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Natural glycyrrhizic acid-tailored hydrogel with in-situ gradient reduction of AgNPs layer as high-performance, multi-functional, sustainable flexible sensors

Introduction

In recent years, flexible electronic sensors have achieved rapid development in the field of motion detection [START_REF] Wang | Wearable and Highly Sensitive Graphene Strain Sensors for Human Motion Monitoring[END_REF][START_REF] Huang | Molecule-Graphene Hybrid Materials with Tunable Mechanoresponse: Highly Sensitive Pressure Sensors for Health Monitoring[END_REF][3], wearable devices [START_REF] Lee | Stretchable Ionics -A Promising Candidate for Upcoming Wearable Devices[END_REF][START_REF] Ray | Bio-Integrated Wearable Systems: A Comprehensive Review[END_REF][START_REF] Floch | Wearable and Washable Conductors for Active Textiles[END_REF] and intelligence devices [START_REF] Rim | Recent Progress in Materials and Devices toward Printable and Flexible Sensors[END_REF]8]. Having similar functions to human skin, they are able to convert external signals like deformation [START_REF] Huang | Self-Powered Integrated System of a Strain Sensor and Flexible All-Solid-State Supercapacitor by Using a High Performance Ionic Organohydrogel[END_REF][START_REF] Wu | Ultra Elastic, Stretchable, Self-Healing Conductive Hydrogels with Tunable Optical Properties for Highly Sensitive Soft Electronic Sensors[END_REF][START_REF] Wei | MXene-Based Conductive Organohydrogels with Long-Term Environmental Stability and Multifunctionality[END_REF], humidity [START_REF] Li | Porous Ionic Membrane Based Flexible Humidity Sensor and its Multifunctional Applications[END_REF][START_REF] Wu | An intrinsically stretchable humidity sensor based on anti-drying, self-healing and transparent organohydrogels[END_REF] and temperature [START_REF] Wu | Ultrasensitive and Stretchable Temperature Sensors Based on Thermally Stable and Self-Healing Organohydrogels[END_REF][START_REF] Lee | Water-Processable, Stretchable, Self-Healable, Thermally Stable, and Transparent Ionic Conductors for Actuators and Sensors[END_REF] into repeatable and detectable electrical signals.

Benefiting from the inherent stretchability, stimulus sensitivity and suitable modulus, hydrogels are becoming one of the most attractive materials for the fabrication of flexible electronic devices [START_REF] Sun | Nanocomposite Hydrogel-Based Strain and Pressure Sensors: a Review[END_REF][START_REF] Yu | Multifunctional "Hydrogel Skins" on Diverse Polymers with Arbitrary Shapes[END_REF]. Ideally, when flexible hydrogel sensors are applied to biological interfaces, it is desirable to maintain good mechanical properties and intrinsic specific features like biocompatibility, stability, anti-freezing, anti-drying, ultraviolet (UV)-light shielding and antibacterial ability, as such integration offers opportunities for them to be long-term wearable devices, even in extreme environments. Nevertheless, in practice, many hydrogel sensors are facing the problems of poor performance and deficient function. Hence it remains a grand challenge to construct flexible hydrogel sensors with the simultaneous realization of high mechanical properties and multi-functionalities.

In addition, the excessive pursuit for the excellent performance of hydrogel sensors has inadvertently brought about extra unreasonable resource utilization and waste, which is also a pivotal dilemma that has been ignored. Just like the fact that a large amount of electronic waste was produced by the electronic information industry, the abuse of non-renewable raw materials and toxic reagents in the preparation process of flexible sensors will cause irreversible pollution and destruction to the ecological environment, and even damage human health in contact with skin. Given that hydrogel sensors will become necessities to change human lifestyles in the future, we must take precautions to avoid unnecessary consumption, that is, pay attention to the green and sustainability of raw materials or method when constructing high-performance and multi-functional flexible sensors, to realize the sustainable development of flexible electronic technology. Double network (DN) hydrogels are promising candidates to produce high-performance flexible sensors [START_REF] Zhang | Functionalizing Double-Network Hydrogels for Applications in Remote Actuation and in Low-Temperature Strain Sensing[END_REF][START_REF] Li | Development of an Ultrastretchable Double-Network Hydrogel for Flexible Strain Sensors[END_REF]. Compared with chemical cross-linking DN hydrogels which often introduce a large number of chemical reagents and biological toxicity, the physical DN hydrogels with desirable mechanical properties and biocompatible are more favorable for direct contact with human skin. Moreover, because of the presence of reversible non-covalent bonds, they exhibit better recovery and fatigue resistance [START_REF] Xia | Robust and Flexible Strain Sensors Based on Dual Physically Cross-Linked Double Network Hydrogels for Monitoring Human-Motion[END_REF][START_REF] Zhang | Tough Physical Double-Network Hydrogels Based on Amphiphilic Triblock Copolymers[END_REF][START_REF] Zhou | Highly Sensitive Pressure and Strain Sensors Based on Stretchable and Recoverable Ion-Conductive Physically Cross-Linked Double-Network Hydrogels[END_REF]. Besides, environmental stability is another essential requirement for flexible hydrogel sensors [START_REF] Han | Mussel-Inspired Adhesive and Conductive Hydrogel with Long-Lasting Moisture and Extreme Temperature Tolerance[END_REF]. Conventional hydrogels using pure water as solvent are easy to freeze at sub-zero temperatures and evaporate under ambient temperature, which seriously reduce their flexibility and service life [START_REF] Gao | Adaptive and Freeze-Tolerant Heteronetwork Organohydrogels with Enhanced Mechanical Stability Over a Wide Temperature Range[END_REF]. Inspired by the freezing resistance of biological organisms, anti-freezing hydrogel sensors have appeared recently by the strategy of using binary solvents, adding salts or hydrogen bond donors, which can effectively inhibit ice crystallization in hydrogel network and improve the environmental stability of hydrogels [START_REF] Jian | Biomimetic Anti-Freezing Polymeric Hydrogels: Keeping Soft-Wet Materials Active In Cold Environments[END_REF][START_REF] Ye | Cellulose Nanofibrils Enhanced, Strong, Stretchable, Freezing-Tolerant Ionic Conductive Organohydrogel for Multi-Functional Sensors[END_REF][START_REF] Chen | Highly Tough Supramolecular Double Network Hydrogel Electrolytes for an Artificial Flexible and Low-Temperature Tolerant Sensor[END_REF][START_REF] Wang | Highly Stretchable, Transparent Cellulose/PVA Composite Hydrogel for Multiple Sensing and Triboelectric Nanogenerators[END_REF]. Among them, glycerol, as a humectant widely used in the food industry, medical and personal care applications, is the fittest additive for building green and sustainable hydrogel sensors with anti-freezing and anti-drying properties [START_REF] Wu | An intrinsically stretchable humidity sensor based on anti-drying, self-healing and transparent organohydrogels[END_REF].

Notably, the UV-light shielding and antibacterial ability of hydrogels are often overlooked when used as sensors. The radiation damage of UV-light to skin and the bacterial infection in humid environments are the stumbling blocks that limit the long-term application of hydrogel sensors [START_REF] Pan | An Integrated Transparent, UV-Filtering Organohydrogel Sensor via Molecular-Level Ion Conductive Channels[END_REF][START_REF] Du | Multifunctional Silica Nanotube Aerogels Inspired by Polar Bear Hair for Light Management and Thermal Insulation[END_REF][START_REF] Fan | Antibacterial, Self-Adhesive, Recyclable, and Tough Conductive Composite Hydrogels for Ultrasensitive Strain Sensing[END_REF]. Silver nanoparticles (AgNPs) was considered to be a common effective antimicrobial agent, and more importantly, it also exhibits unique UV-light shielding ability because of their size effect [START_REF] Oun | Multifunctional Nanocellulose/Metal and Metal Oxide Nanoparticle Hybrid Nanomaterials[END_REF]. Recently, using plant extracts to generate AgNPs has been proved to be an effective and eco-friendly method because no other chemicals are needed [START_REF] Sharma | Silver nanoparticles: Green synthesis and their antimicrobial activities[END_REF][START_REF] Hebbalalu | Greener Techniques for the Synthesis of Silver Nanoparticles Using Plant Extracts, Enzymes, Bacteria, Biodegradable Polymers, and Microwaves[END_REF]. But the typical direct mixing or diffusion methods for introducing AgNPs into hydrogel networks often bring the risk of particle aggregation and matrix phase separation, which lead to the leakage of AgNPs and the instability of hydrogels [START_REF] Zhao | Skin-Inspired Antibacterial Conductive Hydrogels for Epidermal Sensors and Diabetic Foot Wound Dressings[END_REF][START_REF] Zhang | Robust Conductive Hydrogel with Antibacterial Activity and UV-Shielding Performance[END_REF]. In this case, in-situ synthesis of AgNPs in hydrogels can solve this obstacle perfectly. In brief, based on all the above-mentioned requirements for ideal flexible hydrogel sensors, fabricating a physical DN anti-freezing hydrogel with in-situ synthesized AgNPs by a green approach would greatly promote the flexible sensors to realize high performance, multi-functionality and sustainability simultaneously.

Glycyrrhizic acid (GL), natural triterpenoid saponin in licorice roots, is composed of a hydrophobic glycyrrhetinic acid and a hydrophilic diglucuronic unit linked by a glycosidic bond [START_REF] Asl | Review of Pharmacological Effects of Glycyrrhiza sp. and its Bioactive Compounds[END_REF][START_REF] Baltina | Prospects for The Creation of New Antiviral Drugs Based on Glycyrrhizic Acid and Its Derivatives (a Review)[END_REF]. This amphiphilic feature allows GL to be a low-molecular-weight gelator with unique self-assembly ability, which forms supramolecular hydrogels with hierarchical fibrous network structures in water [START_REF] Saha | Fibrillar Networks of Glycyrrhizic Acid for Hybrid Nanomaterials with Catalytic Features[END_REF][START_REF] Ma | A Natural Triterpene Saponin-Based Pickering Emulsion[END_REF][START_REF] Wan | Long-Lived and Thermoresponsive Emulsion Foams Stabilized by Self-Assembled Saponin Nanofibrils and Fibrillar Network[END_REF]. Due to the existence of reductive diglucuronic unit, GL can spontaneously reduce heavy metal ions to metal nanoparticles without external reducing agent [START_REF] Saha | Fibrillar Networks of Glycyrrhizic Acid for Hybrid Nanomaterials with Catalytic Features[END_REF][START_REF] Hao | Compressive Double Network Hydrogel Using Natural Glycyrrhizic Acid Tailored Low-Molecular-Weight Gelator Strategy: In Situ Spontaneous Formation of Au Nanoparticles To Generate a Continuous Flow Reactor[END_REF]. Inspired by these characteristics, in this research we developed a GL-tailored physical DN hydrogel that can in-situ generate gradient AgNPs layer on the gel surface. To be specific (Scheme 1), GL initially self-assembled into a supramolecular fibrillar network in a water/glycerol binary solvent as the first physical network (PVA/GL) in the presence of PVA.

After one freezing-thawing (FT) cycle, crystallized PVA formed in PVA/GL hydrogel as a second physical network, resulting in the generation of physical DN hydrogel (FT-PVA/GL).

Lastly, the gradient AgNPs layer was produced in situ on the gel surface by reducing Ag + ions under UV-light assistance, affording the FT-PVA/GL-AgNPs hydrogel. Our FT-PVA/GL hydrogel can dissipate more energy during the deformation process than the FT-PVA hydrogel, and its fracture strain and tensile strength reached 510% and 550 kPa, respectively. Profited by the ability of water/glycerol binary solvent to inhibit the growth of ice crystal and water volatilization, the FT-PVA/GL hydrogel possessed the anti-freezing and moisture-retention features, maintaining the flexibility even at -18 °C. In addition, the in-situ gradient introduction of AgNPs layer not only furnished the hydrogel with excellent UV-light shielding and antibacterial performance, but also improved the sensing sensitivity (GF = 2.84), which has been assembled into a flexible sensor to monitor human motion with high sensitivity, stability and durability. The successful preparation of the FT-PVA/GL-AgNPs hydrogel provided a green and sustainable strategy to obtain high-performance flexible hydrogel sensors with anti-freezing, anti-drying, biocompatible, UV-light shielding and antibacterial ability. Scheme 1. Schematic illustration of the preparation of FT-PVA/GL-AgNPs hydrogel.

Material and methods

Materials and reagents.

Polyvinyl alcohol (PVA, Mw: 145000) and glycyrrhizic acid ammonium salt (GL) were purchased from Shanghai Aladdin Bio-Chem Technology Co. and J&K Scientific, Inc., respectively. Other reagents were purchased and used without further purification.

Preparation of FT-PVA/GL hydrogel.

PVA (3.75 g) and GL powders were initially dissolved in 30 g of water/glycerol binary solution (mass ratio, 1:1) at 95 °C with stirring for 3 h until completely dissolved. After removing the bubbles in an oven at 95 °C, the PVA/GL mixture was transferred into glass molds (thickness is 2 mm) and stored at 25 °C for 2 h to afford the PVA/GL hydrogel. By placing the PVA/GL hydrogel in an environment of -18 °C for 12 h followed by storing at 25 °C for 3 h, the FT-PVA/GL hydrogel was prepared in the end. By varying the mass of GL powder, three different FT-PVA/GLx hydrogels (x refers to the weight ratios of GL to solvent: 0.5%, 1%, and 2%) were produced. For comparison, FT-PVA hydrogel without GL and FT-PVA/GL hydrogel using pure water as the solvent was prepared accordingly.

Preparation of FT-PVA/GL1-AgNPs hydrogel.

An 8.5 wt% solution of AgNO3 in water/glycerol (mass ratio, 1:1) was initially dropped on the surface of the FT-PVA/GL1 hydrogel until the surface was fully covered. After that, the hydrogel was irradiated under a 365 nm UV lamp (1.17 W cm -2 ) for different time (from 5 to 30 min), consequently affording the FT-PVA/GL1-Ag NPs hydrogels with different thickness of AgNPs layer. After irradiation, the filter paper was used to absorb the residual AgNO3 solution on the gel surface. Notably, a certain amount of ice was placed under the mold during irradiation for preventing the hydrogel temperature from rising too high.

Characterization.

Rheology measurements of GL hydrogels were conducted with a TA DHR-2 rheometer using a parallel plate of diameter 25 mm. The time sweep mode was carried out under a fixed frequency of 10 Hz and strain of 1%. X-ray diffraction (XRD) was analyzed by a Bruker D8 ADVANCE instrument using Cu Kɑ radiation (λ = 1.5418 Å) in the 2θ range from 5 to 90° with a scan rate of 10 ° min -1 . Fourier transform infrared (FTIR) spectra were measured through the attenuated total reflection (ATR) method with Nicolet Nexus 670 IR spectrometer. The antifreezing properties of FT-PVA/GL1 hydrogel were determined by differential scanning calorimetry (DSC 25, TA). The temperature range was from 30 to -60 °C at a cooling rate of -5 °C min -1 . The solvent loss of cylindrical FT-PVA/GL1 hydrogel with a diameter of 25 mm and height of 10 mm was measured in an oven at 35 °C with 20% relative humidity. The chemical composition was characterized by X-ray photoelectron spectroscopy (XPS, ESCALAB 250) equipped with monochromated Al Kα irradiation. UV-Vis spectra were tested on a UV-Vis spectrophotometer (G-9, Nanjing PKILES) with a wavelength from 190 to 1100 nm. The morphologies of hydrogels were observed by scanning electron microscopy (SEM, JSM-7610F) under 10 kV acceleration voltage. The morphology of AgNPs was obtained by transmission electron microscopy (TEM, Hitachi HC-1) under 80 kV accelerating voltage. Dynamic light scattering (DLS) was used to determine the hydrodynamic diameters of AgNPs using a Zeta sizer Nano-ZS90 (Malvern Instruments, UK).

Mechanical performance tests.

The tensile and compression mechanical measurements were performed on a universal testing machine (WANCE, ETM504C). The tensile tests were conducted on a rectangular sample (40 × 5 × 2 mm 3 ) pulled up by the 500 N load cell with a constant velocity of 100 mm min -1 at room temperature. The toughness value was determined by the area integral of the stress-strain curve for each sample. The Young's modulus was determined by the slope of the initial region (10-20%) in the stress-strain curves. For the mechanical properties at low temperature, the FT-PVA/GL1 hydrogel was frozen at -18 °C for 24 h before the experiment. Compression tests were carried out using a diameter of 25 mm and height of 10 mm cylindrical sample with the maximum compression strain of 70% and compression speed of 10 mm min -1 .

UV-shielding performance of FT-PVA/GL1-AgNPs hydrogel on mouse epidermis.

The UV-shielding test was carried out on the back skin of a mouse to simulate the UVshielding performance of PVA/GL1-AgNPs hydrogel on human skin. Two ICR mice with similar body weight (about 30 g) were selected and their backs were shaved and cleaned before testing.

A marker was used to draw the test area on the back of each mouse. One area was covered with FT-PVA/ GL1-AgNPs hydrogel (thickness 2 mm, area 1 cm 2 ) while the other one was blank control. Then, the mice were anesthetized with ketamine (100 mg kg -1 ) and covered by tin foil with the exposure of the previously marked area. After irradiation by UV-light lamp (10 mW cm - 2 , 365 nm) for 3 h, the mice were executed by cutting the neck, and the skin of the marked area was removed with a scalpel followed by immobilizing in 10 wt% formalin buffer. The skin specimens of each group were cut into vertical slices for histological observations after hematoxylin-eosin (H&E) staining.

Antibacterial performance of FT-PVA/GL1-AgNPs hydrogel.

The inhibitory zone method was performed to characterize the antibacterial performance of hydrogels. Before the test, the hydrogel samples with a diameter of 8 mm and thickness of 2 mm were placed on a clean bench and irradiated under a UV lamp (10 W) for 30 min. After that, they were placed on Luria-Bertani (LB) agar plates with bacterial suspension (10 6 CFU mL -1 ) and incubated for 9 h in a 37 °C incubator.

The bacterial survival rate was obtained by calculating the optical density (OD600) value of bacterial suspension treated with different hydrogels (FT-PVA hydrogel, FT-PVA/GL1 hydrogel and FT-PVA/GL1-AgNPs hydrogel). 0.1 g hydrogel samples were added in bacterial suspension (10 6 CFU mL -1 ), and then the mixture solution was cultivated in a 37 °C incubator for 3 h. The bacterial suspension without any hydrogel sample was used as control. The bacterial survival rate was calculated using the following formula: bacterial survival rate = (ODhydrogel/ODcontrol) × 100%

where ODhydrogel and ODcontrol are the optical density of experimental and control groups at 600 nm, respectively.

Morphological characterization of bacteria.

The morphology of bacteria after treatment by FT-PVA/GL1-AgNPs hydrogel was studied by SEM. Firstly, the hydrogel-treated bacteria were collected by centrifugation and fixed with 2.5 wt% glutaraldehyde for 2 h. Then, the bacteria solution was dropped on the silicon wafer and dried overnight after washing with phosphate buffered saline (pH = 7.4) for 3 times. After that, the bacteria were dehydrated with gradient ethanol aqueous solution (30%, 50%, 70%, 80%, 90% and 100%) for 10 min. Finally, the samples were dried overnight and coated with gold for further observation.

Sensor design and testing.

For the construction of the strain sensor, two copper electrodes were placed in contact with the AgNPs layer at both ends of the FT-PVA/GL1-AgNPs hydrogel, and then tightly glued together with 3M VHB tape to form a sandwich structure (Fig. S23). A digital source meter (B35T+, OWON) was used to measure the real-time resistance of the FT-PVA/GL1-AgNPs hydrogel sensor under different strains and bending angles. The conductivity (σ) of the hydrogel sensor was calculated by the following formula:

σ = L/(R•S)
where L is the distance between the electrodes, R is the hydrogel resistance, and S is the crosssectional area of the hydrogel.

The strain sensitivity of hydrogel-based sensors was calculated by gauge factor (GF), as defined by the ratio of the relative resistance change rate to the applied strain (ε).

GF = [(R -R0)/R0]/ε
where R0 is the initial resistance and R is the real-time resistance.

The pressure sensor consists of a cylindrical FT-PVA/GL1-AgNPs hydrogel with a thickness of 20 mm and a diameter of 25 mm, which is combined with two copper plates to form a sandwich structure. The sensitivity (S) of the pressure sensor can be calculated from the slope of the resistance change curve under different compression strains.

The FT-PVA/GL1-AgNPs hydrogel sensor was attached to various joints of the human body by 3M VHB tape, and the real-time resistance change was monitored on an electrochemical workstation (CHI760E, CH Instruments) at 0.4 V voltage. The human motion monitoring experiment was approved by all participants in writing.

Cell viability test.

The human umbilical vein endothelial cells (HUVEC) were seeded at a density of 10 4 cells/well in 96-well assay plates for 24 h. Then, the FT-PVA/GL1-AgNPs hydrogel was added to the cell culture medium. After incubating for 24 h, 10 μL MTT solution was added to each well of the microtiter plate and incubated in the CO2 incubator for another 4 h. To determine toxicity, the optical density was measured at 490 nm using an HBS-1096A microplate reader.

And the cell viability was calculated using the following formula:

Cell viability (%) = ODhydrogel/ODcontrol × 100%

where ODhydrogel and ODcontrol are the optical density of the experimental and control groups, respectively.

To visualize the living and dead cells, the cells after the treatment with or without FT-PVA/GL1-AgNPs hydrogel were stained with Calcein AM/propidium iodide (PI) and then imaged by a confocal laser scanning microscopy (Zeiss LSM800, Germany).

Results and discussion

Preparation, characterization, anti-freezing, anti-drying and mechanical properties of FT-PVA/GL hydrogel.

The gelation ability of GL in water/glycerol binary solvent was evaluated as shown in Fig. S1. After the treatment of being heated at 95 °C followed by standing at 25 °C for 3 h, GL was able to self-assemble into the stable hydrogel with a single physical network. With the rise of GL concentration from 0.5 to 2 wt%, the GL hydrogel gradually strengthened, the storage modulus (G′) and loss modulus (G″) of which developed from the order of 10 1 to 10 3 Pa (Fig. 1a). To explore the stability of GL hydrogel under the low temperatures, 1 wt% GL hydrogel was placed in a low-temperature environment of -18 °C for 24 h and then resumed to room temperature.

Clearly, there was no change in gel state (Fig. S2), revealing that the low-temperature freezing process hardly affected the stability of GL hydrogel. Meanwhile, for the sake of demonstration that the supramolecular network structure of GL was well introduced into the second physical network of PVA formed via the freezing-thawing method, X-ray diffraction (XRD) experiments of GL hydrogel, FT-PVA hydrogel and FT-PVA/GL hydrogel were performed. As shown in Fig. 1b, the characteristic peak of GL supramolecular network located at the diffraction angle 2θ = 14.6°, while peaks at 19.4° and 40.2° corresponded to the PVA crystallization [START_REF] Zhang | One-Step Preparation of a Highly Stretchable, Conductive, and Transparent Poly(vinyl alcohol)-Phytic Acid Hydrogel for Casual Writing Circuits[END_REF]. For the FT-PVA/GL hydrogel, the peaks both from GL network structure and PVA crystallization were observed, strongly implying the successful construction of the physical dual-crosslinking networks. In addition, the formation of hydrogen bonds between PVA and GL network was revealed by the shift of the stretching band of -OH in PVA from 3309 to 3295 cm -1 (Fig. S3).

In general, conventional flexible hydrogels are frozen and then turn into solid-state below zero degree due to the presence of large amounts of water, which inevitably leads to the degradation of elasticity [START_REF] Liu | Freezing-Tolerant, Highly Sensitive Strain and Pressure Sensors Assembled from Ionic Conductive Hydrogels with Dynamic Cross-Links[END_REF]. In contrast, the introduction of glycerol can break the hydrogen bonds between water molecules in the binary solvent and form molecular clusters with water molecules, thus lowering the crystallization point of water [START_REF] Zha | Nanofibrillar Poly(vinyl alcohol) Ionic Organohydrogels for Smart Contact Lens and Human-Interactive Sensing[END_REF][START_REF] He | Adhesive, Stretchable, and Transparent Organohydrogels for Antifreezing, Antidrying, and Sensitive Ionic Skins[END_REF]. For better investigating the anti-freezing performance of the FT-PVA/GL hydrogel, the freezing temperature was measured by differential scanning calorimetry (DSC). As shown in Fig. S4a, a sharp peak located at -20 °C as the freezing point of free water was observed for FT-PVA/GL hydrogel with pure water as the solvent [START_REF] Chen | Rational Fabrication of Anti-Freezing, Non-Drying Tough Organohydrogels by One-Pot Solvent Displacement[END_REF]. When placed at -18 °C for 7 days, it turned into white opaque color and was easily broken into pieces by hands (inset in Fig. S4a). In the case of FT-PVA/GL hydrogel with water/glycerol binary solvent, the ice crystallization peak did not appear even at -60 °C, and it still maintained flexibility and could be twisted easily after storing at -18 °C for 7 days (inset in Fig. S4a). Tensile testing results illustrated that the stretchability of FT-PVA/GL slightly declined at -18 °C compared to that at room temperature, and still reached a stretch strain of ⁓410% (Fig. S5), further confirming the temperature tolerance of the FT-PVA/GL hydrogel. In addition, dehydration is another factor that severely weakens the gel properties. As shown in Fig. S4b, the water loss in the first 500 min was over 70% of the original weight for FT-PVA/GL hydrogel with pure water as solvent because of the water evaporation, and eventually reached a weight loss plateau of 85% after 1000 min. The dried cylinder gel could no longer maintain its original shape (inset in Fig. S4b). On the contrary, the FT-PVA/GL hydrogel with water/glycerol binary solvent merely attained a weight loss of 37% after 1800 min and maintained its original shape, albeit slightly reduced in volume (inset in Fig. S4b). After being stored at room temperature for 15 days, the FT-PVA/GL hydrogel still maintained excellent mechanical properties (Fig. S6). This better performance of solvent retention was ascribed to the high boiling point of glycerol and the water-locking effect caused by hydrogen bonds between water and glycerol [START_REF] He | Antifreezing and Moisturizing Conductive Hydrogels for Strain Sensing and Moist-Electric Generation Applications[END_REF]. Given the above results, it was concluded that the water/glycerol binary solvent imparted the freezing tolerance and long-term solvent retention to the FT-PVA/GL hydrogel. Because of the co-existence of interconnected crystalline and amorphous regions from PVA network, as well as the energy dissipation and reinforcing effect from GL fibril network, the FT-PVA/GL hydrogel showed excellent flexibility and mechanical strength. As shown in Fig. 2a, the FT-PVA/GL hydrogel was strong enough to be stretched over several times of its original length, even if a knot was placed on it. A thin FT-PVA/GL hydrogel could even withstand a weight of 1.5 kg. Moreover, it was capable to be compressed without rupture and recovered to its original shape after the compression force was released, exhibiting outstanding compressive elasticity. It is worth noting that the key point to realize the high mechanical performance of FT-PVA/GL hydrogel is the delicate balance between the content of PVA and GL. As shown in Fig. 2b, the tensile stress-strain curves of FT-PVA/GL hydrogels with different GL contents were utilized to quantitatively evaluate their mechanical properties. The FT-PVA hydrogel showed the weakest mechanical performance with 280 kPa stress and 320% strain at break. With the content of GL increased to 0.5 and 1.0 wt%, the tensile stress and strain attained 440 kPa and 330% for FT-PVA/GL0.5 hydrogel, as well as 550 kPa and 510% for FT-PVA/GL1 hydrogel. However, the further addition of GL to 2.0 wt% caused a marked decline in both tensile stress and strain for FT-PVA/GL2 hydrogel, which might be because the excess GL made the fibrillar network more aggregated and interfered with the crystallization of PVA [START_REF] Hao | Compressive Double Network Hydrogel Using Natural Glycyrrhizic Acid Tailored Low-Molecular-Weight Gelator Strategy: In Situ Spontaneous Formation of Au Nanoparticles To Generate a Continuous Flow Reactor[END_REF]. Meanwhile, the FT-PVA/GL1 hydrogel held the strongest fracture toughness (1.4 MJ m -3 ) and a considerable Young's modulus (72 kPa) (Fig. 2c). After being soaked in water/glycerol for 24 h, the FT-PVA/GL1 hydrogel swelled slightly and its mechanical properties remained relatively stable (Fig. S7). Loadingunloading tensile tests indicated that the dissipated energy of FT-PVA/GL1 hydrogel improved from 1.6 to 81.1 kJ m -3 with an enhancement in dissipation coefficient from 18.3 to 59.0% when the strain gradually evolved from 50 to 200% (Fig. 2d and Fig. S8). This result was mainly caused by the energy dissipation of reversible deformation dominated by non-covalent interactions in the FT-PVA/GL1 network.

Apart from stretchability, the FT-PVA/GL hydrogel exhibited superior compressive characteristics. Fig. 2e showed the typical compressive stress-strain curves of FT-PVA/GL hydrogels with varying GL concentrations. Not surprisingly, it was the FT-PVA/GL1 hydrogel that owned the highest compression stress (607 kPa) at 70% strain. According to the cyclic loading-unloading curves of FT-PVA/GL1 at the strain from 0 to 70% (Fig. 2f), the hysteresis loops gradually became obvious and its dissipated energy reached 3.2 kJ m -3 at a strain of 70%.

For evaluating the fatigue resistance of the FT-PVA/GL1 hydrogel, 20 cycles of loadingunloading compressive tests were conducted. As shown in Fig. 2g, there was a large hysteresis loop at the first cycle while a smaller one for the rest. All hysteresis loops from the second to the 20th cycle was completely overlapped, demonstrating that a perfect and stable gel network was constructed with intrinsic fast self-recovery and anti-fatigue performance. All above data showed that the prepared FT-PVA/GL1 hydrogel with a GL content of 1 wt% had excellent tensile and compression properties, which was chosen as the matrix material in the following study unless specifically mentioned. Twenty cyclic compressive loading-unloading curves of FT-PVA/GL1 hydrogel at a strain of 70% without intervals between each cycle.

In-situ synthesis of gradient AgNPs layer on hydrogel surface.

Since the redox potential of Ag + ion is lower than that of Au 3+ ion, it cannot be reduced directly to AgNPs by GL as simply as AuNPs does. While we found that with the assistance of UV-light, GL can easily reduce Ag + ions to AgNPs spontaneously. It is believed that during the reduction process, GL initially deprotonated to produce the negatively charged carboxyl groups that may interact electrostatically with Ag + to form a complex. Subsequently, the fixed Ag + ions were reduced to AgNPs under UV irradiation by the hydroxyl groups on diglucuronic units in GL [START_REF] Cui | Hyaluronan-Assisted Photoreduction Synthesis of Silver Nanostructures: From Nanoparticle to Nanoplate[END_REF][START_REF] Cai | Glycyrrhiza polysaccharide-mediated synthesis of silver nanoparticles and their use for the preparation of nanocomposite curdlan antibacterial film[END_REF]. Fig. S9 showed the UV-Vis spectra of the water/glycerol solution of AgNO3 after irradiation for 30 min in the presence or absence of GL. An absorption peak appeared at 410 nm for GL/AgNO3 solution with the color change from colorless to brownish-yellow, attributing to the surface plasmon resonance (SPR) effect of AgNPs [START_REF] Sun | Plasmon Based Double-Layer Hydrogel Device for a Highly Efficient Solar Vapor Generation[END_REF][START_REF] Koduru | Phytochemical-Assisted Synthetic Approaches for Silver Nanoparticles Antimicrobial Applications: a Review[END_REF]. Moreover, GL could still assemble into hydrogel after the entire reduction process (inset in Fig. S9). Conversely, the pure AgNO3 solution exhibited no SPR peak and its color did not change at all. Using this UV-light assisted reduction reaction, a layered gel with in-situ formed AgNPs, namely FT-PVA/GL1-AgNPs, has been fabricated successfully by dropping AgNO3 solution on the surface of FT-PVA/GL1 hydrogel, followed by UV-light irradiation at 365 nm. In this hydrogel, the upper layer containing in-situ formed AgNPs was brownish-yellow, while the lower layer maintained the original light transmittance (Fig. 3a). Scanning electron microscope (SEM) images showed that the microstructures barely changed after irradiation (Fig. S10). Energy dispersive spectroscopy (EDS) mapping of the upper surface of FT-PVA/GL1-AgNPs hydrogel revealed a uniform distribution of C, O, and Ag elements in the matrix (Fig. S11). Moreover, irregular spherical AgNPs in the hydrogel network were observed clearly by transmission electron microscopy (TEM) in Fig. S12, and its size was around 10-40 nm (Fig. S13). The elemental composition and During the in-situ reduction process, the irradiation time had a vital effect on the amount of AgNPs on the upper layer of gel. Upon irradiation from 0 to 30 min, the surface color of FT-PVA/GL1-AgNPs hydrogel progressively transformed to brownish-yellow from faint-yellow (Fig. S16), with a corresponding enhancement in absorption intensity at 410 nm in Fig. 3e, revealing a gradual enrichment of AgNPs in the upper layer. This process could also be monitored well by an optical microscope as shown in Fig. 4a. For the convenience of statistics, the brown-yellow and faint-yellow areas in the upper layer of gel were all attributed to the AgNPs layer. Correspondingly, the thickness of AgNPs layer increased with the extension of irradiation time as shown in Fig. 4b. The thickness of AgNPs layer was 220 μm after irradiating for 5 min, and continuously grew to 720 μm when irradiating for 30 min. Thanks to the generation of darker color in the AgNPs layer, the gray-scale value was introduced to represent the color variation for numerically analyzing the gradient characteristic. That is, from top to bottom of AgNPs layer in the image of Fig. 4a, a pixel was selected every 40 μm to extract the corresponding RGB value for calculating gray-scale value according to the formula (gray-scale value = 0.3R + 0.59G + 0.11B). In general, the smaller the gray-scale value, the darker the color, which means the greater amount of AgNPs in the gel layer. In Fig. 4c, the gray-scale value steadily rose with the depth of AgNPs layer within the same irradiation time, indicating that the content of AgNPs gradually declined from the surface to the inside of the gel. While for the gel layers at the same depth, prolonging the irradiation time induced a decrease in the gray-scale value, meaning that more AgNPs were in-situ generated. It should be noted that FT-PVA hydrogel showed very weak reductive ability. As shown in Fig. S17, the surface of FT-PVA hydrogel in the presence of Ag + ions merely turned pale yellow after irradiation for 30 min.

Compared with FT-PVA/GL1 hydrogel, the absorbance of FT-PVA hydrogel was much weaker (Fig. S18), indicating the importance of GL in the in-situ synthesis of AgNPs. 

UV-light shielding capability of FT-PVA/GL1-AgNPs hydrogel.

For flexible wearable electronics, the shortage of UV-light shielding ability is a major barrier to the long-term use, especially in view of the pursuit for such equipment with high visible light transparency [START_REF] Pan | An Integrated Transparent, UV-Filtering Organohydrogel Sensor via Molecular-Level Ion Conductive Channels[END_REF]. Therefore, it is imperative to construct hydrogel materials with excellent UV-light shielding ability and good transparency accordingly. It is worth noting that FT-PVA/GL1-AgNPs hydrogel exhibited obvious absorption ability to UV-light (Fig. 3e).

What's more, as the increment in thickness of the AgNPs layer, the transmittance of FT-PVA/GL1-AgNPs hydrogel reduced gradually. In Fig. 5a, the FT-PVA/GL1 hydrogel (black line) without AgNPs maintained a high optical transmittance in both ultraviolet (300-400 nm) and visible light region (400-800 nm). Once irradiated for more than 20 min, the transmittance of FT-PVA/GL1-AgNPs hydrogel in the ultraviolet region was dramatically reduced to zero, which was due to the strong reflection and absorption of UV-light caused by the size effect of AgNPs.

According to Fig. 5b, it was found that the FT-PVA/GL1-AgNPs hydrogel after irradiation for 20 min still maintained 80% transmittance at 750 nm, yet, could completely block the light penetration at 365 nm. This result could be verified by Fig. 5c, where the fluoresce change of the anti-counterfeiting logo on the surface of 100-yuan CNY was conducted after being irradiated by a 365 nm UV lamp. When covered with FT-PVA/GL1-AgNPs hydrogel, the fluorescence intensity emitted by the logo gradually weakened with the increasing thickness of the AgNPs layer, and was completely obscured by the FT-PVA/GL1-AgNPs hydrogel irradiated for 20 min.

Accordingly, for ensuring the good UV-light shielding performance and visible light transmittance, we chose a gradient AgNPs-layered hydrogel with an irradiation time of 20 min in the following research. Furthermore, to examine the effect of the FT-PVA/GL1-AgNPs hydrogel on protecting real skin from UV-light, it was placed on the back of ICR mice under a UV lamp (10 mW cm -2 , 365 nm) for 3 h as shown in Fig. 5d. The back skin that had been protected by the FT-PVA/GL1-AgNPs hydrogel remained normal, and the subcutaneous tissue was intact and clear. On the contrary, the skin fully exposed to UV-light showed serious burn marks. The thickness of the stratum corneum increased and the collagen fibers in the unprotected skin were broken and lost. After being placed at room temperature for 15 days, the transmittance of the FT-PVA/GL1-AgNPs hydrogel hardly changed, suggesting that the AgNPs on the hydrogel surface maintained a long-term stability without obvious aggregation or leaking (Fig. S19). These results confirmed that FT-PVA/GL1-AgNPs hydrogel possessed high stability and the capability for shielding UV-light, making the hydrogel have a significant protective effect on natural skin when used as a wearable device. 

Antibacterial activity of FT-PVA/GL1-AgNPs hydrogel.

The antibacterial activity of hydrogel is also extremely important for applications in flexible sensors to detect human movement, as it is very prone to bacterial infection in moist environment [START_REF] Bao | Anti-Freezing and Antibacterial Conductive Organohydrogel Co-Reinforced by 1D Silk Nanofibers and 2D Graphitic Carbon Nitride Nanosheets as Flexible Sensor[END_REF]. Fig. S20 intuitively showed the antibacterial activities of FT-PVA, FT-PVA/GL1 and FT-PVA/GL1-AgNPs hydrogel to E. coli (Gram-negative bacteria) and S. aureus (Gram-positive bacteria). Antibacterial rings on the plate were clearly observed around the FT-PVA/GL1-AgNPs hydrogel (Fig. S20a), showing good antibacterial activity against E. coli and S. aureus due to the presence of abundant AgNPs and Ag + ions [START_REF] Urzedo | Cytotoxicity and Antibacterial Activity of Alginate Hydrogel Containing Nitric Oxide Donor and Silver Nanoparticles for Topical Applications[END_REF]. In contrast, neither FT-PVA nor FT-PVA/GL1 hydrogel had antibacterial activities. To further investigate the antibacterial ability in-depth, precultured E. coli and S. aureus suspension was incubated for 3 h on an automated shaker at 37 °C containing the testing hydrogel, and a pure bacterial solution without hydrogel was used as a control. As shown in Fig. S20b, the bacterial survival rate calculated by the optical density (OD600) value was close to zero after incubation with FT-PVA/GL1-AgNPs hydrogel. Moreover, no visible bacterial colonies were observed for the bacterial solution treated with FT-PVA/GL1-AgNPs hydrogel by using the spread plate method (Fig. S21). To disclose the antibacterial process, the cell morphologies of the bacteria were observed by SEM. Both E. coli and S. aureus exhibited intact and smooth regular shapes (Fig. S20c1 andc2), while the wrinkled or damaged morphologies appeared after the treatment by FT-PVA/GL1-AgNPs hydrogel (Fig. S20c3 andc4). These results indicated that FT-PVA/GL1-AgNPs hydrogel owned excellent antibacterial activity and could prevent bacterial breeding after long-term contact with human body.

Sensing performance of FT-PVA/GL1-AgNPs hydrogel.

GL is a polyprotic weak acid and its dissociation constant values are pKa1 = 3.98, pKa2 = 4.62, and pKa3 = 5.17, and thus it can be ionized in water to generate H + to endow FT-PVA/GL1 hydrogel ionic conductivity [START_REF] Saha | Fibrillar Networks of Glycyrrhizic Acid for Hybrid Nanomaterials with Catalytic Features[END_REF]. Moreover, due to the presence of AgNPs and residual Ag + ions in the FT-PVA/GL1-AgNPs hydrogel, the conductivity can be further improved. The conductivity of the FT-PVA/GL1-AgNPs hydrogel in air was 6.4 mS/m, but it would vary largely after being soaked in water, water/glycerol and NaCl aqueous solution (0.9 wt%) (Fig. S22), respectively, due to the diffusion of conductive ions or the changes in solvent composition. As shown in Fig. 6a, a complete circuit integrating a light-emitting diode (LED) bulb and a FT-PVA/GL1-AgNPs hydrogel was tested for its strain sensitivity under loading-unloading cycles.

When the strain reached 130%, the brightness of the LED darkened, while became brighter again once the applied strain released, indicating a rapid resistance response to the applied strain. Fig. 6b showed the relative resistance as a function of strain for FT-PVA/GL1 and FT-PVA/GL1-AgNPs hydrogel, respectively. Compared with FT-PVA/GL1 hydrogel, FT-PVA/GL1-AgNPs hydrogel showed a rapid rise in the relative resistance under the strain from 0 to 300%, confirming its good sensing performance. It is known that gauge factor (GF) is a parameter representing the strain sensitivity of sensors, defined as the relative resistance change with the applied strain. According to the linear fitting, the GF of FT-PVA/GL1-AgNPs and FT-PVA/GL1 hydrogel was 2.84 (R 2 = 0.992) and 1.78 (R 2 = 0.989), respectively, indicating that FT-PVA/GL1-AgNPs hydrogel was more sensitive within the measured strain. It was also found that the linear relationship between resistance change and strain was stepwise by stretching the hydrogel from 0 to 70% strain as shown in Fig. 6c. The cyclic stretching and releasing tests under 20-90% strain revealed an increased resistance change proportional to the tensile strain, further confirming the excellent sensitivity of FT-PVA/GL1-AgNPs hydrogel (Fig. 6d).

Additionally, no significant deviation in the baseline of electrical signal was observed at different tensile rates (10-100 mm min -1 , Fig. 6e), directly demonstrating the high conductive stability.

Moreover, the relative resistance changes versus time remained quite stable during 100 cycles (Fig. 6f), which was attributed to the good anti-fatigue property of FT-PVA/GL1-AgNPs hydrogel. Due to the fact that different FT-PVA/GL1-AgNPs hydrogel sensors could generate the similar resistance changes with a small range of deviation when applied to the same deformation conditions (Fig. S24), the hydrogel sensor also possessed good reproducibility. Meanwhile, benefiting from good anti-freezing and anti-drying characteristics, it not only worked normally in harsh environments like high (40 °C) and low (-18 °C) temperatures (Fig. S25), but also possessed a long service life (Fig. S26).

In addition, the excellent compression elasticity of the hydrogel makes it ideal for pressure sensor detection. As shown in Fig. 6g, there was a corresponding stepwise decline in the relative resistance as the increasing pressure from 4 to 200 kPa, which was resulted from the shortening of the ion transport path during the compressive process. According to the compressive stressstrain curve shown in Fig. 2e, the compressive stress and strain are not linearly correlated. Therefore, the continuously increasing pressure could not cause the sensor to deform uniformly, which consequently led to the resistance change of each deformation to be different, that is, the sensor signal did not change linearly with the applied pressure. Its pressure sensitivity (S), defined as the slope of relative resistance change on the varying pressure curve, was 5.13 Pa -1 at pressures less than 80 kPa, and dropped to 1.76 Pa -1 when the pressure was further increased to 200 kPa (Fig. S27), which was similar with other types of pressure sensors [START_REF] Xia | Bioinspired Dynamic Cross-Linking Hydrogel Sensors with Skin-like Strain and Pressure Sensing Behaviors[END_REF]. Except for detecting tension and compression, the flexible FT-PVA/GL1-AgNPs hydrogel can monitor bending deformation at different angles by a three-point bending fixture (Fig. S28) [START_REF] Yang | Anti-Freezing, Resilient and Tough Hydrogels for Sensitive and Large-Range Strain and Pressure Sensors[END_REF]. As shown in Fig. 6h, the detection of bending deformation was very sensitive, and the change of relative resistance increased monotonously with the cyclic bending angle rising from 10° to 110° with an achievement of a high relative resistance value of 270%. Obviously, FT-PVA/GL1-AgNPs hydrogel showed extremely attractive sensing performance as a flexible sensor. 

Application of FT-PVA/GL1-AgNPs hydrogel in human motion monitoring.

Since FT-PVA/GL1-AgNPs hydrogel displayed good sensing sensitivity and signal repeatability for various deformation behaviors, as well as anti-freezing, anti-drying, UV-light shielding and antibacterial activity, it was suitable for the direct detection of complex human motions in real-time. Therefore, the hydrogel sensor was attached to the outer skin of different joints on the body with 3M VHB tape. With the bending movement of the joint, the sensor could be stretched, which led to the extension of internal ion migration path and the increase of contact resistance between AgNPs in hydrogel. As a result, the sensor generated a corresponding resistance signal change for the joint movement. Due to the fact that the deformation ranges and angles of various joint movements were different, the resistance changes caused by sensor deformation were also changeable. Thus, the amplitude and the pattern of relative resistance curve produced by the hydrogel sensor can be used to differentiate the motion of various joints.

As shown in Fig. 7a-e, the repetitive bending deformation of the forefinger, wrist, elbow, knee and neck all could be tracked by FT-PVA/GL1-AgNPs hydrogel in real-time, with showing various signals of relative resistance. These signal curves hold reliable repeatability and recognition characteristics, which would satisfy the demand in the preparation of motion monitoring devices for human daily exercise. In addition to monitoring large-scale human motions, the FT-PVA/GL1-AgNPs hydrogel was also able to detect the subtle deformation like the vibration of human throat during chewing and speaking. As can be seen from Fig. 7f-h, although the detection position of FT-PVA/GL1-AgNPs hydrogel was unchanged, the slight difference in motion could be reflected completely. Attributed to the syllable difference, there was a different vibration in the throat when saying "hydrogels" and "hello". Because "hydrogels" is a three-syllable word, its pronunciation requires more complicated throat motions than "Hello" which is a two-syllable word. Thus, when speaking "hydrogels", the resistance signal showed and (e) neck. The vibration of throat when (f) chewing or saying (g) "hydrogels" and (h) "hello".

Conclusions

In summary, we have developed a physical dual-crosslinking FT-PVA/GL hydrogel with natural GL as raw material, which possesses high mechanical performance, freezing tolerance and long-term solvent retention. Benefiting from the inherent reducibility of GL, a gradient AgNPs layer has been fabricated in situ on the surface of FT-PVA/GL hydrogel via a green strategy, which enables the hydrogel to reflect and absorb UV-light while maintaining a high visible light transmittance (80% transmittance at 750 nm). Moreover, the existence of AgNPs endows the hydrogel with broad-spectrum antibacterial activity, which provides a safety guarantee for the long-term contact between the hydrogel sensor and human body. More importantly, the hydrogel exhibits excellent sensing performance in stretching, compression and bending deformation, and can be reasonably constructed as multi-functional flexible sensors to monitor all-dimensional human motion with high sensitivity, stability and durability. Compared with the previously reported hydrogel sensors, our conductive FT-PVA/GL hydrogel is superior to most reported ones in terms of tensile properties, versatility and sensitivity (Table S1). To our knowledge, this is the first physical double network hydrogel sensor that possesses biocompatibility, anti-freezing, anti-drying, high-transmittance, UV-light shielding and antibacterial characteristics simultaneously. Such a conductive hydrogel is considered to be a versatile and adaptive platform for the extensive applications of multi-functional flexible sensors in the future. Additionally, due to the renewable raw material, non-toxic reagent and facile
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preparation process, this work will provide new insight and inspiration for the design of flexible sensors with high performance, multi-functionality and sustainability.
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