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Inspired by the low/stable water content of human epidermis, Shen et al. report a
low-water-content polyelectrolyte hydrogel (L-hydrogel) that mimics the
composition of human epidermal stratum corneum employing an integrated
hydrophobic/hydrophilic network design. L-hydrogels possess excellent
mechanical properties and stability in air, enabling various soft ionotronics with
long-lasting stable functionality.
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Low-water-content polyelectrolyte hydrogels
inspired by human epidermal stratum corneum

Zihang Shen," Jie Ma," Yijie Cai," Siyang Li," Dongrui Ruan,” Shufen Dai,” Zhi Sheng," Jiabao Bai,’
Daochen Yin,! Jianfeng Ping,” Yibin Ying,” Canhui Yang,® Shaoxing Qu," and Zheng Jia'**

SUMMARY

Hydrogels typically contain large amounts of water (>80 wt %) and
suffer from limitations inherent to high water content, including
rapid dehydration under ambient conditions and limited mechanical
properties. Herein, inspired by the low water content and stable per-
formance of human epidermis, we report a low-water-content poly-
electrolyte hydrogel (i.e., L-hydrogel) that mimics the composition of
the human epidermal stratum corneum by employing an integrated
hydrophobic/hydrophilic network design. The low water content of
L-hydrogels (<12 wt %) leads to superior self-healing capability
with a healing efficiency of ~100%, strength and modulus approach-
ing ~1 MPa, skin-like fracture toughness (3,390 J/m?), and strong
natural adhesions (~120-1,300 N/m) to both wet and dry surfaces.
L-hydrogels also possess stable water content and mechanical prop-
erties over time under ambient conditions, enabling long-lasting
stable functionality for various types of triboelectric nanogenerators
and ionic skins. L-hydrogels hold promise for long-term practical
applications in soft ionotronics under ambient conditions.

INTRODUCTION

Hydrogels are polymer networks containing large amounts of water (typically >80
wt %). With their excellent transparency, '~ ionic conductivity,> > and widely tunable
mechanical properties,®® hydrogels have been utilized in a wide range of applica-
tions, including biomedicine,”'" flexible electronics,'*"? tissue engineering,'*'”
and soft machines.'®'” However, ordinary hydrogels of high water content suffer
from key limitations inherent to water, which tends to leak, evaporate, and interfere
with interchain molecular interactions, causing a host of issues.'®"” First, due to the
volatile nature of water, hydrogels are often plagued by rapid dehydration, as is
commonly observed under ambient conditions, causing severe deterioration of
the mechanical”® and electrical properties”’ of hydrogels. At temperatures below
0°C, the large amount of water in the hydrogel easily freezes, resulting in the loss
of elasticity and functionality of the hydrogel.?? Methods such as hydrogel encapsu-
2324 and the introduction of organic solvents?>?® and salts?’ have been pro-
posed to alleviate the dehydration and icing but cannot fundamentally avoid these

lation

issues, especially the water loss from hydrogels under ambient conditions. Secondly,
the high content of water can compromise the mechanical properties of hydrogels,
such as tensile strength,zg'29
For example, the high water content weakens molecular interactions (e.g., hydrogen

adhesion energies,*” and self-healing capabilities.®'

bonds) between the polymer chains of hydrogels, and as a result, the tensile strength
of high-water-content hydrogels is usually below 100 kPa.?” In addition, the abun-
dance of water in a hydrogel poses a particular challenge to adhesion since water
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molecules in a hydrogel change neighbors readily and transmit force negligibly.
Without special adhesion treatment, a hydrogel often does not adhere strongly to
any material, especially wet surfaces—the adhesion energy is usually on the level
of 10 J/m?.%° Last but not least, many existing conductive hydrogels are hydrogels
containing dissolved salts. That is, both anions and cations in these hydrogels are
able to move freely in the solvent, so they tend to leak as water migrates, resulting
in a severe loss of conductivity.* To this end, the prevention of water loss and ion
leakage and the improvement of mechanical properties (especially strength and
adhesion) of conventional hydrogels are essential for the practical applications of
ionic conductors, which require long-term stability and excellent material properties
of hydrogels.

Human epidermal stratum corneum—the outermost layer of the epidermis—con-
sists of several layers of flattened cells linked by desmosomes and embedded in a
lipid matrix, as illustrated in Figure TA. The water content of the stratum corneum
is stable between 10 and 20 wt % throughout the year under ambient conditions,**
endowing the human skin with long-term stability and sufficient mechanical strength
under ambient conditions and even harsh environments,** thereby protecting peo-
ple from dehydration and mechanical stress.”® The stratum corneum of human
epidermis is mainly comprised of proteins, lipids, and natural moisturizing factors
(NMFs).3¢ Among them, proteins in the flattened cell membrane and desmosomes
play the role of coagulation and enhancement, imparting extraordinary mechanical
strength and wound-healing capability to the human skin.?” NMFs are principally hy-
groscopic amino acids encapsulated in human epidermal cells. The importance of an
NMEF lies in the strong hygroscopicity of its chemical components, especially pyrro-
lidone carboxylic acid and lactate,*® which absorb moisture from the atmosphere
and thus act as moisturizers for the skin. The NMF and proteins are hydrophilic, while
lipids are hydrophobic. The moisture absorption of NMFs and the hydrophobic
effect of lipids can maintain the water content of the skin at a relatively low level (usu-
ally below 20 wt %).>” Moreover, dissociated ions of the hydrophilic amino acids of
NMFs can conduct electricity and are difficult to leak due to the confinement effect
of the epidermal cell membrane, conferring stable bioelectrical properties to the
human stratum corneum.

Inspired by the composition of the human epidermal stratum corneum and the
mechanical/electrical/hydroscopic functions of each composition, we develop a
low-water-content polyelectrolyte hydrogel (L-hydrogel) by copolymerizing
1-ethyl-3-methyl imidazolium (3-sulfopropyl) acrylate (ES), acrylic acid (AAC), and
methoxyethyl acrylate (MEA), which mimic the role of NMFs, proteins, and lipids,
respectively (Figure 1B). The introduction of ES can also mimic the non-leakage
properties of the ions of NMFs in the stratum corneum since the anions of ES are
anchored to the polymer backbone of the hydrogel and can attract the dissociated
cations via electrostatic forces, which makes the cations much less likely to leak
compared to hydrogels containing dissolved salts. In stark contrast to traditional hy-
drogels of high water content (>80 wt %), the water content of the L-hydrogel under
ambient conditions is below 12 wt %—similar to that of human stratum corneum—
and can remain stable for long periods of time, which avoids deterioration of hydro-
gel properties due to water loss under ambient conditions and improves the stability
of mechanical and electrical properties of the L-hydrogel. In addition, the low-water-
content strategy results in L-hydrogels with excellent self-healing capabilities (self-
healing efficiency of ~100%), enhanced strength (0.98 MPa) and modulus (0.93
MPa), excellent fracture toughness comparable to human skin (3,390 J/m?), and
strong natural adhesion (~120-1,300 N/m) to various wet and dry surfaces. Finally,
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Figure 1. Molecular design and physical properties of L-hydrogels inspired by human epidermal stratum corneum

(A) Schematic diagram of the human epidermal stratum corneum. The stratum corneum is mainly comprised of proteins, lipids, and NMFs. Proteins
present in desmosomes and cell membranes contribute to the mechanical strength and wound-healing capability of the human epidermis. The
hygroscopic NMF with dissociated ions enables ionic conductivity and enhances moisture absorption. Lipids are hydrophobic, balancing the water
content in the stratum corneum.

(B) Schematics of the L-hydrogel. The L-hydrogels are synthesized by copolymerizing 1-ethyl-3-methyl imidazolium (3-sulfopropyl) acrylate (ES), acrylic
acid (AAC), and methoxyethyl acrylate (MEA), which mimic the role of NMFs, proteins, and lipids, respectively.

(C) The FTIR spectrum of the MEA4-ES1-AAC, L-hydrogels. The result indicates the successful polymerization of ES into the L-hydrogels.

(D) The SAXS profile of the L-hydrogels. Inset: a logo of Zhejiang University covered by a transparent L-hydrogel film.

(E) The water content of L-hydrogels with different ES content. All L-hydrogels contain water content of less than 12 wt % under ambient conditions.
Error bars represent the standard deviation.

we realize the long-term stable use of L-hydrogels under ambient conditions as soft
electrodes to fabricate soft ionotronic devices including two types of triboelectric
nanogenerators (TENGs), as well as capacitive ionic skin, dielectric elastomer actu-
ators (DEAs), and flexible electroluminescent devices demonstrating the great
promise of L-hydrogels for long-term practical applications in ionotronic devices.

RESULTS

Molecular design

To mimic the roles of proteins, lipids, and NMFs in the stratum corneum of human
epidermis, we chose AAC, MEA, and ES to synthesize the L-hydrogels. AAC monomers,
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which play a similar role to proteins in human epidermis,®” contain carboxyl groups that
allow for the formation of dense arrays of hydrogen bonds between AAC chains and
thus can enhance the mechanical properties of the L-hydrogels and also confer extraor-
dinary self-healing capability to L-hydrogels. The functions of hydrophilic ES and hydro-
phobic MEA are like those of NMFs and lipids in the human epidermis, respectively. In
addition, introducing ES can mimic the non-leakage characteristics of ions of NMFs in
the stratum corneum, making the cations hard to leak and stabilizing the content of
ions in the network,*® which is important for achieving stable long-term electrical prop-
erties of hydrogels. To make L-hydrogels, first, we synthesize ES monomers using the
ion-exchange method (Figure S1). As shown in Figure S2, the nuclear magnetic reso-
nance (NMR) spectrum of the synthesized ES is consistent with that reported in the liter-
ature,*? indicating that the synthesis of ES is successful. Then, the monomers—ES, AAC,
and MEA—are evenly mixed with the photoinitiator-1173 to form the precursor solu-
tion. The hydrophilic ES and the hydrophobic MEA are immiscible, but the presence
of AAC promotes the mixing of MEA and ES monomers (Figure S3). The liquid precursor
is poured into a mold and polymerized by exposure to UV light (UV TaoYuan, 365 nm) for
20 min. The obtained copolymer films are placed in acetone solvent for 24 h, and the
acetoneis then evaporated to remove all unreacted monomers (Figure S4). After storing
the prepared films under ambient conditions for 24 h, we successfully synthesize the
L-hydrogels. The L-hydrogels are crosslinked by hydrogen bonds between AAC chain
segments as well as chemical bonds formed between MEA segments due to chain trans-
fer reactions. According to MEA, ES, and AAC content, we name the L-hydrogels MEA,-
ES,-AAC,, where x:y:z represents the molar ratio between the three monomers. For
example, MEA4-ES;-AAC, means that the molar ratio of the three monomers in the
L-hydrogel is MEA:ES:AAC = 4:1:4. In the following, we use the MEA4-ES;-AAC,
L-hydrogel for characterizations and demonstrations unless otherwise stated.

Results of Fourier transform infrared (FTIR) spectroscopy of MEA4-ES:-AAC,
L-hydrogel show the vibration peak (1,573 cm ") corresponding to C=C in imidazole
(Figure 1C), demonstrating that ES is successfully polymerized into the network.*'
The small-angle X-ray scattering (SAXS) spectrum of the L-hydrogel indicates that
phase separation takes place due to the poor compatibility of ES and MEA, and
the obtained L-hydrogels are transparent (Figure 1D). We characterize the water
content of L-hydrogels of different compositions by measuring the weight change
of L-hydrogel samples before and after drying in an oven. All tested samples are
placed in a humidity chamber at 30°C and 50% relative humidity (RH) for 24 h prior
to testing to ensure that the water content of the L-hydrogels is equilibrated under
ambient conditions. All L-hydrogels synthesized in this work contain water content
less than 12 wt % under ambient conditions (Figure 1E; Figure S5), similar to the
water content of human epidermal stratum corneum and far lower than the water
content of ordinary hydrogels, which is typically greater than 80 wt %. We also inves-
tigate the effect of ES, AAC, and MEA contents on the water content of L-hydrogels.
With increasing ES, the equilibrium water content of L-hydrogels under ambient con-
ditions increases from 5.5t0 9.7 wt % as the y value of MEA4-ES,-AAC, rises from 1 to
4 (Figure 1E). Although AAC also has hydrophilic carboxyl groups, its influence on
the hygroscopicity of L-hydrogels is trivial since the increase of AAC has little effect
on the water content of L-hydrogels (Figure S5A). On the contrary, the rise in MEA
content greatly reduces the equilibrium water content of L-hydrogels under ambient
conditions (Figure S5B). The results can be understood as follows: ES is a strongly
hygroscopic monomer that absorbs moisture from the air—much like the NMF of
human epidermis®**—such that the higher the content of ES, the higher the water
content of L-hydrogels. Like the lipids in the human epidermis, the MEA monomer
is hydrophobic, so the increase in MEA content decreases the water content of
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Figure 2. Enhanced mechanical properties of L-hydrogels due to low water content

(A) Stress-strain curves of L-hydrogels of different compositions (ES content). The strength of L-hydrogels can reach ~0.98 MPa.

(B) Photographs of L-hydrogels subject to uniaxial tension. The sample is stretched to 8 times its original length without rupture, demonstrating
sufficient stretchability.

(C) Photographs that demonstrate the self-healing process of L-hydrogels.

(D) Stress-strain curves of an L-hydrogel before and after 12 h self-healing. The two curves almost overlap, indicating that the healing efficiency is close
to 100% according to the recovery of strength.

(E) Fracture toughness and work of fracture of L-hydrogels with different ES content. Error bars represent the standard deviation.

(F) Results of 90° peeling tests of L-hydrogels adhered to a typical wet biological tissue—a fresh pig liver.

(G) Photos showing the strong adhesion of L-hydrogels to a fresh pig liver.

(H) Adhesion energy of L-hydrogels adhered to various dry materials. The results demonstrate that L-hydrogels can achieve good adhesion to a variety
of materials, from wet to dry and from soft to hard. Error bars represent the standard deviation.

L-hydrogels. This mechanism provides a route to fine-tune the water content of
L-hydrogels by varying the content of MEA and ES.

Enhanced mechanical properties of L-hydrogels

Due to the low water content resulting from the integrated hydrophobic/hydrophilic
design, the L-hydrogels exhibit high tensile strength and modulus under ambient
conditions. Take MEA4-ES1-AAC, as an example: the tensile strength and modulus
of the hydrogel are 0.98 and 0.93 MPa (Figure 2A; Figure S6), respectively, which
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exceed those of many double-network hydrogels.*?** The high tensile strength and
modulus result from the low water content in the L-hydrogels, which yields sufficient
hydrogen bonds between AAC chain segments to enhance mechanical perfor-
mances of the hydrogel. On the contrary, in ordinary hydrogels of high water
content, the presence of large amounts of water molecules weakens molecular inter-
actions between the polar groups of hydrophilic chains, resulting in low moduli and
strengths on the order of kPa.***> We provide microscopic evidence through FTIR
that low water content helps to improve the mechanical properties of hydrogels.
We synthesized two kinds of hydrogel, a normal low-water-content MEA4-ES;-
AAC, hydrogel (L-hydrogel) and a 40%-water-content MEA4-ES-AAC,4 hydrogel ob-
tained by adding excessive water in the synthesis process. Then, we conducted FTIR
tests on both hydrogels. As shown in Figure S7, the carbonyl stretching vibration peak
in the FTIR of the 40%-water-content MEA4-ES;-AAC,4 hydrogel is at 1,720 cm™’,
while the carbonyl stretching vibration peak of the normal L-hydrogel is at
1,715 cm ™. That is, as the water content of the hydrogel decreases, the carbonyl
peak on the polymer chain shifts from 1,720 to 1,715 cm™". Such shift indicates
that more carbonyls on the polymer chain form hydrogen bonds because the forma-
tion of hydrogen bonds not only averages the electron cloud of chemical bonds but
also increases the bond length of C=0, and the stretching vibration of chemical
bondsisinversely proportional to the square root of the bond length. The FTIR results
show that when the water content is low, hydrogen bonds are easier to form between
polymer chains, thus enhancing the mechanical properties of the hydrogel. More-
over, the existence of the small amount of water in the L-hydrogels also avoids
significant increase in chain stiffness caused by the formation of excessive hydrogen
bonds, thereby maintaining the excellent stretchability of L-hydrogels. The
L-hydrogel MEA4-ES1-AAC, can be readily stretched to ~8 times its original length
(Figures 2A and 2B)—a stretchability that can meet the requirements of most prac-
tical applications for soft ionotronic devices. That s, L-hydrogels can simultaneously
attain high strength and stretchability thanks to the proper water content and mod-
erate hydrogen bonds between polymer chains.

The strength and stretchability of L-hydrogels can be engineered by tuning their
compositions. With the increase of ES content, the tensile strength of the L-hydrogel de-
creases from 0.98 to 0.54 MPa, while the strain at break increases from 709%to 1,532%
(Figure 2A). In the meantime, the modulus of the gel also decreases from 0.93 to 0.25
MPa (Figure Sé). This is because with increasing ES content, the water content, which
acts as a plasticizer, in the hydrogel increases, reducing the strength and modulus of
the material and increasing the strain at break. Moreover, the increase in AAC content
increases the number of hydrogen bonds in L-hydrogels and thus enhances their tensile
strength and modulus (Figure S8). In this regard, AAC in L-hydrogels plays a role similar
to that of proteins in the human epidermal stratum corneum in that the presence of
proteins enhances the strength and toughness of the human epidermis.”’ Introducing
MEA as a flexible segment in the network reduces the interchain frictions and imparts
good stretchability to the L-hydrogels. In comparison, hydrogels homopolymerized
by ES without MEA and AAC exhibit a strength of 40 kPa and stretchability of only
30% (Figure S9), much lower than those of MEA,-ES,-AAC, L-hydrogels, indicating
that AAC and MEA are key to the excellent mechanical properties of L-hydrogels.

The wound-healing capability is critical to maintaining the barrier function of human
skin along with preserving all other skin functions. The low-water-content strategy
also imparts extraordinary self-healing capability to L-hydrogels. After cutting the sam-
ple into two separate pieces and bringing them back into contact gently (Figure 2C),
polymer chains can flexibly diffuse through the interface and form hydrogen bonds
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and entanglements with the network on the other side, thereby mechanically healing
the cut sample under ambient conditions (Video S1). The stress-strain curves of
L-hydrogels before and after the 12 h self-healing almost overlap (Figure 2D). The
self-healing efficiency of L-hydrogel can reach ~100% based on the recovery of tensile
strength and 95.36% depending on the recovery of critical strain at break. It is note-
worthy that when some self-healed samples are restretched, tensile fracture even
does not occur at the healed region (i.e., the original fracture site) (Figure S10), indi-
cating a surprisingly good self-healing efficiency. The excellent self-healing ability of
L-hydrogels arises from the diffusion of polymer chains through the cut interface and
the subsequent formation of sufficient hydrogen bonds between AAC segments. It
again indicates that AAC in L-hydrogels plays a role similar to that of proteins in the hu-
man epidermal stratum corneum since they confer self-healing capability to L-hydro-
gels and epidermal stratum corneum, respectively. Note that if the material contains
high content of water, polymer chains that penetrate through the interface cannot
form sufficient hydrogen bonds with the network in the other matrix, resulting in low
self-healing efficiency. If the gel is sufficiently dried out of water, the material becomes
too stiff, which significantly reduces the mobility of polymer chains and lowers the self-
healing efficiency. The L-hydrogels with proper low water content can overcome these
issues and attain self-healing with an efficiency of up to 100%.

The low-water-content strategy endows L-hydrogels with human-skin-like fracture
toughness and work of fracture—which are measured by testing specimens with and
without a notch, respectively. The fracture toughness of L-hydrogel is between 2.24
and 3.39 kJ/m? for various ES content (Figure 2E), and the work of fracture is between
3.30and 4.23 MJ/m®. Generally, fracture toughness of traditional single-network hydro-
gelsiis usually on the order of 100 J/m2.%**” Compared to conventional hydrogels with
high water content, the low-water-content strategy dramatically enhances the fracture
resistance of L-hydrogels by increasing chain densities as well as chain interactions. In
addition, due to the low water content, the friction between polymer chains becomes
significant, rendering the mechanical behavior of L-hydrogels dependent on the strain
rate (Figure S11): the faster the strain rate, the higher the strength and modulus of the
hydrogel and the smaller the elongation at break.

The L-hydrogels can achieve strong adhesion to a wide variety of materials—from
wet to dry and from soft to hard. It is well known that the adhesion of hydrogels to
wet biological tissues is challenging. Although polar groups on the hydrogel surface
can form physical bonds with amino, carboxyl, and hydroxyl groups on the surface of
biological tissues, water on the surface of wet biological tissues separates molecules
of the two surfaces, preventing the formation of strong adhesion. Intriguingly,
L-hydrogels show excellent adhesion to wet biological tissues, with an adhesion en-
ergy of 162 N/m to fresh pig livers (Figures 2F and 2G). This is because L-hydrogels
contain low water content under ambient conditions, so they have remarkable water
absorption capability in the presence of environmental water (Figure S12) and can
rapidly absorb interfacial water from the tissue surface and quickly form hydrogen
bonds with polar groups on biological surfaces, thus achieving tough adhesion
with tissues. Moreover, strong adhesion can be achieved simply by attaching
L-hydrogels to the surface of various materials—no special adhesion methods or
interfacial treatments are required—including copper, acrylic plate, glass, and
VHB, with adhesion energies up to 780, 343, 120, and 585 J/m?, respectively (Fig-
ure 2H; Figures S13A and S13B). The values are much higher than the natural adhe-
sion of ordinary high-water-content hydrogels to these materials, which are typically
on the order of 10 J/m?. For example, the adhesion energy of polyacrylamide
(PAAmM) hydrogels to VHB is only 32.5 J/m?, while that of L-hydrogels to VHB is
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Figure 3. Stability and weather resistance of L-hydrogels

(A) Photographs of ordinary high-water-content hydrogel (i.e., PAAm hydrogel) and L-hydrogel stored under ambient conditions for 8 h. The shape and
size of the PAAm hydrogel change significantly due to the rapid dehydration, whereas the change of the L-hydrogel is negligible.

(B) Weight changes of L-hydrogel and PAAm hydrogel during 8 h storage under ambient conditions. The weight of PAAm hydrogel drops rapidly to 21%
its original weight, while the weight change of L-hydrogel is trivial. Error bars represent the standard deviation.

(C) Photos of an L-hydrogel film before and after being stored in open air for 6 months.

(D) Stress-strain curves of L-hydrogels stored under ambient conditions for 10 h.

(E) Photos of ordinary PAAm hydrogel and L-hydrogel stored at a low temperature of —10°C. The PAAm hydrogel freezes rapidly at —10°C and breaks
easily when deformed, while the L-hydrogel can remain elastic, soft, and stretchable under —10°C.

585 J/m? (Figure S13C). This is because the low water content leads to a higher den-
sity of polar groups on hydrogel surfaces and fewer water molecules interfering with
molecular interactions on the interface, resulting in stronger adhesion.

Stability and weather resistance of the L-hydrogels

Ordinary hydrogels of high water content are plagued by water-loss issues under
ambient conditions due to the volatile nature of water. We use a typical high-wa-
ter-content hydrogel, i.e., PAAm hydrogels with a water content of ~80 wt %, as
an example. Due to the evaporation of water, the shape of the PAAmM hydrogel
changes dramatically during 8 h storage under ambient conditions (Figure 3A),
and the weight of the PAAm hydrogel drops by approximately 80% (Figure 3B), lead-
ing to a sharp reduction in stretchability from about 1,500% to 5% and an undesir-
able increase in modulus by roughly two orders of magnitude (Figure S14). In
contrast, the L-hydrogels are quite stable under ambient conditions. The shape
and weight of the L-hydrogel remain almost unchanged under ambient conditions
for the same test period of 8 h (Figures 3A and 3B). After 180 days storage in an
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open environment, no noticeable change of L-hydrogels could be observed (Fig-
ure 3C). Furthermore, Figure 3D shows little change in the stress-strain curves of
the L-hydrogel during the storage in open environments for 8 h, which contrasts
with the sharp deterioration of the mechanical properties of PAAm hydrogels under
the same conditions (Figure S14). The small variation with time of the stress-strain
curves of L-hydrogels mainly arises from the fluctuations in RH. To further eliminate
the influence of RH variations, we place L-hydrogels in a humidity chamber at 30°C
and 50% RH. The tensile stress-strain curve of the L-hydrogel after 1 month is almost
identical to the original curve (Figure S15). We provide microscopic evidence
through FTIR that low water content helps to improve the stability of hydrogels.
We placed the prepared L-hydrogel in air for 14 days. According to Figure S7, we
can find that even if L-hydrogels are placed for 14 days under ambient conditions,
the stretching vibration peak of their carbonyl groups change negligibly (compari-
son between red and blue lines in Figure S7), which means that the number of
hydrogen bonds in the hydrogel is relatively stable, so the mechanical properties
of the hydrogel show good stability.

Even when L-hydrogels are dried under extremely harsh conditions—such as vac-
uum drying and completely dry environments (e.g., nitrogen-filled glove box), which
causes the dehydration and hardening of L-hydrogels—the L-hydrogels can rapidly
recover to their original water content and mechanical properties within 2 h as long
as they are brought back to ambient conditions (Figure S16). Similar to the human
skin,** the water content of L-hydrogels is also affected by environmental humidity.
For example, as RH increases from 30% to 90%, the equilibrium water content of the
MEA,-ES1-AAC, L-hydrogel in open air increases from 2.05 to 19.87 wt % (Fig-
ure S17). Although the change in water content causes the fluctuation of the me-
chanical properties of L-hydrogel, it is noteworthy that the L-hydrogel remains
stretchable and soft with stretchability >500%, tensile strength >0.25 MPa, and
modulus <2.5 MPa (Figure S18). This is significantly different from ordinary high-wa-
ter-content hydrogels, which readily lose elasticity and functions in ambient air.

The low-water-content strategy also endows L-hydrogels with excellent frost resis-
tance. We put ordinary PAAm hydrogel and L-hydrogel in an environment of —10°C
for 8 h. Figure 3E shows that the PAAm hydrogel with high water content becomes
white and brittle due to the freezing of internal water and loses its elasticity. In stark
contrast, the L-hydrogels remain transparent and stretchable at low temperatures of
—10°C. Thisis because the L-hydrogel contains limited water, and the presence of poly-
mer networks prevents the nucleation and growth of ice crystals, making L-hydrogels
remain soft and flexible at low temperatures. In Table S1, L-hydrogels are compared
to some representative state-of-the-art hydrogels in terms of the performance and
practicability so as to highlight the advantages of the L-hydrogels. The practicability
and performance of the L-hydrogel, as exemplified by its stability, strength, adhesion,
frost resistance, and self-healing capability, are generally superior to other state-of-the-
art hydrogels. In particular, the L-hydrogel possesses unique stability in open environ-
ments that cannot be achieved by any other state-of-the-art hydrogels.

Applications of L-hydrogels in soft ionotronic devices

Because of the incorporation of ES—which acts similarly to NMFs in epidermal stra-
tum corneum to provide dissociated ions—the L-hydrogels contain anions anchored
to polymer networks and mobile cations dispersed in the network, enabling
L-hydrogels to conduct electricity. We measure the conductivity of L-hydrogels of
different compositions and find that the conductivity rises with increasing ES content
and decreasing AAC and MEA content, with the maximum conductivity reaching
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Figure 4. The application of L-hydrogels in soft ionotronic devices

(A) Conductivity of L-hydrogels with different ES content. Error bars represent the standard deviation.

(B) The conductivity change of ordinary PAAm hydrogels and L-hydrogels during 8 h storage in the open air. Error bars represent the standard deviation.
(C) Schematic diagram of L-hydrogel-based TENG in double-electrode mode.

(D) Voltage and current output signals of as-prepared L-hydrogel-based TENG tested in double-electrode mode.

(E) Voltage and current output by L-hydrogel-based TENGs after being stored under ambient conditions for 0, 10, and 20 days. Negligible changes in
output signal are observed, indicating the excellent stability and durability of L-hydrogel-based TENGs.

(F) Schematic diagram of TENG in single-electrode mode.

(G) Voltage and current output by L-hydrogel-based TENG in single-electrode mode.

(H) Schematic diagram of the capacitive ionic skin.
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Figure 4. Continued

(1) Capacitance of ionic skin under different strains. The capacitance change is linear with the applied strain, matching well with the theoretical
predictions.

(J and K) L-hydrogel-based ionic skins working in the stretching and pressing modes, respectively.

(L) Capacitance output of L-hydrogel-based ionic skin after 10 days under ambient conditions. The response is nearly identical to that of the as-prepared
ionic skin, showing the excellent stability of L-hydrogel-based ionic skin.

7.93x1072S/m (Figure 4A; Figure S19). The reason is that the increase in ES in-
creases both the content of ions and water in L-hydrogels, which effectively improves
the conductivity of L-hydrogels. Although the conductivity of L-hydrogels is lower
than the value typical for high-water-content hydrogels, L-hydrogels can maintain
a stable conductivity for a long time. We measure the changes in conductivity of
L-hydrogels and PAAm hydrogels containing 2 M NaCl stored under ambient condi-
tions for 8 h. The conductivity of PAAm hydrogels decreases by two to three orders of
magnitude over the 8 h period, while the change in conductivity of L-hydrogels is
negligible because of their relative stable water and ion content in ambient air (Fig-
ure 4B). Moreover, the anions bound in the network of L-hydrogels can attract cations
through electrostatic interactions, thus avoiding ion leakage from the L-hydrogel,
which mimics the non-leaking property of charged NMF in epidermal stratum cor-

neum and contributes to the stability of conductivity of the L-hydrogels.>?*°

We demonstrate the applications of L-hydrogels in a series of ionotronic devices with
stable performance overlong periods. We first test the electrical output performance
of the L-hydrogel-based TENG in the double-electrode mode. Copper foil and 184
PDMS (Polydimethylsiloxane) are employed as tribo-positive and tribo-negative ma-
terials, respectively (Figure 4C), and L-hydrogel is used as the electrode material
attached to the 184 PDMS. At a frequency of 2 Hz, the TENG can steadily output a
voltage of 80 V and a current of 4 pA (Figure 4D), which can light up a blue LED
bulb (Video S2). We test the changes in voltage, current, and charge of the TENGs
at different frequencies (1, 1.5, 2, and 3). As the frequency increases, the voltage
and charge of TENGs do not show significant changes, while the current shows a
certain increase (Figure S20). Due to the stability of L-hydrogels under ambient con-
ditions, the voltage and current signals of TENG show negligible changes after
20 day storage (Figure 4E), demonstrating the long-term stable performance of ion-
otronic functional devices based on L-hydrogels. Moreover, the performance of an
L-hydrogel-based TENG in single-electrode model is also tested, which consists of
the L-hydrogel as the electrode layer and PDMS as the electrification elastomer outer
layer (Figure 4F). When touched by a finger, contact electrification generates a
voltage of ~18 V and a current of ~0.4 pA (Figure 4G), indicating that the
L-hydrogels can be used in TENG-based transparent, flexible touch sensors. In addi-
tion, we also demonstrate the application of L-hydrogels in capacitive ionic skins: de-
vices with a five-layer structure, in which VHB (Acrylate adhesive tape) is used as the
dielectric layer and packaging layers, and the two L-hydrogel layers act as soft elec-
trodes (Figure 4H). When ionic skin is laterally stretched or vertically compressed, the
thickness of the dielectric layer and the area of the ionic skin change accordingly,
thereby changing the capacitance of the device. It is found that the capacitance in-
creases linearly with the applied lateral strain (Figure 41), which agrees well with theo-
retical predictions.”® Due to deformation-dependent capacitance, ionic skins based
on L-hydrogels can be used to monitor the movement of human finger joints (Fig-
ure 4J). The ionic skin can also function as a pressure sensor. The higher the pressure,
the more pronounced the capacitance change (Figure 4K). Again, due to the excel-
lent stability of L-hydrogel in open environments, the performance of the ionic skin is
stable in open environments over time. After 10 day storage, the capacitance-strain
response of the ionic skin is nearly identical to that of the original ionic skin (Figure 4L).
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We have further demonstrated the potential of L-hydrogels in electroluminescent
wearable electronic devices. We prepared a dielectric layer using thermoplastic
polyurethane/PMEA (Poly(2-methoxyethyl acrylate) and ZnS:Cu powder in a 1:1
mass ratio. A flexible electroluminescent bracelet is prepared by sandwiching the
dielectric layer between two L-hydrogels (Figure S21B). The bracelet can emit light
at 1,000 V and a 500 Hz alternating current (Figure S21B). L-hydrogels are also
used to fabricate DEAs, which consist of a pre-stretched VHB layer sandwiched by
two L-hydrogel films. Under 7,500 V alternating current (AC) voltage at a frequency
of 0.5 Hz, the VHB layer is compressed by Maxwell force, leading to reduction in
thickness and expansion in the area (as shown in Video S3). Pixel analysis shows
that the area of VHB increases by 58% of its initial area under the action of voltage
(Figure S22). Moreover, L-hydrogels can be employed as strain sensors due to their
strain-dependent resistance (Figure S23). To this end, ionotronic devices based on
L-hydrogels and their long-term stable performance demonstrate the feasibility of
using L-hydrogels to construct practical ionotronic devices with excellent durability.
In summary, the L-hydrogel can be used for a wide variety of applications including,
but not limited to, ionic skins, TENGs, strain sensors, electroluminescent devices,
strain sensors, and soft actuators.

DISCUSSION

Inspired by the low water content and stable properties of the human epidermal stratum
corneum, we develop a low-water-content polyelectrolyte hydrogel (i.e., L-hydrogels)
by copolymerizing AAC, hydrophobic MEA, and hydrophilic ES, which mimic the roles
of proteins (strengthening and wound healing), lipids (hydrophobicity), and NMFs
(hygroscopicity and ionic conductivity) in the human epidermis, respectively. The
L-hydrogels can steadily maintain a low water content below 12 wt % under ambient
conditions for long periods. The low water content resulting from the integrated hydro-
phobic/hydrophilic design leads to sufficient hydrogen bonds between AAC chain seg-
ments, giving the L-hydrogel significantly enhanced mechanical properties relative to
ordinary hydrogels with high water content, including strength and modulus close to
1 MPa, self-healing capability with a healing efficiency of ~100%, and strong natural
adhesion (~120-1,300 N/m) to both wet and dry surfaces. Moreover, unlike most
high-water-content hydrogels that tend to lose water and function, L-hydrogels can
maintain their water content stably over time under ambient conditions, giving
L-hydrogels stable mechanical and electrical properties. Meanwhile, because of the
low water content, the relatively dense polymer chains can inhibit the nucleation and
growth of ice crystals at low temperatures, thus endowing L-hydrogels with frost resis-
tance. We demonstrate the potential application of L-hydrogels as soft electrodes in
softionotronics, including TENGs in different working modes and capacitive ionic skins.
The performance of ionotronic devices based on L-hydrogels can remain stable for long
periods. We believe that the current work provides a solution for the long-standing
challenge for ordinary hydrogels: the low mechanical properties and poor stability
under ambient conditions due to the high water content. Thanks to the low water con-
tent, the enhanced mechanical properties and stable material behaviors of L-hydrogels
make L-hydrogels promising for practical applications in ionotronic devices that require
durability and stability under ambient conditions.
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