm™) (38, 44, 45) in the Fourier transform infra-
red spectroscopy (FTIR) results of HLMN-hydrogels confirmed
the creation of strong covalent boronate-ester (B—O—C) bonds in
between the MgB, nanosheets and PVA layers (Fig. 3G). During
stretching, debonding of these B—O—C covalent bonds consumes a
significant amount of energy that leads to high strength and tough-
ness of the hydrogels. In summary, the HLMN-hydrogel’s outstanding

Lietal., Sci. Adv. 10, eadk6643 (2024) 2 February 2024

mechanical performance is a result of a synergic effect of multiple en-
ergy dissipation mechanisms, including crack deflection by the MgB,
nanosheets, the pulling-out of the MgB, nanosheets from the PVA
layers, the fracture of the highly crystallized PVA layers, and the
debonding of the strong B—O—C covalent bonds in between the
MgB; nanosheets and PVA layers.

The HLMN-hydrogel not only exhibits outstanding mechanical
performance but also exceptional response sensitivity and low de-
tection limit. Specifically, the pressure sensor can respond to a slight
pressure of ~1 Pa, equivalent to a small flower weighing 56 mg on an
area of 5 cm? (Fig. 4A). The response/relaxation time of HLMN-
hydrogel is remarkably low at ~20 ms, even faster than that of hu-
man skin (=30 to 50 ms) (46) and electronic skin (table S2). In
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addition, the gauge factor (GF) of the HLMN-hydrogel increases
from 0 to 4.43 as the stretch strain increases from 0 to 800% (Fig. 4B).
In contrast, control studies of the MP-hydrogel showed a poorer re-
sponse time, relaxation time, and GF compared to the HLMN-
hydrogel (fig. S13). The electrical stability of the HLMN-hydrogel is
retained after 1500 tensile cycles, indicating its potential as a robust
mechanical sensor (Fig. 4C).

The HLMN-hydrogel displays electrical conductivity by facilitat-
ing the movement of both electrons (through MgB, nanosheets)
and ions (such as Mg*" and B species). The presence of conduct-
ing ions was confirmed through inductively coupled plasma emis-
sion spectrometer (ICP) analysis of the hydrogels (fig. S15). In a

temperature-resistance experiment (fig. S17), the resistance of the
hydrogel decreased with the increase in temperature, indicating an
increased movement of ions due to the elevated temperature, and
further validating the existence of the ionic conducting mechanism
of the HLMN-hydrogel. We further conducted a comprehensive
electrochemistry study to analyze the conductive format and calcu-
late conductivity. From the results shown in fig. S18, it is evident that
the ion resistance measures at 9.93 ohms, while the electron resist-
ance is notably high. This observation indicates the dominance of
ion resistance, which aligns with expectations, considering the cov-
erage of nanosheets by the PVA, affecting their electronic conduc-
tivity. Further insight from the Bode plot in fig. S18C reveals an
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exceptionally low deviation frequency for ionic conduction in the
material. These outcomes reaffirm that ionic transport is the pre-
dominant factor in the hydrogel’s behavior. Our calculations yielded
a material conductivity of 0.13 S/m. We compared this conductivity
with that of several other conductive hydrogels and composites in
table S3 and observed that its value is not exceptionally high. How-
ever, it is essential to emphasize that our objective does not prioritize
achieving high conductivity. This is because high conductivity alone
does not necessarily correlate with improved sensing performance.

The exceptional sensing ability of the HLMN-hydrogel is due to
its ordered nanoscale lamellar conductive PVA-MgB, layers and ex-
tremely low compressive modulus (1.86 + 0.10 kPa), as shown in
fig. S19. The HLMN-hydrogel’s low compressive modulus allows for
noticeable nanoscale deformation even under minimal force. This
leads to a reduction in layer gaps that accelerates the transportation
of Mg®*, B species ions, and electrons for enhanced conductivity
(Fig. 4E). Significantly, the nanoscale lamellar microstructures lead
to a significant increase in contact areas between the multiple con-
ductive PVA-MgB, nanolayers, creating a more efficient conducting
path for electrons and ions. This change in contact area is particu-
larly noticeable and can persist until the pressure is removed
(Fig. 4A).

Notably and interestingly, our HLMN-hydrogel demonstrated
remarkable noncontact speaking sensing ability due to its excep-
tional response sensitivity and low detection limit (Fig. 4D and
movie S1). The HLMN-hydrogel produced stable and distinguish-
able signals when receiving spoken words such as “NUS,;” “mechan-
ical and “engineering” The signal for mechanical engineering
represented the combined signal of “mechanical” and “engineering,”
demonstrating the accuracy and stability of the HLMN-hydrogel
(Fig. 4D). In addition, the HLMN-hydrogel also exhibited great un-
derwater speaking sensing capability, as depicted in fig. S21. We
spoke the words “Mechanical” and “Engineering” to the hydrogel
while it was immersed in water. Each word was repeated twice to
confirm its accuracy. The signal corresponding to “Mechanical” is
presented in fig. S21B. After applying Fourier transformation, it be-
comes evident that the signals for the two instances of “Mechanical”
exhibit similar characteristic frequencies, which distinctly differ
from the signals for “Engineering” (fig. S21, C, D, E, and G). This
underscores the hydrogel’s exceptional sensing capacity even when
submerged in water. Moreover, by using the five output channels,
the HLMN-hydrogel can be fabricated into an electronic glove to
distinguish different unique signs, including “stop,” “great,” “victo-
ry; and “ok” (Fig. 4F). In addition, the HLMN-hydrogel can act as a
handwriting-sensing device, detecting distinguishable and highly
repeatable waveforms for the words “ME” and “OK” (fig. S23). These
experiments demonstrate the superior sensing capabilities and ver-
satile applications of the HLMN-hydrogel.

The HLMN-hydrogel and its device, with outstanding sensing
capability, displayed tremendous potential for consumer electron-
ics, including speaking detection, virtual recreational gaming, sign
language translation, remote control of the surgical robot, rehabili-
tation tool for patients with hand disease, etc. For noncontact speak-
ing detection, we displayed a simple application example. The
signals of verbal instructions, such as “blue,” “red,” “yellow;” “green,”
and “turn oft” were received by the HLMN-hydrogel. The collected
quantities of signals were used for the training of a neural network
algorithm self-built using Python (fig. S24). Afterward, the speaking
and commands transfer was achieved by a microcontroller (Fig. 5A).
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Different verbal instructions of “blue,” “red;” “yellow;” “green,” and
“turn oft” exhibited accurate corresponding commands of turning
up the blue, red, yellow, or green light-emitting diode (LED) lights
and turning oft the lights (Fig. 5B and movie S2). In addition, Fig. 5C
showcased another application formats. A robotic car executed the
instructions to pick up and transport the “tomato,” “orange,” “plum,”
and “grape,” as the hydrogel received the spoken commands for “to-
mato,” “orange,” “plum,” and “grape” (movie S3). Accordingly, it is
apparent that the fabricated hydrogels with the noncontact speaking
sensing capabilities can realize the ability to “listen” and to “under-
stand” by themselves. The results showed that HLMN-hydrogel has
high sensitivity, accuracy, stability, and great potential as sensors
and consumer electronics.

Furthermore, in anticipation of future applications of this sens-
ing hydrogel in the biomedical field, we carried out an extensive as-
sessment of the biocompatibility of the hydrogel, encompassing
both in vitro and in vivo studies. To initially assess the biocompati-
bility of the hydrogel, we performed a hemolysis assay. As depicted
in Fig. 6 (A and B), the suspension of red blood cells (BCs) treated
with the hydrogel appeared colorless and clear, with an almost neg-
ligible hemolysis ratio when compared to Triton X-100. This obser-
vation signifies the excellent blood compatibility and overall
biosafety of the hydrogel. Next, we cultured rat skin-derived 1 (RS1)
fibroblast cells with the hydrogel for 48 hours, followed by a live/
dead staining procedure to assess the cells’ growth status (Fig. 6C).
Our observations revealed robust cell growth and almost no cell
death even after 48 hours of culture with the hydrogel. Furthermore,
we performed a quantitative analysis using the cell counting kit-8
(CCK-8) assay on the RS1 cells after 48 and 72 hours of culture with
the hydrogel (Fig. 6D). The results demonstrated a consistent in-
crease in cell viability over time, and the proliferation capacity of the
hydrogel sample closely resembled that of the blank culture plate.
These findings underscore the excellent cell biocompatibility of the
hydrogel. Last, to assess the in vivo biosafety of the hydrogel, it was
surgically implanted into bilateral pockets within the perivertebral
fascia lumbodorsalis of Sprague-Dawley (SD) rats under anesthesia.
After 2 weeks, the optical images revealed no signs of tissue swelling
or inflammation in the implanted area (Fig. 6E). Histological analy-
sis was performed on subcutaneous tissue and vital organs, includ-
ing the heart, liver, spleen, lung, and kidney, using hematoxylin and
eosin (H&E) staining (Fig. 6, E and F). No discernible differences
were observed between the tissues of the blank and hydrogel sam-
ples. Furthermore, there were no notable abnormalities in cell mor-
phology and no signs of neutrophil or lymphocyte infiltration or the
presence of necrotic cells in these tissues. These findings indicate the
good biocompatibility and safety of the HLMN-hydrogel.

If MgB, nanosheets were to be replaced with a different type of
nanosheet while maintaining the same assembly method, the
nanosheets and PVA nanolayers would still be present based on the
fabrication mechanism analysis. However, the crucial molecular-
level interaction between the nanosheets and the polymer matrix
would cease to exist, resulting in a decline in mechanical perform-
ance. What sets MgB, nanosheets apart from other nanosheets is
their ability to establish cross-links with the PVA matrix through the
formation of B—O—C bonds, thereby fortifying and toughening the
matrix. Typically, such cross-linking processes happen rapidly, re-
sulting in PVA gelation, which can affect the assembly and align-
ment of nanosheets within the polymer matrix. In our study, we
harnessed the self-assembly-induced bridge cross-linking approach,
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structions of “tomato,” “orange,” “plum,” and “grape.”

allowing the combination of MgB, nanosheets with PVA and the
alignment of MgB, nanosheets within PVA layers to coincide with
water evaporation. This method overcomes the limitations associated
with traditional “top-down” engineering techniques, which often
face challenges in establishing strong bonds between hierarchical
units after the gelation process.

Regarding sensitivity, if MgB, nanosheets were replaced with other
types of nanosheets, it is very likely that the hydrogel’s sensitivity
would remain intact. This is because the presence of nanoscale layers,
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akey factor contributing to high sensitivity to external pressure, would
persist. Therefore, fabricating a highly sensitive hydrogel using this
method with different nanosheets remains a viable approach. How-
ever, achieving a hydrogel with the same level of strength and tough-
ness as demonstrated in this study may not be feasible. Certainly, by
modifying the nanosheets with specific functional groups and incor-
porating these modified nanosheets into the hydrogel system, it is pos-
sible to establish cross-links between the inorganic nanosheets and the
polymer matrix. This approach can yield a conductive hydrogel with
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exceptional mechanical performance and sensitivity. This research
sets the foundation for developing a series of robust, resilient, and sen-
sitive conductive hydrogels through hierarchical structural design
spanning from the micro to molecular scales.

In summary, we have introduced an electrically conductive hydro-
gel, which uses MgB, nanosheets to bridge a unique hierarchical la-
mellar structure of PVA nanocomposite hydrogels. The resulting
HLMN-hydrogel exhibits exceptional mechanical properties, includ-
ing strength (8.58 to 32.7 MPa) and toughness (27.56 to 123.3 MJ/m?),
as well as remarkable sensing capabilities with a reaction time of 20 ms
and a detection lower limit of ~1 Pa. By incorporating hierarchical la-
mellar layers and interface cross-linking bridges, the mechanical per-
formance of HLMN-hydrogel exceeds that of recently reported tough
hydrogels. Moreover, the HLMN-hydrogel demonstrates exceptional
noncontact speaking sensing ability due to its unique nanoscale lay-
ered structure, enabling accurate and stable detection of verbal com-
mands. These features make the HLMN-hydrogel an attractive
material for flexible electronics, e-skins, soft robotics, energy, and bio-
medical applications. Overall, our hierarchical design strategy pro-
vides an effective approach for developing robust and functional
hydrogels with advanced capabilities.

MATERIALS AND METHODS

Materials

PVA (99+% hydrolyzed, M, 89,000 to 98,000), NaOH, and EDTA
were purchased from Sigma-Aldrich. MgB, powder was brought
from Xiaohuang Nanotech, Shanghai.
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Synthesis of MgB;, nanosheets

The reaction solution was obtained by adding EDTA (12.89 g) and
NaOH (3.95 g) into 90 ml of H,O. Then, the pH of the reaction solu-
tion was adjusted to 10. MgB, powder (2 g) exfoliation happened
when added to the reaction solution (25°C). After 3 days of exfolia-
tion, the suspension was washed at least five times using deionized
water and centrifuged to separate the powders. The collected pre-
cipitation was dispersed in water and delaminated under probe
sonication for 30 min. After that, the dispersion was centrifuged for
10 min at 10,000 rpm, followed by freeze-drying and annealing at
750°C to obtain MgB, nanosheets.

Fabrication of the HLMN-hydrogel, PVA hydrogel,

and MP-hydrogel

First, the fabricated MgB, nanosheets were ultrasonic dispersed in wa-
ter with a pH of 9. PVA solution (4 wt %) was obtained after adding
PVA into the mixture in a 90°C water bath for 1 hour, with a weight
ratio of the MgB, nanosheets and PVA of 4%. The mixed solution was
then poured into a container for evaporation-assisted self-assembly.
The obtained lamellar dry gel was then thermally annealed at 60°C for
30 min to produce PVA crystalline domains and cross-linking bridges.
The HLMN-hydrogel was obtained by soaking the annealed gel in de-
ionized water till equilibrium. To prepare the PVA hydrogel, a 4 wt %
PVA solution was subjected to evaporation-assisted self-assembly and
low-temperature annealing at 60°C, followed by soaking in water until
equilibrium. For the MP-hydrogel, MgB, powders passing through
the 400-mesh screen were mixed with PVA solution, with the same
self-assembling, annealing, and swelling process carried out.
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Characterization

The microstructure and element mapping of MgB, nanosheets were
characterized on a TEM (JEM-2100F, Japan). XPS (ESCAlab250
Thermal Scientific, USA) was used to determine the element compo-
sition of the materials, while x-ray diffraction (D8 Advance, Bruker)
was used to determine the phase of the materials. The microstruc-
tural images of the hydrogel were obtained by an SEM (HITACHI
S-4800). The hydrogel samples for microstructure observation were
first freeze-dried and then were frozen in liquid nitrogen for cross
section preparation. The bonding of the hydrogel was analyzed by
FTIR (Thermal Scientific, USA). The thickness and size of nanosheets
were analyzed by AFM (Park NX20). BET surface areas were obtained
via Quantachrome Autosorb. SAXS measurements were performed
on a Xenocs Xeuss 2.0 system by placing the cross section of the hy-
drogel perpendicular to the x-ray beam. The water contents of the
HLMN-hydrogel were estimated by comparing the mass difference
between the samples in the water-containing state and dried state.

DSC measurement

DSC was used to test crystalline domains at a rate of 20°C/min under
an argon atmosphere with a flow rate of 50 ml/min. Before testing,
hydrogel slices were first immersed in a cross-linking agent (50 vol %
glutaraldehyde, 5 ml; 37 wt % hydrochloric acid, 500 pl; water, 50 ml)
to stabilize the amorphous chains. Then, excess hydrochloric acid was
washed out from the stabilized hydrogels for 2 hours before they were
dried in a 50°C blast oven overnight.

ICP test

The ion concentration in the reaction mixture was tested using
ICP. First, MgB, nanosheets were ultrasonic dispersed in alkaline
water (pH 9) for 10 min. Then, the dispersed solution was magnetic
stirred for 1 hour in a 90°C water bath. Last, the supernatant was
collected after centrifugation for the ICP test. In the stability test, the
ion concentration in the water solution (20 ml) after soaking the dry
hydrogel (0.5 g) for 3 and 7 days was also investigated using ICP.

Mechanical performance

The mechanical performance of the hydrogels was evaluated using a
universal tensile machine (Instron 5500) equipped with a maximum
force of 1000-N loading cell. Dog bone-shaped hydrogel samples
(width, 3 mm; length, 8 mm; thickness, 0.2 mm) were cut using a die
cutter and uniaxially tested in tension at a displacement speed of
20 mm/min. The toughness of the hydrogels was determined by cal-
culating the area under the stress-strain curve. At least five samples
were tested for each type of hydrogel. The fracture energy (I') of the
samples was obtained by single-edge notch tension (SENT) test and
calculated through the following equation

6Wc

Vite, W

where g represents the fracture strain of notched sample, ¢ is the
length of the notch, and W is the stretch energy calculated by inte-
gration of the nominal tensile strength versus strain of an unnotched
specimen with the same dimensions stretched to the g, strain. The
hysteresis performance of the materials is determined using the cal-
culation: Hysteresis = (Sp — Sy)/SL X 100%, with Sy and Sy repre-
senting the areas under the loading and unloading curves at a
specific strain, respectively (20, 47).

I'=
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Conductivity study

We performed an electrochemical study to investigate the material’s
conductivity using an electrochemical workstation (VMP3, Biologic
Inc.). To examine the conductive behavior of the material, we devel-
oped an equivalent circuit model that incorporates both ionic and
electronic components (48). In the analysis of ionic conduction, we
used the Randle equivalent circuit (49), with R; representing ionic
resistance and Cyj representing double-layer capacitance. Parallel to
the double-layer capacitance, we considered the diffusion imped-
ance due to the faradaic reaction, consisting of the charge transfer
resistance R and the Warburg impedance Z,, (the expression is il-
lustrated in fig. SI8A, where A,, is the Warburg coefficient, j is the
imaginary unit, and o is the angular frequency). The electronic-
conducting component was represented by pure resistance, R.. We
treated ionic conductivity and electronic conductivity as indepen-
dent, leading to R, and ionic conductivity arranged in parallel (48).
We determined the material’s conductivity using the relationship
between material size and conductivity: 6 = L/(SR), where L repre-
sents the electrode distance, S is the cross-sectional area of the mate-
rial, and R is the resistance.

Self-healing

The HLMN-hydrogel was cut into two parts and then prehealed for 2
min. The prehealed samples were placed in an oven at 60°C for 5 min to
promote the formation of bonds and crystalline domains at the crack.
The healed hydrogel was obtained by swelling the samples in water.

HLMN-hydrogel for sensor applications

The reaction/relaxation time and GF of HLMN-hydrogel were ex-
plored using Keithley DMM6500 in the two-probe mode. For non-
contact speaking detection, the hydrogel was encapsulated between
polydimethylsiloxane (PDMS) film and polyethylene thin film
(Fig. 4D). Two copper-pad electrodes were fixed on the PDMS film to
ensure stable contact between hydrogels and Keithley DMM6500. A
specialized algorithm [r = (R, — Ry—1)/Ry—1 X 100%] was used to
mitigate the impact of water loss on resistance changes. For electronic
glove application, the hydrogels were encapsulated with PDMS and
attached to each finger joint of the glove. The end of the hydrogels was
firmly attached to the glove by cyanoacrylate glue. The five hydrogel
sensors were connected with the NodeMCU development board ESP-
328. For the handwriting sensor, the hydrogel was encapsulated into a
dragon skin frame (fig. $23). A PDMS film was put on the hydrogel to
protect it from mechanical failure during the writing.

HLMN-hydrogel for speaking and commands recognition
The collected speaking signals were processed in a self-built neuron
network algorithm with Python. The speaking and commands transfer
was achieved by a development board (NodeMCU, ESP-32S), which is
compatible with the Arduino programming environment. All partici-
pants in the sensor application experiment were the authors of this
manuscript, and the test was conducted with their informed consent.

Biocompatibility study in vitro and in vivo

To assess the blood compatibility of the hydrogel in vitro, a hemo-
Iytic test was used. Fresh BCs were sourced from SD rats procured
from Shanghai Sippr-BK Laboratory Animal Co. Ltd. These BCs
were subsequently subjected to centrifugation at 2000 rpm for
5 min. A 4% BC solution was prepared by mixing 0.2 ml of BCs
with 4.8 ml of phosphate-buffered saline (PBS) solution. Hydrogels
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were incubated in PBS for 24 hours to form the sample solution.
Following this, 0.5 ml of the BC solution was combined with 0.5 ml
of the sample solution, along with Triton X-100 and PBS, and the
mixture was incubated at 37°C for 1 hour. Triton X-100 served as
the positive control, while PBS served as the negative control. Sub-
sequently, the supernatants were collected by centrifuging the sam-
ples at 2000 rpm for 5 min and were captured using a digital camera.
Ultimately, the optical density (OD) of the supernatants was mea-
sured with a microplate reader at a wavelength of 540 nm. The he-
molysis ratio of the hydrogel was calculated as follows: hemolysis
ratio = (ODhydrogel solution — ODPBS)/(ODTritonX—IOO - ODPBS) X 100%,
where OD denotes the absorbance values of the hydrogel solution,
PBS, and Triton X-100, respectively.

The cell compatibility in vitro of the hydrogel was assessed by cul-
turing it with RS1 cells. RS1 cells were seeded with the density of
4% 10* per well into 48-well plates with the hydrogel and were stained
using live/dead dye (Calcein/propidium iodide cell viability/cytotox-
icity assay kit, Beyotime) after a 48-hour culture to assess the cell sta-
tus. In addition, RS1 cells were seeded into 48-well plates (8 x 10° cells
per well) containing the hydrogels to evaluate cell viability. Subse-
quently, we conducted a quantitative analysis of RS1 cell viability us-
ing CCK-8 (Beyotime) after both 48 and 72 hours of culture.

To assess the in vivo biocompatibility of the hydrogel, the hydrogel
was implanted into bilateral pockets within the perivertebral fascia
lumbodorsalis of 8-week-old SD rats under anesthesia using pento-
barbital sodium (0.5 mg/kg). Rats without any material implantation
served as the control group. Subsequently, the animals were humanely
euthanized through carbon dioxide (CO,) asphyxiation after a 2-week
period. Then, the histological analyses were conducted on the subcu-
taneous tissue surrounding the implanted hydrogel, as well as various
rat organs, including the heart, liver, spleen, lung, and kidney using
H&E staining. All the animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of Shanghai Ninth People’s
Hospital Affiliated with Shanghai Jiaotong University, School of Medi-
cine (SHOH-2023-A874-1).

Statistical analysis

All data were presented as the means + standard deviation. The dif-
ference between two groups was analyzed using an unpaired Stu-
dent’s f test (*P < 0.05, ***P < 0.001).
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