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To date, the development of smart textiles, artificial skins, environmental sensory devices, and flexible/stretchable optoelectronics involve the innovation of material synthesis, mechanical design, and fabrication strategies have attracted considerable attention in wearable displays. The mechanically flexible and stretchable functions with cost-effective, facile, lightweight, and large-area expandability are essential modules to fabricate the optoelectronic devices in various wearable display applications. Among them, electrospinning is an easy, versatile, and inexpensive technique enables flexible morphology tuning, assembling various functional nanofibers, and high-throughput continuous production has motivated extensive studies on wearable electronics applications. Therefore, it is necessary to develop innovative projects including the environment-sensing elements with pH-sensing dependency, temperature-sensitive,

The porous ES nanofibers with 30-nm pores were fabricated using hydrophobic MMA, low-boiling-point solvent, and at a high relative humidity (80%). These porous ES nanofibers had a higher surface-to-volume ratio than did the corresponding thin films, which enhanced their performance.

Novel Magnet and Thermoresponsive Chemosensory Electrospinning

Fluorescent Nanofibers and Their Sensing Capability for Metal Ions (Chapter 2): Novel multifunctional switchable chemosensors based on fluorescent electrospun (ES) nanofibers with sensitivity toward magnetism, temperature, and mercury ions (Hg 2+ ) were prepared using blends of poly(NIPAAm-co-NMA-co-AA), the fluorescent probe (BNPTU), and magnetite nanoparticles (NPs), and a single-capillary spinneret. The vi moieties of N-isopropylacrylamide, N-methylolacrylamide, acrylic acid, BNPTU, and Iron oxide (Fe3O4) NPs were designed to provide thermoresponsiveness, chemical cross-linking, Fe3O4 NPs dispersion, Hg 2+ sensing, and magnetism, respectively. The prepared nanofibers exhibited ultrasensitivity to Hg 2+ (as low as 10 -3 M) because of an 80-nm blueshift of the emission maximum (from green to blue) and 1.6-fold enhancement of the emission intensity, as well as substantial volume (or hydrophilic to hydrophobic) changes between 30 and 60 °C, attributed to the low critical solution temperature of the thermoresponsive N-isopropylacrylamide moiety. Such temperaturedependent variations in the presence of Hg 2+ engendered distinct on-off switching of photoluminescence. The magnetic ES nanofibers can be collected using a magnet rather than being extracted through alternative methods.

3. Mechanically Robust Silver Nanowire-Polydimethylsiloxane Electrode Based on Facile Transfer Printing Techniques for Wearable Displays (Chapter 3): Silver nanowire (AgNW) networks have attracted considerable attention as transparent electrodes for emerging flexible optoelectronics. However, transference of such networks onto diverse arbitrary substrates with high conductivity remains a challenge because of the possibility of detaching and sliding occurring at the interface. Therefore, we developed a water-assisted transfer printing method for fabrication and transfer of an AgNW-polydimethylsiloxane (PDMS) electrode. The innovative approach exhibits a robust ability for thin film transfer onto arbitrary substrates and has highly controlled and nondestructive characteristics. The obtained electrodes exhibited high conductivity (λ Ω/sq, 82% at 550 nm, σDC/σOp ≈ 200), tensile strain (0% to 50%), and flexibility (bending radius of less than 2 mm) without significant loss of conductivity compared with devices fabricated through conventional methods. Furthermore, we demonstrated novel textile-based flexible light-emitting electrochemical cell (PLECs) based on the stretchable AgNW-PDMS electrode and buckling concept, thereby realizing highly vii stretchable PLECs with excellent performance and mechanical robustness. The strained device luminance intensity was optimized to 58 cd m-2 at 7 V under 10% linear strain without damaging the electroluminescent properties. Notably, this effective and practical transfer method provides an approach for developing electronic nanowire devices with unique configurations and high performance. To date, most of the skin-like pressure sensors largely depend on traditional lithography technique to fabricate the microstructures, limiting their wide practical applications due to the high-cost process and the redundant fabrication procedure. Herein, we present a cost-effective, lithographic-free, and large-area expandability to fabricate skin-inspired resistant-type pressure sensors with ultra-performance and lightweight based on fibrous interlocked-microstructures (FIM). The unique sandwich-structured conducting nanofiber (ESSCN) configuration is composed of poly(styrene-block-ethylene-ranbutylene-block-styrene) (SEBS) natural rubber and silver nanoparticles (AgNPs), whereas the dielectric SEBS nanofiber is employed as the middle layer, sandwiched by two SEBS/AgNPs electrodes at top and bottom for packaging. The FIM endows the obtained pressure sensors show superior performance, including ultra-high sensitivity of 71.07 kPa -1 in a low-pressure regime (<0.06 kPa), rapid response time (<2 ms), highly reproducible stability (>100 cycles), mechanical stimuli sensing (pressure, strain, and curvature). As a proof-of-concept demonstration, the sensors have been used for integration with RGB-LED wristband and garments, monitoring human physiological signals, and detect spatial pressure distribution, thereby endowing our ESSCN has broader potential applications in versatile electronic skin and human machine interfaces.

viii In summary, based on electrospinning, spraying coating, transfer printing technology, we successful prepared the ultra-sensitivity and full-color switchable functions smart textiles (part one), multifunctional magnetic and fluorescence chemosensor (part two), facile, inexpensive, and chemical free transfer printing technology (part three), skininspired resistive pressure sensors (part four). The present study demonstrated that fullcolor switchable and pH-sensing dependency chemosensors, temperature-sensitive and magnetic chemosensors, chemical free transfer printing technology, skin-inspired resistive pressure sensors have potential for diverse applications, such as water purification, sensing filters, environment-sensing devices, multifunctional smart textiles, wearable electronics, tactile sensors, and artificial skins.
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Abstract-France

Mots clés : Polymérisation radicalaire, electrospinning, textiles intelligents, chemocapteur de pH et/ou de champ magnétique, impression transfert, nanofils, prêt-à-porter connecté, capteur de pression résistif, peau artificielle, surveillance de la santé.

A ce jour, le développement de textiles intelligents, de peaux artificielles, de capteurs de paramètres environnementaux et de composés optoélectroniques souples ; qui nécessite des innovations à la fois dans la synthèse des matériaux, leur conception mécanique mais aussi, à l'échelle industrielle, en stratégie de production ; présente un intérêt majeur dans le domaine du prêt-à-porter connecté. D'un point de vue mécanique, l'obtention des propriétés de flexibilité et d'étirabilité à faible coût, via un procédé simple, au sein d'un matériau léger et capable de s'expandre sur de grandes surfaces est un prérequis essentiel pour incorporer des dispositifs optoélectroniques au sein des objets connectés portables. Parmi les différents procédés couramment utilisés, l'electrospinning est une technique simple, facilement adaptable et peu onéreuse qui permet un ajustement fin et flexible des morphologies de fibres, l'assemblage de plusieurs nanofibres fonctionnelles et une production en continue à haut débit. Ces multiples avantages sont à l'origine des nombreux travaux concernant l'utilisation de l'electrospinning dans le domaine du prêt-à-porter électronique et/ou connecté.

Cependant, il est nécessaire de développer des projets innovants pour ce secteur qui incluent des capteurs détectant des paramètres environnementaux (pH, température), des chemo-capteurs colorimétriques à large spectre (full-color), des composantes électroniques étirables et capteurs tactiles. Cette thèse peut-être diviser en quatre parties présentées ci-dessous: 4. Capteur de pression résistif ultra-sensible, mécaniquement robuste, inspiré de la peau, constitué de nanofibres et basé sur une microstructure fibreuse interpénétrée (chapitre 4): A ce jour, la plupart des capteurs de pression inspirés de la peau sont fabriqués à l'aide des techniques classiques de lithographie afin de réaliser leur microstructuration ce qui limite leur développement à grande xiii échelle à cause du caractère onéreux et redondant de ce procédé. Nous proposons ici une méthode à faible coût, sans lithographie and utilisable sur de larges surfaces pour fabriquer des capteurs de pression inspirés de la peau qui présentent de hautes performances et sont basés sur une microstructure fibreuse interpénétrée (FIM) et légère. La structure-sandwich unique de nos nanofibres conductrices (ESSCN) est constituée de poly(styrene-block-ethyle-ranbutylene-block-styrene) ou SEBS, de caoutchouc naturel et de nanoparticules d'argent (AgNPs) : alors que les nanofibres diélectriques de SEBS sont utilisés comme couche intermédiaire, deux électrodes de SEBS/AgNPs sont placés audessus et en-dessous pour « l'enrober ». La structure FIM confère au capteur de pression des performances supérieures, y compris une ultra-haute sensibilité de 71,07 kPa -1 en régime basse pression (<0,06 kPa), un temps de réponse rapide (<2ms), une haute stabilité des performances aux cycles de reproductibilité (> 100 cycles) et la possibilité de détecter des stimuli mécaniques variés (pression, allongement et courbure). Comme preuve de concept, les capteurs ont été ), and the kidneys or livers (Cd 2+ , Pb 2+ , Hg 2+ ) [1][2][3] The wastewater pollutions from various industrial activities such as metal planting, fertilizer, fossil fuel, tannery, battery manufacturing, and etc.is the main factor causing the serious environment contaminations. 4 The heavy metals have non-biodegradable property and tend to accumulate in living organisms, which directly be uptake in human body through the food chains or caused serious contaminations into the environment.

For this reason, the international organizations have been defined the standards regulations concerning the safety limits or contaminant levels in drinking water. Table 1 summarizes the standards and guidelines for the selected heavy metals in drinking water reported by Environmental Protection Agency (EPA) and World Health Organization (WHO) based on the scientific data. 5 Furthermore, it is critical to classify and separate in the environment of wastewater, drinking water, food chain, ecological system, and biological fluids for global sustainability. Hence, the purpose of the present project is to provide an effective methods in the development of heavy-metal-detection devices and systems. The conventional methods based on real-time monitoring instruments to detect heavy metal contamination request sophisticated analytical techniques: atomic emission spectrometry (AES), atomic absorption spectroscopy (AAS), inductively coupled plasma mass spectrometry (ICPMS), X-ray fluorescence spectrometry, and etc. [6][7][8][9] Although the aforementioned standard methods effectively exhibit high efficiency and sensitivity for trace heavy metals. Nevertheless, they require cumbersome instrumental setup, complex sample manipulation, and high cost, thus significantly limits its on-site potential as a practical devices with portable and lightweight characteristics. In contrast, rapid development of chemosensors based on nanotechnology platforms have intrinsic potential in high-throughput continuous detection of heavy metal contaminants on-site, thus improving the performance of sensors in terms of limit of detection, sensitivity, selectivity, reproducibility and also further enabled miniaturization and infield applications.

Table 1. Standards and Guidelines for Selected Heavy Metals in Drinking Water

Reported by the WHO and EPA

1-2 Motivation

The development of sensitive and selective fluorescent chromogenic sensors composed of chelating ligands that are used to detect heavy-transition-metal (HTM) cations and pH in biological and environmental sensory devices has attracted extensive scientific interest because such cations can severely affect human health and the environment. [10][11][12] The HTM cation mercury Hg 2+ and its derivatives are widely used in industry and have been demonstrated to cause environmental and health problems.

Colorimetric-derivative sensors based on 1, 8-naphthalimide have been widely used in fluorescence detection of Hg 2+ , Cd 2+ , and Cu 2+ because of their numerous excellent optical properties such as high quantum yields and favorable photostability. [15][16][17][18][19][20][21] Liu reported the development of a new fluorescent chemodosimeter, namely a 1,8naphthalimide-based colorimetric derivative (1-benzoyl-3-[2-(2-allyl-1,3-dioxo-2,3dihydro-1Hbenzo[de]isoquinolin-6-ylamino)-ethyl]-thiourea (BNPTU) that exhibited high selectivity for Hg 2+ in aqueous solutions and was based upon the reactivity of thiourea derivatives with Hg 2+ . 15 A mercury-triggered intramolecular cyclization of thiourea results in the formation of a highly blue fluorescent naphthalimide derivative, whereas the dosimeter itself fluoresces yellowish green. Rhodamine B and its derivatives (RhBs) are satisfactory fluorescent sensors for sensing pH because of their unique properties such as a high fluorescence quantum yield, long-wavelength emission, and high absorption coefficients. [22][23][24] However, all of the aforementioned studies were based on solutions rather than nanofibers. The high surface-to-volume ratio of nanofibers facilitates responses in Hg 2+ -/pH-sensitive and multifunctional sensory materials.

Electrospinning is an easy, versatile, and inexpensive technique for producing nanometer-scale fibers for assembling various functional nanofibers. [25][26][27][28] The high surface-to-volume ratio of electrospun (ES) nanofibers has motivated extensive studies on sensory applications involving the sensing of pH levels, 29 temperatures ,30,31 NO gases ,32 and metal ions. [33][34][35][36][37] Recently, various fluorescent sensor-based ES polymer nanofibers for sensing pH and metallic ions such as Hg 2+ , Fe 3+ , Zn 2+ , and Cu 2+ were successfully prepared by our group. [34][35][36][37] These prepared multifunctional fluorescent ES nanofibers exhibited distinct on-off switching such as quenching-enhancing photoluminescence (PL) intensity or changed-recovered PL colors for sensing various pH levels and metal ions.

Fluorescence resonance energy transfer (FRET)-based sensors for sensing specific HTM cations and pH values have attracted considerably more attention than quenching-enhancing PL intensity-based sensors because their color changes are easily observed by the naked eye. However, most of the developed FRET-based sensors were based on solutions [38][39][40][41] rather than nanofibers. 35 We recently reported dual-ratiometric fluorescent chemosensory ES nanofibers that are able to detect pH and Fe 3+ and were synthesized using binary blends of poly(2-hydroxyethyl methacrylate-co-Nmethylolacrylamide-co-nitrobenzoxadiazolyl derivative) (poly(HEMA-co-NMA-co-NBD), FRET donor) and a spirolactam rhodamine derivative (SRhBOH, FRET acceptor). 35 In this paper, we report a full-color switchable fibrous probe that is not blended but is instead prepared from only one type of copolymer. This probe detected pH and Hg 2+ simultaneously and exhibited full-wavelength-tuned fluorescence emission when solutions with different pH values and Hg 2+ concentrations were tested.

In addition, we would like to develop these ES nanofiber membranes into probe-filter membranes (nonwoven solid state with porous structures), which can assist future researchers in cleaning water while simultaneously chelating and sensing Hg 2+ .

The FRET-based fluorogenic probe ES nanofibers developed in this study were prepared using poly(methyl methacrylate-co-1, 8-naphthalimide derivatives-corhodamine derivative) (poly(MMA-co-BNPTU-co-RhBAM)) copolymers containing a naphthalimide derivative and a spirolactam rhodamine derivative; the process involved combining synthesis, electrospinning, optical application, and analysis of morphological characteristics. The poly(MMA-co-BNPTU-co-RhBAM) was subjected to free-radical polymerization (Scheme 1(a)), with different ratios of its three components, and was then prepared for the formation of probe nanofibers using electrospinning (Scheme 1(b)). The fluorescence emission of BNPTU is highly selective for Hg 2+ , turning from green to blue in its presence (Scheme 1(c)).

Furthermore, RhBAM exhibited reversible pH-sensing dependency; when it was used to detect acidic media, the spirocyclic form of RhBAM, which is colorless and nonfluorescent, transformed into the opened-cyclic form, which is pink and exhibits strong fluorescence emission (Scheme 1(c)). Thus, the fluorescence emission of the ES nanofibers change from green to red when they detect acidic media because of the energy transfer from the BNPTU (donor) to the RhBAM (acceptor) (Scheme 1(d)).

More importantly, various emission colors-blue, green, yellow, red, and even whitecan be observed by adjusting the various pH and Hg 2+ combinations that are sensed.

Off-on switching of the FRET process can be easily modulated by simultaneously related to measure the variation of an electrical signal based on a redox reaction. [42][43][44][45][46][47][48][49] The consist of sensing system have two essential features : the receptor and the immobilization/transducing. Generally, the receptors can specifically bind with the target chemical species and also responsible for the sensor selectivity and sensitivity.

Typical interaction of heavy metals with the selected receptor involves noncovalent bonding, such as metal coordination, hydrogen bonding,π-πinteractions, van der Waals forces effects, and etc. 50 Those effects are originated from various types of recognition materials related to the specific ligand with different metal ions including alloys and amalgams, bismuth and antimony film electrode to form multicomponent alloys which can used in organic receptors (ionophores, crown ethers, and cyclodextrin) 51 Transducers can trace the binding affinity between the receptors and the target chemical species through changes in the physicochemical properties. The charge transfer or energy transfer process can give rese to either a "turn-off" or a "turn-on" fluorescence response due to fluorescence quenching or enhancement. Among them, researchers have put a spotlight on the Forster resonance energy transfer (FRET) process when developing fluorescent sensors for heavy metal detection. FRET involves dipole-dipole coupling between an excited-state (donor) and an acceptor. This phenomenon was described as the donor return to its electronic ground state, and emission may then occur from the acceptor center (Figure 1). 52 The FRET efficiency is highly dependent several factors: the relative orientation of the transition dipoles (Figure 2), the distance between the donor and the acceptor, and the extent of spectral overlap between the donor emission and acceptor absorption spectrum. An intensive description of the physical basis of FRET are shown in Figure 3. 53 The conventional FRET requires the overlap between the donor emission and acceptor absorption. Ono groups devoted to developing the FRET sensors for heavy metal detection. 54 The formation of FRET sensor has been linked with fluorophore and a quencher moieties in Organic dyes are generally used as the chromophore in FRET sensors due to the availability from commercial sources, their relatively inexpensive, and well established methods for labeling protocols. 55 Among the alternative chromophore sensors, the rhodamine fluorochrome has emerges as a quite promising candidate for fluorophore sensor because of its excellent photophysical property such as a high fluorescence quantum yield, long wavelength emission, high absorption coefficient, favorable photostability, and high sensitivity. [22][23][24] Rhodamine derivatives are nonfluorescent and colorless, whereas addition of targeted metal ions or Lewis acid leads to ring opening of the corresponding spirolactam, giving rise to a strong fluorescence emission and a color change from colorless to pink. (Figure 5) 55 Tae groups reported that developed a promising system to achieve the highly selective and sensitivity for sensing Hg 2+ in aqueous solution based on the rhodamine 6G derivative (Figure 6). They anticipated that the rhodamine 6G derivative coupling mechanism between the stoichiometric and irreversible Hg 2+ induced the reaction of thiosemicarbazides to form 1,3,4-oxadiazoles.

This novel chemodosimeter exhibit highly limitation of detection, which is below 2 ppb in mercury aqueous solutions toward other common metal ions. 56 Currently, the development of FRET-based sensor for detecting metal ions and pH have considerable attraction to broad audience due to their simplicity, color variation, and ratiometric detection capability. [57][58][59][60][61] Min groups firstly utilized the Rhodamine derivate fluorophores incorporated into tren moieties and measured their photophysical property upon addition the metal cations (Figure 7).The off/on switching of the FRET process can be modulated by adjusting the concentrations of Cu 2+ ions to achieve the spirolactam ring of the rhodamine, whereas exhibit the various fluorescence change. 62 fulfill the FRET-based system (Figure 8). 60 Liu groups proposed that fabricate the diblock copolymer with dual-ratiometric fluorescent probes through FRET donor (NBD) and acceptor moieties (RhBs) at the chain middle and terminals (Figure 9). 61 However, all of the aforementioned studies were focused on solutions, it is necessary to develop the new platforms such as using the micro/nano materials with the high surface-tovolume property to improve the sensitivities. 

1-3-2 Electrospinning techniques for fabricating ENMs

Electrospinning is an easy, versatile, and inexpensive technique for producing nanometer-scale fibers for assembling various functional nanofibers. The electrospinning technique consists of three major components: a high-voltage power supply, a spinneret (a metallic needle), and a collector (a ground conductor) (Figure 10). During the electrospinning process, a high voltage is applied to generate the droplet from a polymer solution at the tip of the spinneret. The droplet will begin to elongate into a conical shape commonly known as "Taylor cone" as the high voltage continuously increased. 63 The steady charged jet will be ejected from the bottom of the Taylor cone until the electrostatic force overcomes the surface tension of the droplet.

Subsequently, the electrostatic field jet undergoes a series of stretching and whipping process, resulting in randomly oriented nanosized fibers by a fast evaporation of the solvent. In some of case, the jet will be broken into droplet as the applied external electrostatic force is quite small than the voltage, which is called "Plateau-Rayleigh instability" [64][65][66] On the contrary, if the applied external electrostatic force exceeds the range of voltage and much bigger than the surface tension, thus forming several of electrospinning jets from only one droplet in the same time. The fiber morphology and diameter are affected by several electrospinning parameters and conditions. 1) set up parameter from electrospinning process including feeding rate, the shape of spinneret, the distance between the collector and the spinneret tip; The poly (MMA-co-NAAP) was copolymerized with methyl methacrylate (MMA) and naphthalimide derivative (NAAP) via a free-radical polymerization process.

Afterwards, poly (MMA-co-NAAP) was used to fabricate ENMs (ENM-immobilized optical chemosensors) based on electrospinning technique. As the fabricated ENMimmobilized optical chemosensors were immerse into Cu 2+ solution, the copper ions can bind with the fluoorphore on the surface of electrospun nanofibers to form a 1:1 metal-ligand complex, which ICT-induced a 48 nm blue shift from 487 nm to 439 nm in fluorescence spectra. Because of high surface area-to-volume ratio of the nanofibrous film structures, the results revealed that the ENM-immobilized chemosensors exhibited a high sensitivity for copper metal ions and achieve the detection limit of 20 × 10 -6 M at the nanomolar level. Moreover, the specificity of detection selectivity of the ENM-immobilized chemosensors showed a higher selectivity toward Cu 2+ as distinct from toward other common metal ions. This working revealed that polymer-based chemical synthesis methods are suitable methods to prepare ENM-immobilized optical chemosensors application in the filtration, water treatment, and heavy metal detection. 

1-4 Experimental Section 1-4-1 Materials

Methyl methacrylate (MMA, Aldrich, 99%) was dried over CaH2 to distill in a roundbottomed flask overnight, then purified by passing it through a short aluminum-oxide column (50-200 m), and stored at 4 °C prior to use. Hg 2+ , Pb 2+ , Zn 2+ , Cd 2+ , K + , Ni 2+ , Mn 2+ , Pd 2+ , Fe 3+ ) were purchased from Sigma-Aldrich.

1-4-2 Synthesis of 4-Bromo-N-allyl-1, 8-naphthalimide

Fluorescent BNPTU was prepared according to a previously reported method. 18 The process of its synthesis is illustrated in (Scheme 2(a)). A 50-mL round-bottomed flask was charged with 4-bromo-1, 8-naphthalic anhydride (1.385 g, 5 mM), allylamine (0.317 g, 5.18 mM), and 20 mL of 1, 4-dioxane. The reaction mixture was stirred at reflux for 8 h. After cooling to room temperature, the suspension was poured into 600 mL of ice water and then filtrated. After drying in a vacuum oven overnight at room temperature, 4-bromo-N-allyl-1, 8-naphthalimide (BN-Br) was obtained as a slightly gray solid (1.24 g, yield: 89%). 

1-4-4 Synthesis of 1, 8-Naphthalimide-Based Monomer (BNPTU)

A 25-mL round-bottomed flask was charged with NP-NH2 (400 mg, 1.36 mM), benzoyl isothiocyanate (0.22 g, 1.36 mM), and 12 mL of acetone. The reaction mixture was stirred at reflux for 1 h. After cooling to room temperature, the solution was filtrated and washed with ethanol. The product was purified using chromatography with CH2Cl2

(320 mg, yield: 80%). 

1-4-5 Synthesis of RhB Hydrazide

The RhB hydrazide synthesis scheme is shown in (Scheme 2(b)). The fluorescent probe, RhBAM, was synthesized according to a previously reported method. 68 Rhodamine B (4.8 g, 10 mM) and an excess of hydrazine hydrate (85%, 8 mL, 150 mM) were dissolved in 80 mL of methanol. The reaction mixture was stirred at 80 °C and refluxed for 20 h until the solution changed from dark purple to light orange and became transparent. After cooling to room temperature, the solvent was removed under decreased pressure. CH2Cl2 (200 mL) was then added, and the solvent was washed with water several times and dried over anhydrous sodium sulfate. RhB hydrazide was obtained as a pink solid (4.2 g, yield: 88%). 2.

Table 2. Polymerization conditions and molecular weights of random poly(MMAco-BNPTU-co-RhBAM) copolymers.

a Molar ratio (%), estimated from 1 H NMR spectra.

b Determined using the DMF eluent.

1-4-8 Synthesis of P1

A reaction mixture of 1219.4 mg (12.17 mM) of MMA, 62.14 mg (0.12 mM) of RhBAM, 5 mg (0.03 mM) of AIBN, and 12.4 mL of DMF was used to produce a pink solid (yield: 60%). 

1-4-9 Synthesis of P2

A reaction mixture of 1219.4 mg (12.17 mM) of MMA, 55.92 mg (0.12 mM) of BNPTU, 5 mg ( 0.03 mM) of AIBN, and 12.4 mL DMF was used to produce a light green solid (yield: 62%). Figure 18(b) and Table 2 present the molecular weight and chemical structure characterization of poly(MMA-co-BNPTU) obtained using GPC with DMF as the eluent and 1 H NMR, respectively. The copolymer composition, estimated by performing peak integration, was consistent with the proposed structure.

The estimated copolymer ratio of poly(MMA-co-BNPTU) based on the NMR spectrum was 99.5:0.5, and the number-averaged molecular weight and PDI estimated using GPC were 29,300 g mol -1 and 1.42, respectively. 

1-4-10 Synthesis of P5

A reaction mixture of 1219.4 mg (12.17 mM) of MMA, 167.78 mg (0.36 mM) of BNPTU, 93.22 mg (0.18 mM) of RhBAM, 5 mg (0.03 mM) of AIBN, and 12.4 mL of DMF was used to produce an orange solid (yield: 64%). Figure 19 and Table 2 present the molecular weight and chemical structure characterization of poly(MMA-co-BNPTU-co-RhBAM) obtained using GPC with DMF as the eluent and 1 H NMR, respectively. The copolymer composition, estimated by performing peak integration, was consistent with the proposed structure. The estimated copolymer ratio of poly(MMA-co-BNPTU-co-RhBAM) based on the NMR spectrum was 93.4:4.2:2.4, and the number-averaged molecular weight Mn and PDI estimated using GPC were 29,250 g M -1 and 1.36, respectively. 1 H NMR (300 MHz, DMSO-d6, Figure 19): 

= 3.56 (a+h, 11H, -COOCH3, Ar-N(CH2)4-); = 0.8-1.8 (b+c+d+i, 18H, -CH2CH-, - CH2CH-, -CH2CH-, Ar-NCH2(CH3)4); = 1.8-2.1 (b+c+d, 3H, -CH2CH-, -CH2CH-, - CH2CH 

1-5 Preparation of Copolymer Solutions with Different pH Values

Preparation of a pH 2 copolymer solution was performed by mixing 7 mL 10 -2 M probe in CH3CN solution and 3 mL 4 × 10 -2 M H + water solution (prepared using HCl). After preparation, we double checked with a pH meter to ensure the pH values of the prepared copolymer solutions were correct. The preparation of the other pH value copolymer solutions followed a similar method, as is also described in our earlier report. 35 

1-6 Preparation of ES Nanofibers

As shown in Scheme 1(b), the ES nanofibers were prepared using a single-capillary spinneret in a procedure similar to that described in our previous reports. [29][30][31][32][34][35][36][37] Poly(MMA-co-BNPTU-co-RhBAM) (250 mg mL -1 ) was dissolved in a chloroform and dimethylformamide (CHCl3/DMF) solvent and stirred overnight. The polymer solution was fed into a metallic needle using syringe pumps (KD Scientific Model 100, USA) with a feed rate of 0.8-1.0 mL h -1 . The tip of the metallic needle was connected to a high-voltage power supply (Chargemaster CH30P SIMCO, USA) that was set at 13.4 kV during electrospinning. A piece of aluminum foil or quartz was placed 15 cm below the tip of the needle for 30 min to collect the ES nanofibers. All experiments were performed at room temperature and a relative humidity of approximately 80%.

Polymer films equivalent to the ES nanofibers were prepared using drop-casting of the same solution on a quartz substrate and then dried in an airflow hood. The properties of the thin films were compared with those of the ES nanofibers.

1-7 Characterization

1 H NMR data were recorded at room temperature using a Bruker AM 300 (300 MHz)

spectrometer and the residual proton resonance of deuterated chloroform and deuterated dimethyl sulfoxide. High-resolution electrospray ionization mass spectrometry (HRESI-MS) spectra were recorded using a Shimadzu LCMS-IT-TOF mass spectrometer. GPC analysis was performed using a Lab Alliance RI2000 instrument (two-column, MIXED-C and -D from Polymer Laboratories) connected to a refractive index detector from Schambeck SFD GmbH. All GPC analyses were performed using a polymer/DMF solution at a flow rate of 1 mL min -1 at 40 °C and were calibrated with polystyrene. The thermal decomposition temperature was determined using a thermal gravimetric analyzer (TGA) from TA Instruments (TGA Q50) over a heating range of 100 to 800 °C at a heating rate of 10 °C min -1 in a nitrogen atmosphere. The Fourier transform infrared (FT-IR) spectra were recorded using a Bio-Rad 155 FT-IR spectrometer at ambient temperature in the range of 650-4000 cm -1 .

The morphologies of ES nanofibers were characterized using scanning electron microscopy (SEM, Hitachi S-520). Samples were coated with platinum prior to the SEM characterization, and analysis was performed at an acceleration of 15 kV.

Transmission electron microscopy (TEM) images were taken using a transmission electron microscope operated at 100 kV. Fluorescence optical microscopy images were taken using a two-photon laser confocal microscope (Leica LCS SP5). The morphologies of the ES nanofibers were similar to those reported in our previous studies. 26,31,35, To determine the surface area of the P5 ES fiber membranes, an ASAP 2010 Accelerated Surface Area and Porosimetry Analyzer (Micromeritics; Norcross, GA) was used. P5 ES fiber membranes can adsorb nitrogen gas. The specific surface area of a fiber membrane can be determined according to the adsorbed amount of nitrogen and the size of nitrogen molecules by using the Brunauer-Emmett-Teller (BET) methodology. A 50-m-thick P5 ES fiber membranes was cut into a rectangular shape (1 × 2 cm) and weighed. The sample was then placed in the sample container of the ASAP 2010 for the determination of nitrogen adsorption at various nitrogen pressures.

BET surface areas were determined according to nitrogen adsorption in a relative pressure (p/p0) range of 0.05-0.25 according to the BET method. [START_REF] Gregg | Surface Area and Porosity[END_REF] The mechanical properties of the P5 ES nanofibers were determined using Dynamic Mechanical Analysis (DMA; Perkin Elmer, USA). The specimens, which were 10 mm wide and 30 mm long, were subjected to a tensile test with a crosshead speed of 10 mm/min. Young's modulus was calculated using the stress/strain curves, as described in our previous studies. [START_REF] Huang | [END_REF][71] Ultraviolet-visible (UV-Vis) absorption and PL spectra were measured to study photophysical properties, and were recorded using a Shimadzu UV-Vis spectrophotometer and a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon), respectively. Variations in the optical absorption and PL of the prepared ES nanofibers (P1-P5) at different pH and metal-ion concentrations are described as follows. As

shown in Figure 20, to ensure that the beam excited the same point on the prepared samples during each measurement, the ES nanofibers or films were fixed in cuvettes using adhesive tape and the cuvette was filled with an acidic or basic aqueous or metalion solution at 10 -8 to 10 -2 M. Each measurement was taken for 15 min to ensure that the chelating reaction reached equilibrium. All PL spectra of the ES fibers were recorded using the Fluorolog-3 spectrofluorometer, and the samples were excited at a suitable wavelength, as described in our previous studies. [29][30][31][34][35][36][37] reported. 18,68 Scheme 1(a) shows the route through which poly(MMA-co-BNPTU-co-RhBAM) copolymers were synthesized using free-radical polymerization. The five types of copolymers (P1-P5) synthesized and their composites are listed in Table 2.

Figure 19 shows the The favorable agreement between the feeding ratio and experimental composition suggests the preparation of the target copolymers was successful. The molecular weights and thermal properties of the five copolymers, P1-P5, are listed in Table 2.

The number-averaged molecular weight and PDI of P1-P5 were 31,000 g M -1 and 1.45, 29,300 g M -1 and 1.42, 32,500 g M -1 and 1.35, 29,500 g M -1 and 1.33, and 29,250 g M - with considerably weakened electron-donating ability, 15,[72][73][74] as indicated in Scheme 1(c). However, no change in the absorption peak was observed when other metal ions, such as Co 2+ , Cu 2+ , Ca 2+ , Fe 2+ , Mg 2+ , Na + , Pb 2+ , Zn 2+ , Cd 2+ , K + , Ni 2+ , Mn 2+ , Pd 2+ and Fe 3+ , were added. This suggested that BNPTU exhibited high selectivity and sensitivity for Hg 2+ . solidification at a high relative humidity (80%) during electrospinning, as was noted in our previous studies. 75,76 The ES nanofiber surfaces contained a variety of broadly distributed pores that were elongated along the fiber axis and were approximately 30 nm in size. These porous ES fibers might have increased surface-to-volume ratios and thus have potential applications in photonics and probes.

A TEM image of the P5 ES nanofibers before (inset) and after Hg 2+ absorption is presented in Figure 23(d The P5 ES nanofibers had a PL max at 510 nm (pH 7) and 597 nm (pH 2). A marked redshift of PL max from 510 nm to 597 nm was thus observed as the pH changed from 7 to 2; this shift was caused by energy transfer between the BNPTU and RhBAM moieties.

When RhBAM detected H + , the nonfluorescent spirocyclic form of RhBAM transformed into the opened-cyclic form, which was strongly fluorescent at 597 nm.

Such substantial energy transfer can be explained by the overlapping of the emission of poly(MMA-co-BNPTU-co-RhBAM) and the absorption of RhBAM in the acidic aqueous solution (Figure 22(d)). Similar energy transfer was observed in the PL spectra of P1 to P5 under acidic conditions (Figure 26). Although a lightly decreased intensity of PL max at 510 nm was observed from pH 5 to 7, very significant changes occurred on the PL curves for pH ranging from 4 to 2 (i.e., an acidic environment).

Thus, the P5 ES nanofibers are particularly suitable as pH probes for acidic environments. Note that the there is no sensitivity for pH 7 to 14 (i.e., alkaline environments) (Figure 27), indicating that RhBAM is sensitive for environments ranging from pH 2 to 7, and particularly for conditions under pH 5 (Figure 25a) and red (597 nm), indicating that energy transfer from BNPTU to RhBAM occurred. 77 Green emission bands at approximately 510 nm were also found for the P2-P4 ES nanofibers but were almost completely absent for the P5 ES nanofibers. This suggested that the P5 ES nanofibers had more RhBAM segments, which can enhance interchain interactions between BNPTU and RhBAM. The energy transfer and shifts are also more efficient.

The Commission Internationale de δ'Eclairage (CIE) coordinates 78,[START_REF] Poynton | A Guided Tour of Color Space[END_REF] (fluorescence intensity of free donor) ] % } (1)

In our system, BNPTU and RhBAM fluorophores were chosen as the donor and acceptor units, respectively. Consequently, the FRET efficiencies of P3, P4, and P5

were calculated to be 28%, 41%, and 72%, respectively (raw data is shown in Figure S11). This result indicates that P5 ES nanofiber has higher energy transfer than P3 and P4 owing to its higher RhBAM composition ratio resulting in largely red-shifted performance.

A similar trend of red-shifted CIE coordinates was observed for the P5 ES nanofibers under pH 7-2 conditions (Figure 28 10 -7 ε. Thus, the nanofibers' Hg 2+ concentration sensing limit is 2 × 10 -8 M. I460/I510

for the P5 thin film, however, begins to gradually increase at 2 × 10 -6 M Hg 2+ , a substantially higher concentration than that for the ES fibers. Additionally, the PL intensity I460/I510 at 10 -7 M Hg 2+ was 3.25 for the P5 ES fibers, whereas I460/I510 for the P5 thin film was only 2.5 at a much higher concentration of 10 -5 M Hg 2+ . Thus, our prepared porous ES nanofibers had a higher surface-to-volume ratio than that of the thin films because of their distinctive structure, and this led to higher performance even in low Hg 2+ concentrations. BET methodology indicates that the surface area of P5 ES nanofibers is 3.68 m 2 g -1 ; numerous research groups have reported that electrospun nanofibrous membranes can exhibit approximately 1 to 2 orders of magnitude more surface area than that found in continuous thin film. 83 as distinct from toward other common metal ions was also studied. . The Young's modulus of the porous P5 ES nanofibers is 0.85 MPa, similar to that reported previously, 84 and their filter membrane structure can be maintained after operating the microfluidics system, instead of resulting in a broken morphology (Figure 34). This indicates that the P5 ES nanofibers have suitable mechanical properties. Thus, the porous ES nanofibers prepared from poly(MMA-co-BNPTU-co-RhBAM) have potential for application in multifunctional probe filter membrane devices that sense pH and metal ions. The nanofibers have multiple functions: chelation detection for heavy metal ions and a chemoprobe function for pH detection. Consequently, both pH and metal ions can be detected simultaneously, which can protect our environment. Table 3 3. Time-dependent solution conductivity of the prepared Hg 2+ solution. 

1-9 Conclusions

2-1 Introduction

Over the past decades, polymeric-inorganic hybrid membranes have considerable attention in drug delivery systems owing to their drug loading capacity and biocompatibility for targeting therapy. 85 As drug carriers, polymeric-inorganic hybrid membranes were able to load therapeutic agents, such as hydrophobic drugs in the hydrophobic core region, while the hydrophilic shell region provided good dispersion in water and reduced the toxicity. 86 Polymer olymeric-inorganic hybrid membranes also have shown prolonged-circulation characteristics and great accumulation properties in tumor tissue due to the inefficient drainage by the lymph system, the so-called enhanced permeation and retention (EPR) effect. 87 Moreover, polymer-inorganic hybrid membranes provide the promising solution to overcoming the limitation of the tradeoff between permeability and selectivity in polymeric membranes. 88,89 Thus, several researches have been devoted to developing the multifunctional stimuli-responsive polymer application in sensory device, which could undergo a tremendous and reversible transition of morphology and dominate the precise controlled release.

Moreover, the photophysical properties could be significantly tuned by external stimuli to the various environmental stimuli, like temperature, 90 pH, 91 metal ionic, 92 and magnetic field. 93 Environmental-stimulus polymers were widely investigated since the temperature was easy to control and could provide several advantages for in vitro treatments.

Among the reported environmental-stimulus polymers, poly(N-isopropylacrylamide) (PNIPAAm) exhibited the characteristic of lower critical solution temperature (LCST) at 32°C closely to the human body temperature. It preserved the considerable phase transition from hydrophilic (below the LCST) to hydrophobic (above the LCST). 94 Since the LCST was close to the human body temperature, hydrophilic-segments, like acrylic acid (AA), were introduced into PNIPAAm for LCST tuning by copolymerization and surface modification in order to fabricate hollow structured nanoparticles via thermo-triggered self-assembling. Moreover, the spherical submicron particle with empty core region provide various advantages, such as higher drug loading content. 95 However, the practical controlled release was still interrupted in vivo colloidal stability, 96 thus got lower therapeutic efficiency and caused side effects. 97 The practical development of drug carriers are designed with responsive and stimuli characteristics in real-time for disease control. Recently, the promising magnetic materials were widely used as nanocarriers platform due to the non-contact magnetic field force method, which provided magnetically triggered release and remote treatment for drug delivery in therapy applications. [98][99][100][101][102][103] In spite of the magnetic materials show the good benefits for drug delivery, the magnetic field treatment with a non-contact method, which significantly permits the rapid trigger of the drug release behavior due to the heat generated by magnetic nanoparticles in comparison to those require physical or chemical contact. The release rate of pure iron oxide (Fe3O4) by magnetic field were still limited because of its poor water dispersion. Thus, the incorporation or the surface modification of magnetic iron oxide with thermo-sensitive polymers has been employed to promote the biocompatibility and the drug delivery capability.

2-2 Motivation

In recent years, identifying the presence and concentration of heavy metal ions has received gradually increasing levels of attention because of emerging environmental and human health issues. [10][11][12] Heavy transition metal (HTM) cations and their derivatives are used extensively in the industrial sector, and can cause adverse environment and health problems; [13][14] Poly(N-isopropyl acrylamide) (PNIPAM) is a well-known thermosensitive polymer that exhibits a low critical solution temperature (LCST) of 32 °C, close to the healthy human body temperature. PNIPAM exhibits a hydrophilic extended structure below its LCST, whereas above its LCST, it dehydrates and exhibits a compact structure. 104 Chen reported that introducing hydrophilic acrylic acid (AA) monomers with different compositions can change the thermal responses of PNIPAM microgels.

Furthermore, the AA content of poly(NIPAM-co-AA) can be adjusted to change the LCST, with the hydrogen bonding interaction being the fundamental cause of the change. 105 However, all of the aforereferenced studies adopted solutions and polymer composites rather than nanofibers in sensory applications. The high surface-to-volume ratio of nanofibers could induce responses in metal ions-sensitive, temperaturesensitive, and multifunctional sensory materials.

Electrospinning is an easy, versatile, and inexpensive technique that enables the assembly of various functional nanofibers. [25][26][27][28] The high surface-to-volume ratio of electrospun (ES) nanofibers has encouraged extensive research on sensory applications including sensors for pH levels, 29 temperatures, 30,31 nitric oxide, 32 and metal ions. [33][34][35][36][37] Recently, various fluorescent sensor-based ES polymer nanofibers for sensing pH or different metal ions such as Hg 2+ , Fe 3+ , Zn 2+ , and Cu 2+ were successfully prepared by our research group. [33][34][35] These multifunctional fluorescent ES nanofibers exhibited distinct on-off switching capabilities such as quenching-enhancing photoluminescence NMA-co-AA) was synthesized through free radical polymerization (Figure 2a). The moieties of N-isopropylacrylamide (NIPAAm), N-methylolacrylamide (NMA), AA, BNPTU, and Fe3O4 NPs were designed to achieve thermoresponsiveness, chemical cross-linking, hydrophilicity, Hg 2+ sensing, and magnetism, respectively. A singlecapillary spinneret was used to fabricate ES nanofibers from poly(NIPAAm-co-NMAco-AA) blended with BNPTU (10%) and Fe3O4 NPs (5%). The nanofibers were then post-treated through chemical cross-linking to enhance their stability in water (Figure 2b). The fluorescence emission of BNPTU is highly selective and Hg 2+ dependent.

When BNPTU is used to detect Hg 2+ , its fluorescence emission changes from green to blue, and the NIPAAm and Fe3O4 NPs exhibit thermoresponsive magnetic properties, respectively (Figure 2c). The relationship between the morphology of the ES 

2-3-2 Responsive Polymer-Based Magnetic Sensors

Considerable attention has been focused on magnetic biosensors composed of magnetite (Fe3O4) nanoparticles for several promising applications, such as magnetic fluids, biotechnology, magnetic resonance imaging (MRI), tumor hyperthermia, and membrane separation due to their excellent technological and fundamental scientific importance. [116][117][118] The well-organized and size-controlled synthesis of nanomagnetite without particle aggregation are considerable attention for the preparation of environmental sensory device applications. There are several facile approaches can achieved the 100 nm Fe3O4 nanoparticles, such as hydrothermal reaction, chemical coprecipitation, and sol-gel synthesis. [119][120] The efficiency modification strategy is added diverse stabilizers, such as surfactant or polymers to prevent the coalescence and stabilize Fe3O4 nanoparticles. Moreover, the functionalities hybrid membranes can assisted Fe3O4 nanoparticles well-dispersed toward the polymeric matrix and intended to eliminate the defects at the interface between the polymeric matrix and particles.

Recently, Hoare et al. 121 fabricated magnetically triggered nanocomposite membranes based on thermosensitive, poly(N-isopropylacrylamide)-based nanogels and magnetite nanoparticles to fulfil ''on-demand'' drug delivery application of an external oscillating magnetic field (Figure 9). In spite of PNIPAM-based hydrogel induced the phase transition with a swell-deswell response process, enabling reduces drug flux from the hydrogel. The drug release rate still too slow to apply to cure disease due to it is dependent on diffusion consistent. Sanson et al. 122 demonstrated that utilizing the radio frequency magnetic hyperthermia for realization of controlled drug release (Figure 10). The promising results presented a novel multifunctional nanocarriers platform based on magneto-chemotherapy strategy have potential applications for magnetic resonance imaging. ) were purchased from Sigma-Aldrich (Saint Louis, USAcity, country).

2-4 Experimental Section

2-4-2 Synthesis of 4-Bromo-N-allyl-1,8-naphthalimide

Fluorescent BNPTU was prepared according to a previously reported method. 18 The process of its synthesis is illustrated in Figure 1. A 50-mL round-bottomed flask was charged with 4-bromo-1,8-naphthalic anhydride (1.385 g, 5 mmol), allylamine (0.317 g, 5.18 mmol), and 20 mL of 1,4-dioxane. The reaction mixture was stirred at reflux for 8 h. After cooling to room temperature, the suspension was poured into 600 mL of ice water and then filtrated. After drying in a vacuum oven overnight at room temperature, 4-bromo-N-allyl-1,8-naphthalimide (BN-Br) was obtained as a slightly gray solid (1.12 g, yield: 85%). 1H-NMR (300 MHz, CDCl3, TMS, Figure 12a 

2-4-4 Synthesis of BNPTU

25-mL round-bottomed flask was charged with NP-NH2 (400 mg, 1.36 mmol), benzoyl isothiocyanate (0.22 g, 1.36 mmol), and 12 mL of acetone. The reaction mixture was stirred at reflux for 1 h. After cooling to room temperature, the solution was filtrated and washed with ethanol. The product was purified using chromatography with CH2Cl2 (320 mg, yield: 80%). 

2-4-5 Synthesis of Magnetic Iron Oxide (Fe 3 O 4 ) Nanoparticles (NPs)

Magnetic nanoparticles, Fe3O4, were prepared by a coprecipitation method as reported. 106 A 100-mL round-bottomed flask was charged with FeCl3•6H2O (380 mg, 1.4 mmol), FeCl2•4H2O (140 mg, 0.7 mmol) and 80 mL of water. The reaction mixture was stirred at reflux under N2 until the mixture had completely dissolved. The ammonium hydroxide (8 mL) was added dropwise under mechanical stirring at 60 °C for 30 min under N2. Then, the magnetic iron oxides were isolated from the solution by a magnet bar and dried in a vacuum oven at 40 °C for 24 h.

2-4-6 Synthesis of Poly(NIPAAm-co-NMA-co-AA)

Poly(NIPAAm-co-NMA-co-AA) was synthesized through free-radical copolymerization of the following three monomers: NIPAAm, NMA, and AA (Figure 2) Poly(NIPAAm-co-NMA-co-AA) with different monomer ratios were denoted P1-P2, as listed in Table 1. The concentration of AIBN used as the initiator was 0.004 M.

The reaction mixture, containing dimethylformamide (DMF) and monomers, was degassed by first bubbling nitrogen through for 30 min and then left to react at 70 °C for 24 h. The reaction mixture was quenched by exposure to air. The mixture was diluted with methanol to remove the unreacted monomers. The light white filtrate was concentrated, re-precipitated from diethyl ether, collected by filtration, and dried under vacuum to obtain the polymer product. The synthesis and characterization of P1-P2 are described in the following sections. The number-averaged molecular weight (Mn) and polydispersity index (PDI) estimated from gel permeation chromatography (GPC) (THF eluent) are listed in Table 1 and Figure 13. 

2-4-7 Synthesis of Poly(NIPAAm-co-NMA) Random Copolymers (P1)

A reaction mixture of 1.131 g (9.99 mmol) of NIPAAm, 505 mg (4.99 mmol) of NMA, 5 mg (0.03 mmol) of AIBN, and 7.5 mL of EtOH was used to produce an orange solid (yield: 86%). Figure 4 and Table 1 present the molecular weight and chemical structure characterization of poly(NIPAAm-co-NMA) obtained using GPC with THF as the eluent and 1 H-NMR, respectively. The copolymer composition, estimated by performing peak integration, was consistent with the proposed structure. The estimated copolymer ratio of poly(NIPAAm-co-NMA) based on the NMR spectrum was 81:19, and the number-averaged molecular weight Mn and PDI estimated using GPC were 26856 and 2.01, respectively. 

2-4-8 Synthesis of Poly(NIPAAm-co-NMA-co-AA) Random Copolymers (P2)

A reaction mixture of 1.131 g (9.99 mmol) of NIPAAm, 505 mg (4.99 mmol) of NMA, 0.204 ml (0.0029 mmol) of AA, 5 mg (0.03 mmol) of AIBN, and 9 mL of EtOH was used to produce an orange solid (yield: 82%). Figure 14 and Table 1 present the molecular weight and chemical structure characterization of poly(NIPAAm-co-NMAco-AA) obtained using GPC with THF as the eluent and 1 H NMR, respectively. The copolymer composition, estimated by performing peak integration, was consistent with the proposed structure. The copolymer ratio of poly(NIPAAm-co-NMA-co-AA) based on the NMR spectrum was 72:15:13, and the number-averaged molecular weight Mn and PDI estimated using GPC were 18041 and 1.76, respectively. 

2-5 Preparation of Electrospun (ES) Nanofibers

As shown in Figure 2b, the ES nanofibers were prepared using a single-capillary spinneret in a procedure similar to that described in our previous papers. [25][26][27][28][29][30][31][32][33] The poly(NIPAAm-co-NMA) (P1), poly(NIPAAm-co-NMA-co-AA) (P2), BNPTU, and Fe3O4 NPs blend was dissolved in methanol (MeOH) as solvent at 250 mL h -1 and stirred overnight. The blend composition (wt %) of (P1 or P2), BNPTU, and Fe3O4 NPs for preparing the ES nanofibers was 85/10/5. The polymer solution was fed into a metallic needle using syringe pumps (Model 100, KD Scientific, Holliston, MA city, state abbreviation, USA) at a feed rate of 0.8-1.0 mL h -1 . The tip of the needle was connected to a Chargemaster CH30P high voltage power supply (Simco, Hatfield, PA city, state abbreviation, USA) set at 13.4 kV during electrospinning. A piece of aluminum foil or quartz was placed 15 cm below the tip of the needle for 30 min to collect the ES nanofibers. All experiments were performed at room temperature and a relative humidity of approximately 30%. P1 and P2 blended with the Fe3O4 NPs at a 5 wt % ratio are denoted by P1-5% and P2-5%. The ES nanofibers were annealed at 100 °C for 24 h in an oven for chemical cross-linking.

2-6 Characterization

1 H-NMR data were recorded at room temperature using an AM 300 (300 MHz) spectrometer (Bruker, Billerica, MA city, state abbreviation, USA) and the residual proton resonance of deuterated chloroform and deuterated dimethyl sulfoxide. High resolution electrospray ionization mass spectrometry spectra were recorded using an ion-trap time-of-flight liquid chromatograph mass spectrometer (Shimadzu, Kyoto city, Japan). Gel permeation chromatography (GPC) analysis was performed using a Lab Alliance RI2000 instrument (two-column, MIXED-C and MIXED-D from Polymer Laboratories, Theale city, UK) connected to a refractive index detector (Schambeck SFD GmbH, Bad Honnef city, Germany). All GPC analyses were performed using a polymer and THF solution at a flow rate of 1 mL min -1 at 40 °C and calibrated with methyl methacrylate. The thermal decomposition temperature was determined using a Q50 thermal gravimetric analyzer (TGA) (TA Instruments, Lukens Drive, New Castle city, state abbreviation, USA) over a heating range of 100-800 °C at a heating rate of 10 °C min -1 in a nitrogen atmosphere. The LCST of the prepared copolymer solution was recorded by monitoring the transmittance of a 520 nm light beam on Shimadzu UV-Vis spectrophotometer. The copolymer concentration in water was 1 wt %, and the temperature was raised from 10 to 70 °C in 2.5 °C increments every 10 min. A plot of the changes in optical transmittance as a function of temperature for polymers in water was made, the LCST corresponds to the first turning point of the transition curve. 32 Magnetic properties of Fe3O4 nanoparticles or ES nanofibers were measured on a Lake Shore VSM-7407 instrument (MPMS (SQUID) VSM, Quantum Design, San Diego, CA city, state abbreviation, USA). The magnetization hysteresis loops were measured at 300 K. 108 The morphologies of ES nanofibers were characterized using an S-520 scanning electron microscope (Hitachi, Tokyo, Japan) equipped with X-ray microanalysis capability. Samples were coated with platinum prior to scanning electron microscopy (SEM) characterization, and analysis was conducted at an increased voltage of 10 kV.

Fluorescence optical microscopy images were captured using an LCS SP5 two-photon laser confocal microscope (Leica, Mannheim city, Germany). The morphologies of the ES nanofibers were similar to those reported in our previous studies. 26,31,35 Ultraviolet-visible (UV-Vis) absorption and PL spectra were measured to examine photophysical properties and recorded using a UV-Vis spectrophotometer (Shimadzu) and a Fluorolog-3 spectrofluorometer (Horiba Jobin Yvon, Edison, NJ city, state abbreviation, USA), respectively. Variations in the optical absorption and PL of the prepared ES nanofibers with different metal ion concentrations are described as follows.

To ensure that the beam excited the same point on the prepared samples during each measurement, the ES nanofibers were fixed in cuvettes with adhesive tape, and the cuvette was filled with a basic aqueous metal ion solution at 10 -4 -10 -2 M. Each measurement was maintained for 15 min to ensure that the chelating reaction reached equilibrium. All PL spectra of the ES nanofibers were recorded using the spectrofluorometer, and the samples were excited at a suitable wavelength, as described in our previous studies. [25][26][27][28][29][30][31][32][33] 

2-7 Results and Discussion

2-7-1 Characterization of BNPTU and Poly(NIPAAm-co-NMA-co-AA)

The chemical structure of BNPTU was characterized using 1 H-NMR (Figure 12).

The synthesis routes of BNPTU (Figure 1) are similar to those reported in a previous study. 18 Figure 2a shows the route by which poly(NIPAAm-co-NMA-co-AA) copolymers were synthesized through free radical polymerization. The two types of copolymers (P1 and P2) were synthesized and their composites are listed in Table 1.

Figure 14 shows the ). The abs max of BNPTU was blueshifted from 430 to 350 nm when the Hg 2+ ion was added. The Hg 2+ ion transformed the thiourea unit of BNPTU under aqueous conditions into an imidazoline moiety with considerably weakened electrondonating ability (Figure 2c) [5,[35][36][37] . However, no change in the absorption peak was observed when other metal ions such as Co 2+ , Ni 2+ , Pb 2+ , Zn 2+ , Mg 2+ , Cu 2+ , Fe 2+ , and Cd 2+ were added, suggesting that BNPTU exhibited high selectivity and sensitivity toward Hg 2+ . 

2-7-2 Morphology and Characterization of ES Nanofibers

Figure 18 presents field-emission SEM (FE-SEM) images of the ES nanofibers prepared using P1 and P2 at a solution concentration of 250 mg mL -1 with MeOH.

When dry, the P1 and P2 ES nanofibers had average diameters of 416 ± 31 and 437 ± 42 nm, respectively. The recorded average diameter was a statistical average of 50 fibers from each sample. Moreover, all of the ES nanofibers from pure MeOH solvent were smooth and nonporous. The diameters of the P1 and P2 ES nanofibers were similar when they were dry because the concentration of the ES solution was fixed and the molar ratios of the NMA and AA moieties in the copolymers were lower than that of NIPAAm. To observe the morphologies of the cross-linked P1 and P2 ES nanofibers in pure water at various temperatures, the fibers were collected on a small piece of aluminum foil and immersed in water at 30 °C or 60 °C. After 10 min, the samples were solidified by placing in a flask containing liquid nitrogen, and the residual water was removed using a vacuum for 30 min to retain the original morphology. Fe3O4 NPs, a result similar to those of several previous studies. [106][107][108][109][110][111] The result can be attributed to P2-5% containing carboxyl groups of PAA that interact with the Fe3O4

NPs, thereby enabling the PAA to be easily adsorbed by Fe3O4 NPs. sense metal ions because of the ability of PAA and BNPTU to adsorb Hg 2+ , was systematically explored. 18,111 Figure 22a shows the PL spectra of ES nanofibers prepared from P1 and P2 blended with 10% BNPTU in an aqueous solution without Hg 2+ (blank) or with Hg 2+ at 10 -2 M and subjected to 430-nm excitation. The maximum emission peak ( PL max) of the P1 and P2 ES nanofibers blueshifted substantially from 530 nm in a non-Hg 2+ aqueous solution to 450 nm in an Hg 2+ aqueous solution. This change corresponded to the thiourea unit of BNPTU, which transformed the imidazoline moiety (with the Hg 2+ ion), thereby causing a significant reduction in electron delocalization within the fluorophore (Figure 2c). 14,[124][125][126] Moreover, the PL intensity of the P2 ES nanofibers was 1.3 times that of P1 ES nanofibers, indicating that the AA moiety of P2 enhances the adsorption of mercury ions, similar to one report. 111

Figure 22b shows the PL spectra of ES nanofibers prepared from P2 blended with 10% BNPTU and 5% Fe3O4 NPs. P2-5% was placed in aqueous solutions without Hg 2+

(blank), with Hg 2+ at 10 -4 , 10 -3 , and 10 -2 M, and under neutral conditions at 430-nm excitation. The presence of the highest Hg 2+ concentration (10 -2 ε) led to a PL max blueshift from 530 nm to 450 nm in the emission spectra, similar to that of the P2 ES nanofibers without Fe3O4 NPs, indicating that the metal ion sensing ability was unaffected by Fe3O4 NPs. As shown in the figure, the concentration of Hg 2+ increasing from 0 (blank) to 10 -4 , 10 -3 , and 10 -2 M resulted in clear blueshifts in the PL max from 530-500 nm, 450, and 450 nm, respectively. Furthermore, when the mercury ion concentration was at the extremely dilute level of 10 -3 M, the emission maximum shift Δ max was observed to be as high as 80 nm, resulting in a color change easily observable by the naked eye. Moreover, the lowest detectable Hg 2+ concentration for the ES nanofibers was 10 -4 M, suggesting that the P2-5% ES nanofibers were highly sensitive to Hg 2+ but not to general ions, even when the system contained Fe3O4 NPs. The selectivity of P2-5% ES nanofibers toward Hg 2+ over other common metal ions was also studied (Figure 24). Figure 24a shows that among all tested metal ions, namely Hg 2+ , Pb 2+ , Co 2+ , Cd 2+ , Mg 2+ , Ni 2+ , Zn 2+ , Fe 2+ , and Cu 2+ (10 -2 M; all metal ion test solutions were controlled at pH 4), a substantial blue shift in PL was observed only in the presence of Hg 2+ . In Figure 8b M is present.

Figure 25a shows the CIE coordinates of the P2-5% ES nanofibers in 0-10 -2 M Hg 2+ aqueous solutions. All of the inset figures show corresponding photographs captured under UV light. The CIE coordinates show a strong blueshift from (0.24, 0.61) (blank) to (0.16, 0.08) (pH 4, Hg 2+ 10 -2 M) as the concentration of Hg 2+ was varied from 0 to 10 -2 M because of the detection of BNPTU by Hg 2+ , resulting in a color change from green to blue in the P2-5% ES nanofibers. Furthermore, as shown in the confocal microscopy images in Figure 25b, the color emission of the P2-5% ES nanofibers varied from green to blue as the concentration of Hg 2+ was increased. A microfluidics system was constructed, in which a P2-5% ES nanofiber filter membrane with an area of 3 cm 2 placed in the middle of a tube was used to rapidly absorb and sense Hg 2+ in a solution flowing through the tube (Figure 25c). Figure 25d depicts the measured time-dependent variation in the solution conductivity. The prepared Hg 2+ solution contained 1 ppm Hg 2+ (6.3 × 10 -3 M Hg 2+ in 0.5 L of water) and the conductivity of the Hg 2+ solution in its initial state (0 min) was 131.2 S cm -1 . The Table 2. Time-dependent solution conductivity of the prepared Hg 2+ solution.

Figure 26a shows the saturation magnetization and coercivity of the P2-5% ES nanofibers-nanocomposite, which were determined using a vibrating sample magnetometer in the field range of ± 20,000 Oe at 300 K. The results indicate that the P2-5% ES nanofibers exhibited magnetic properties, and the saturation magnetization was 4.8 emu g -1 . Moreover, the magnetic P2-5% ES nanofibers specifically adsorbed Hg 2+ in an aqueous solution containing a variety of metal ions and had a fluorescent chemosensory response to Hg 2+ (Figure 25). Thus, filter membranes based on the P2-5% ES nanofibers with porous architectures can specifically chelate with Hg 2+ in an aqueous solution containing many types of metal ion and serve as fluorescent chemosensors for Hg 2+ . These results could assist researchers in cleaning water while simultaneously chelating and sensing Hg 2+ . In addition, rather than removal through alternative methods, a magnet can directly attract the P2-5% ES nanofibers because of the magnetism of the Fe3O4 NPs. The results in Figure 26b and Figure 2c indicate that P2-5% ES nanofibers have the potential for application in multifunctional sensory filter membrane devices for HTM ion chelation, temperature sensing, and magnetism. In conclusion, these copolymer inorganic NP-based sensory fibers have considerable potential for application in water purification sensing filters for the filtration of industrial wastewater with HTM, and may assist researchers in purifying water while simultaneously chelating and sensing Hg 2+ ; moreover, used magnetic fluorescent switchable chemosensors can be collected using magnets (noncontact force). 

2-8 Conclusions

Novel magnetic fluorescent switchable chemosensors for the simultaneous detection of temperature, magnetism, and Hg 2+ based on fluorescent ES nanofibers were prepared using blends of poly(NIPAAm-co-NMA-co-AA), BNPTU, and Fe3O4

NPs by employing a single-capillary spinneret. The NIPAAm, NMA, AA, BNPTU, Fe3O4 NPs moieties were designed to provide thermoresponsiveness, chemical crosslinking, dispersion of Fe3O4 NPs, sensing of Hg 2+ , and magnetism, respectively. Crosslinked ES nanofibers maintained their structure in water and exhibited sensitivity toward temperature variations and Hg 2+ because of the sufficient NMA composition.

The fluorescence emission of BNPTU within the ES nanofibers exhibited strong selectivity toward Hg 2+ with green emission in aqueous solutions without Hg 2+

(thiourea-derived), shifting to blue emission in aqueous solutions with Hg 2+

(imidazoline-derived)). The P2-5% ES nanofibers exhibited considerable blueshifts in photoluminescence spectra and enhanced emission intensity for detecting an extremely dilute concentration of Hg 2+ (10 -3 M). Furthermore, the LCST of the NIPAAm moiety in the P2-5% nanofibers showed a significant temperature-dependent variation in PL intensity due to fiber volume change (or hydrophilic to hydrophobic change), engendering distinct on-off switching of photoluminescence when the nanofibers were exposed to Hg 2+ . Furthermore, a magnet can directly attract the P2-5% ES nanofibers because of the magnetism of the Fe3O4 NPs, which serves as a substitute for removal through other methods. The present study demonstrated that the prepared magnetic fluorescent ES nanofibers can be used as naked eye sensors and have potential for application in multifunctional environmental sensing devices.

commercial printing and soft lithography with cost-effective manufacturing. [134][135][136] The typical transfer printing has evolved promising approach to device fabrication from complex molecular scale materials, such as self-assembled thin films, [134][135][136] nanotube and graphene, 137, 138 functional polymer, 139,140 and photoresists, 141 to integrate the device structures (light emitting diodes (LEDs), 142,143 solar cells, 144,145 and complementary metal oxide semiconductor (CMOS) circuits. 146,147 Based on the above examples, the new fabrication routes for the transfer printing can be illustrated including the multidimensional assembly, 148 large-scale of nanostructure materials, 149 and the active devices with flexible and lightweight characteristics. 150

3-2 Motivation

Transparent conductive electrodes (TCEs) are an essential component of various optoelectronic devices such as touch panels, flat panel displays, organic light-emitting diodes (OLEDs), and solar cells [151][152][153][154][155][156] . Indium tin oxide (ITO) electrodes are widely used in a variety of applications; however, these electrodes are not cost-effective because of the high price of indium, and they exhibit limited flexibility (brittleness). To address these drawbacks, several alternative materials have been developed to replace ITO, including carbon nanotubes (CNTs), 157-159 conductive polymers, 158,159 graphene, 157-160 metal nanowires, 157,158,160 and hybrid electrodes. 158,160,161 Among alternative electrodes, silver nanowires (AgNWs) have emerged as a quite promising candidate for flexible TCEs because of their excellent opto-electrical properties and outstanding mechanical flexibility. 162,163 Recently, AgNWs have been adopted as components in various applications such as displays, 164 thin film transistors (TFTs), 157,165 solar cells, 166 light-emitting diodes (LEDs), 167 touch panels, 168 and pressure sensors, 169 suggesting the advent of new flexible electrodes that are superior to ITO electrodes.

Stretchable electronics are evolving from a concept into a key branch of modern electronics. Polydimethylsiloxane (PDMS) is one of the most promising materials for stretchable electronics because of its high biocompatibility, high ductility, and strong opto-electrical properties. 170 Stretchable conductors based on PDMS and conductive fillers (e.g., AgNWs) have been adopted as stretchable electric connectors. 171,172 The vacuum filtration, 173,174 and patterned PDMS stamp, [175][176][177] are well-known effective methods for transferring AgNW TCEs on various flexible substrates. However, some methods can damage substrates or have poor feasibility on some substrates, whereas others exhibit low-quality AgNW patterns in uniformity or fidelity. Furthermore, such approaches must overcome the common difficulty of transference onto various arbitrary substrates, including hole structures and curved surfaces; this difficulty restricts the application of such approaches in high-performance structures and devices.

Consequently, proposing a scalable and facile transfer method through which AgNW TCEs can be fabricated on planar and curved substrates without loss of electrical or mechanical properties while overcoming the aforementioned difficulty is a substantial challenge.

One development strategy for intrinsically stretchable electronics is fabrication on flexible substrates based on the prestretched method. Previous studies have employed this strategy to fabricate stretchable supercapacitors and organic solar cells. 178,179 In each of these studies, organic device materials were deposited on a prestretched PDMS substrate. Releasing the prestrain induces compressive forces on films, thereby producing sinusoidal buckles that can accommodate the subsequent application of uniaxial tensile stress in the direction of the prestrain. However, despite these advances, developing an intrinsically stretchable electronic device that can be deposited onto diverse arbitrary substrates-thereby enabling the fabrication of the large-area, illuminated, conformable panels required for lighting applications-remains a challenge.

The schematic in Figure 1 illustrates the attachment of a device to diverse nonconventional substrates (e.g., e-skins, balloons, round-bottomed flasks, and elastomeric textiles) while achieving high transference efficiency and protecting the device from delamination. We propose a novel concept with a sacrificial polymer material deposited on top of an AgNW electronic device based on water-assisted transferring printing technology, which can prevent looseness and detachment of AgNWs and sliding at the interface during the transfer process. Furthermore, the fabrication procedure is facile, inexpensive, and chemical free and uses commercially available materials; these factors render the coatings easily accessible as transparent electrodes for flexible device testing. By using this strategy, we optimized stretchable AgNW-PDMS electrodes that exhibited excellent opto-electrical (λ Ω/sq, 82% at 550 nm, σDC/σOp ≈ 200) and mechanical performance (tensile strainμ 0% to 50%;

flexibility: bending radius of less than 2 mm) compared with conventional methods.

Moreover, we demonstrated the use of these electrodes for development of flexible textile-based light-emitting electrochemical cell (PLEC) electronics. The highest optimized luminance intensity of the textile-based PLECs was 58 cd m -2 at 7 V under 10% linear strain without damage to the electroluminescent properties. Thus, the innovative approach based on the water transfer printing (WTP) technique paves the way for practical applications of AgNWs in various arbitrary substrates, thereby further developing their potential for integration in novel textile-based PLEC systems. This research represents a major step toward the realization of flexible stretchable applications in wearable electronics. 94

3-3 Background and review of literatures 3-3-1 Typical Transfer Printing Methods

To date, the conventional transfer printing can be distinct categories by three parts as shown in the patterned way to control adhesion between two intrinsically different substrates through the mold stamp with the surface chemistry. The many types of organic and inorganic materials can be effectively manipulated with various modality via the additive transfer. The transfer generally occurs between the entire ink layer and selected parts of it, which has been deposited on the surface of a stamp and target substrate.

Inking of the stamp can be accomplished through a variety of methods from solution casting to physical vapor deposition as discussed on previous researches. 180,181 The additive techniques endow a different functions on layers printed, such as the integrated device assembly or serving as etch masks for substrate processing. 182,183 II. The Figure 1(b) are schematically shown the "subtractive transfer" methods for utilizing a stamp to retrieve the regions of the thin films. This promising printing modality directly employed the pattern an active layer or to open windows in etch mask, enabling access to underlying layers of materials for subsequent fabrication. 184 The first method of additive printing, chemical modification of the target substrate or the middle polymeric adhesion can assist the transfer efficiency between the stamp and ink. 185 In comparison with the additive printing, the "substrate transfer" methods have considered the additional engineering design on the cohesive fracture of the ink layer. In some instance, the subtractive transfer represents the linking step for the additive transfer process. The combination of the first and second methods can be developed and re-defined structures on a donor substrate for utilizing in deterministic assembly techniques, as shown in III.

Figure 1(c).

This protocol is particularly powerful and valuable since its natural compatibility and dramatically expands the possibilities of the material in fabrication by separating growth and the inks procedure from the stamp and the target substrates.

These methods provide a high-resolution large-area assembly technique with capabilities in two or three-dimensional layouts and in the integration of the material beyond the competency of other methods. the stamp away leads to removal of selected structures from the donor substrate and transfer to the target substrate. In all three cases, chemical, thermal, and mechanical strategies promote the inking and printing processes, thereby enabling the highly effective procedure.

3-3-2 Inorganic Semiconductors

The one-dimensional metal nanowire have recently been used to fabricate TCEs and provide an interesting promising properties in electronic and optoelectronic. The possibility of techniques to manipulate the size, structure, and nanowire networks morphology enable serve as building blocks for various applications in the fields of electronics, 186,187 sensors, 188,189 and energy conversion. 190,191 Although those superior features can integrate the precise control the nanowires over size and position in their configurations. An alternative approaches facilitated the well-organized assembly with separate steps of synthesis. The CVD growth with ordered catalyst arrays approach can be prepared by different techniques such as electron-beam lithography, nanosphere lithography, AFM lithography, nanoimprint lithography, and selfassembled templates. [192][193][194] Xiao and De et al reported that using the " subtractive transfer" enable transfer of silver nanowire films to flexible substrates based on the vacuum filtration as shown in the Figure 2. 173,174 Madaria and Choil reported that using a dry-removal soft lithography based on the patterned PDMS stamp to retrieve porous silicon microstructures from a donor substrates as shown in the Figure 3. [175][176][177] However, some methods not only suffers from a long fabrication time and are inherently chemical-intensive process but also request careful and exhaustive transfer techniques, whereas others exhibit low-quality AgNW patterns in uniformity or fidelity.

Furthermore, such approaches must overcome the common difficulty of transference onto various arbitrary substrates, including hole structures and curved surfaces; this difficulty restricts the application of such approaches in high-performance structures and devices. Consequently, proposing a scalable and facile transfer method through which AgNW TCEs can be fabricated on planar and curved substrates without loss of electrical or mechanical properties while overcoming the aforementioned difficulty is a substantial challenge. chamber for 10 min prior to use. Subsequently, the PDMS solution was coated on the top of the PVP surface and cured for 1 h at 70 °C. Before the AgNWs were sprayed, the cured PDMS was treated with oxygen plasma for 60 s. The AgNWs (0.066%) were then dispersed in isopropanol and added to the container. The air brush of a spray gun (FUSO SEIKI, 033G-Double Action) was set at 45 psi with a spraying distance of 10 cm from the surface of the PDMS membrane. Dispersion of the AgNWs was distributed over different durations (5, 15, and 30 s). The surfaces of target substrates, including skin, a balloon, a round-bottomed flask, and an elastomeric textile, were moistened with DI water to enable the water surface tension to stretch the sacrificial layer flat on the moist surface during the WTP process.

3-4-4 WTP Stretchable Conductive Electrode Integrated with Wearable Textiles

The integration process of a wearable PLEC device with elastomeric textiles (Fig. 5). Elastomer adhesive tape [3M VHB 4905 tape (3M elastomer)] and elastomeric textiles provided by Taiwan textile research institute were used as received. 3M

elastomer was used to seal the device. Subsequently, the device was reversed to adhere to the elastomeric textiles.

3-4-5 Stretchable and Wearable Textiles in the PLEC Device

The PEDOT:PSS (UR-PH1000 with 5% DMSO mixed with 1 vol% Zonyl FS-300 fluorosurfactant) was filtered using a 0.45-m polytetrafluoroethylene (PTFE) syringe filter prior to use. The PEDOT:PSS was spin-coated on the AgNWs-PDMS electrode through a consecutive two-step process at 1000 and 2000 rpm each for 60 s and then annealed at 70 °C for 30 min in air. After cooling, the chlorobenzene solution containing the mixture of PFO, LiTf, and PEO at a total concentration of 16 mg/mL was spincoated onto the PEDOT:PSS layer at 2000 rpm for 30 s to form the emitting layer. The textile was prestretched by 20% using a fixture. Meanwhile, the buckle of the device was generated against the deformation by stretching. Subsequently, an EGaIn cathode was deposited onto the surface of the emitting layer by using a syringe. 3M elastomer was used to seal the device through attachment to the prestretched elastomeric textiles.

The elastomeric textiles were further measured using a PR-670 spectroradiometer and Keithley 2400 source meter.

3-5 Device Characterization

Transmittance spectra were recorded using a Shimadzu ultraviolet-visible spectrophotometer. The morphologies of the membrane and the distribution of the nanowires were characterized using scanning electron microscopy (SEM; Hitachi S-520). Samples were coated with platinum prior to SEM characterization, and analysis was performed at an acceleration rate of 15 kV. The surface roughness was measured by atomic force microscopy (AFM, Park Systems, XE-100TM, USA). The contact angle was measured using an FTA125 contact angle analysis system (FTA, America).

Water droplets (approximately 2 mL) were dropped onto the samples. The average contact angle of each sample was calculated by measuring five positions on the same sample. The nanowires on the PDMS membrane were annealed in air on a hot plate at 100 °C for 10 min with various spray durations between 5 and 30 s after plasma treatment (NELTA, TPO4). The sheet resistance of the AgNW-PDMS electrode was measured using a four-point probe technique and a Keithley 2400 source meter.

Bending and strain sensor tests were conducted using lab-made apparatus and software to record film resistance and the number of cycles. Sheet resistance measurements were conducted at various bending angles (30° to 330°) by attaching four probes at the corners of the films with copper tape (Supplementary Movie S1 in the ESI †). The volume of the balloon shrink-expand cycle apparatus was customized (Fig. 4d), and the sheet resistance of the AgNWs-PDMS electrode was measured using a four-point probe technique and a Keithley 2400 source meter. The AgNWs-PDMS electrode was attached to the plastic glove by using the WTP method and the circuit was completed using a blue-colored LED (Supplementary Movie S2 in the ESI †). The PLEC devices were characterized using a Keithley 2400 source meter and a silicon photodiode to measure the current-voltage and luminance-voltage characteristics. The silicon photodiode was further calibrated using a photo research PR-670 spectroradiometer.

The external quantum efficiency (EQE) was calculated using a Lambertian emission profile. EL spectra were collected using the PR-670 with neutral density filters, which provided attenuation down to 3% within the visible wavelength region.

3-6 Results and discussion

3-6-1 Designing New Transfer Methods by using WTP Technique

The WTP technique and fabrication procedure are schematically illustrated (Figure 1). The technology was designed with an ultrathin polymer film as the sacrificial layer for transfer onto various arbitrary substrates based on the hydrophilic characteristic. The key feature of the layer is the ease with which it can be wrapped around the membrane formed on the surface of the target substrate. The interfacial adhesion between the donor, sacrificial layer, and receiver requires strength for fabrication but weakness for the release process. The substrate release process should be carefully performed in a stable manner to protect the device from damage and maximize transfer efficiency. Notably, we developed a novel green chemical transfer process that, in contrast to the solvent etchable-organic transfer process, does not require an organic solvent and applies negligible mechanical and thermal stress to the target substrate 173,196 . Notable methods with high reliability and high efficiency (Figure 1a). In our design, polyvinylpyrrolidone (PVP) is used as the sacrificial layer that can be transferred onto the target substrate through dissolution in deionized (DI) water. 

3-6-2 Electrical and Mechanical Properties of Conductive Electrode

The developed transfer process for AgNWs is closely related to the surface characteristics and morphologies of a substrate. The nanowire densities were controlled by varying the spray time between 5, 15, and 30 s after plasma treatment. Through application of the plasma technique, the adjacent AgNWs are well-dispersed, and homogenous random distribution is achieved, in contrast to the pristine AgNW-PDMS (Figure 2a, b, c andd). Furthermore, the rapid increase in the density of the AgNW can be attributed to the interface between the nanowires and PDMS surface (Figure 2 2 e and f). The contact angle for pristine AgNW-PDMS was 98°, and this decreased to 8° after plasma treatment; this marked decrease illustrated that plasma treatment extensively changed the surface energy of the PDMS from a hydrophobic to a hydrophilic surface owing to the silanol group 197 . Conventional fabrication methods that use the vacuum filtration process suffer from long fabrication times and are inherently chemical-intensive processes that require extremely careful and exhaustive transfer techniques. 160,173,176,198,199 By contrast, the flexible conductive membrane fabricated using an all-spray-coating process alongside the WTP concept has the advantage of an extended integration environment. First, fabrication can be conducted on arbitrary areas and various geometrical features in a selective manner. Second, no additional process is required between the chemical surfactant and nanowires. Third, framework after plasma treatment) with a higher nanowire density yielded higher optical transmittance and lower sheet resistance. The optimized values for sheet resistance and transmittance were λ Ω/sq and 82% at 550 nm, respectively; these values represent a significant improvement in sheet resistance compared with previous AgNW-based electrodes on PDεS (T~80%, 35 Ω/sq), 200 (T~80%, 1λ Ω/sq), 201 and (T~80%, 20 Ω/sq). 202 To optimize the highly conductive ultrathin AgNW films, we fixed the back pressure at 45 psi as the optimal parameter for increasing drop across the nozzle; this resulted in high fluid velocity with the airbrush nozzle. These effects should help the liquid dispersion to break into smaller ligaments and droplets. 203 By contrast, we attribute the increase in conductivity after annealing to the favorable contact and fusion between the nanowires. The scanning electron microscopy (SEM) image (Figure 3b) shows the AgNW films on PDMS with multiple spray times between 5 and 30 s. The estimated numbers of AgNWs in the 2.4 cm × 1.4 cm PDMS film regions were counted as 12.4 ± 1.8 (0.002 mg/cm 2 ), 548.2 ± 12.3 (0.055 mg/cm 2 ), and 1160.5 ± 42.8 (0.11 mg/cm 2 ). In addition, the observed melting and fusion of nanowires led to superior contact between them, which further reduced the contact resistance between them, resulting in highly conductive nanowire films. The image (Figure 3d) shows that the nanowires formed a percolated network that became denser with increasing spray time, thereby demonstrating the application of this method for obtaining AgNW films of various transmittances for various applications. In general, the transparent conducting films are related with the transmittance and sheet resistance by using figures of merit (FoM). The FoM is often calculated related by the equation as following: 204 value and also demonstrated the key factor of electrical conductivity performance is associated with the substrate thickness. By contrast, the threshold value for the ITO film on PET substrate began to crack as the bending radius approached 6 mm, resulting in a drastic increase in the ∆R/R0 value. Deposition of ITO as an additive thin film resulted in a brittle oxide layer that could easily crack from low strain. Notably, our present the WTP method was not only efficient as the bending radius approached 3 mm; it also attained an extremely low ∆R/R0 value and was far superior to those obtained in recent studies (≈4.8 mm). 205 We speculated that these benefits were attributable to our design of a PVP sacrificial layer and PDMS flexible framework. Under extreme bending, the sacrificial layer avoided the AgNW network that was in direct contact with the received substrate. The flexible framework prevented looseness and detachment of the AgNWs and sliding at the interface. In addition, the AgNW-PDMS electrode exhibited excellent bending fatigue strength (Figure 4b). Under a radius of curvature of 4 mm, the ∆R/R0

value of the AgNW-PDMS electrode fabricated with the WTP method began to increase after only 1000 bending cycles, and it had increased by 1.5% after 1500 cycles.

By contrast, the corresponding values of the ITO film on PET substrate (eight-fold after 30 bending cycles) and AgNW-PET substrate (thickness 100 µm) (two-fold after 450 bending cycles) markedly increased. Twisting is another significant requirement for testing whether TCEs can maintain their conductivity under a rigorous or deformation environment. As indicated in Figure . 4d, the original value of ∆R/R0 was approximately maintained under various twisting angles. Our optimized ∆R/R0 values under twisting was exhibited significantly enhanced performance compare to the recent studies. 205 Furthermore, we customized a stretchable AgNW-PDMS electrode onto a plastic glove by using the WTP method. The 2-cm-long device was assembled with an external circuit on an LED device, (Figure . 4e). The LED flashed on when the voltage source was connected to the electrode during the five stretching and releasing cycles between 0° and λ0°. This phenomenon demonstrated the device's excellent conductivity, even under extreme bending conditions, as well as its suitability as an electrode for flexible electronics. In addition, we further explored practical applications and developed our stretchable electrode for the detection of human motion. Figure 4f illustrates the behavior of the electrode during the first eight bending and releasing cycles between 0° and 90°. When the finger bent, the resistance gradually increased from ~20 Ω to a maximum of ~45 Ω. A fully reversible and rather stable change of resistance between ~20 and ~45 Ω was observed in the subsequent cycles, corresponding to the bending or releasing of the finger. Therefore, the sensor can be employed for accurate motion detection of finger joints and could be used in e-skin for robots. To enhance the mechanical durability of deformable AgNW-PDεS (λ Ω/sq) electrodes, a strain engineering process must be developed to form a serpentine-like structure that can prevent degradation of electrical properties during plastic elongation (Figure 5a). The serpentine AgNW-PDMS electrode based on the WTP method was transferred on a prestretched (20%) elastomeric textile to form a buckle microstructure prior to testing. [206][207][208] As indicated in Figure 5c, the AgNW-PDMS electrode exhibited stable conductivity when subjected to stretching of up to 40% strain without significant electrical loss corresponding to the pristine substrate (without prestretching). This excellent electrical performance was attributed to a geometrical feature of the AgNW-PDMS electrode, namely that much of the stress is relieved by the prestretched elastomeric textile regions as heavy strain is induced in a low-density AgNW network.

Furthermore, individual nanowires can slide during the stretching and release of the AgNW-PDMS electrode, thereby providing excellent resistance to stretching fatigue. 209 The field emission SEM image (Figure 5b) shows that the width and density of the microcracks increased with the applied strain, forming large cracks or a fine ligament network of AgNWs under higher strain. The prestretched elastomeric textile was further elongated in a specific direction to form stable contacts with AgNWs and avoid detachment from the underlying PDMS during stretching under a specific level of strain.

Moreover, we demonstrated the feasibility of using our WTP-fabricated AgNW-PDMS electrode to develop a novel reversible conductive measurement for deformable electronics, as schematically illustrated in because it contains gallium oxide (Ga2O3), which retained its shape when the device was tilted or inverted. 215 In addition, the adhesive elastomer was initially selected based on previous reports of the fabrication of stretchable PLECs or solar cell devices. [206][207][208] To integrate our PLECs into the elastomeric textile, we demonstrated the simple prestretching and releasing concept based on our WTP method (Figure . 6b). First, the AgNW-PDMS electrode based on the WTP method was transferred onto a prestretched (20%) elastomeric textile to form a buckle microstructure prior to testing. Second, extruded drops of EGaIn were deposited on the 3M elastomer via a syringe, and then copper wires were fastened to the device and the tips of the wires were placed in the drops of EGaIn. Third, the 3M elastomer with EGaIn liquid metal was immediately attached to the top of the emitting layer for use as a top contact. With a 20% prestretch of the elastomeric textile, we optimized stretchable PLECs with a maximum tensile strain of 10% (Figure 4c). Periodic buckles were formed after releasing the prestretch to return the stretchable PLECs to a state corresponding to 0% tensile strain. [206][207][208] Figure 6c shows the current density-voltage-luminance (I-V-L) characteristics of the resultant PLECs during the prestretch and release cycle between 0% and 10% tensile strain. Under 10% tensile strain, the device voltage when turned on was 5 V (1.4 cd m 2 ); in addition, the device exhibited maximum luminance intensity of 58 cd m -2 (7 V) and maximum external quantum efficiencies (EQEs) of up to 0.001% compared with the initial prestretch state (7 V, 70 cd m -2 ). We speculated that the PLECs had formed a random network of folds to accommodate the compression strain when the elastomeric textile had relaxed to its unstrained state, thereby maintaining its performance at nearly the same level as that of its prestretch state. [206][207][208] In addition, our textile-based PLECs exhibited performance superior to that of a PEO-perovskite composite system on a PLEC device in a previous study. 209 A representative electroluminescence spectrum (Figure 6d). Notably, electroluminescence (EL) emission maxima from PFO can broaden with bias voltages at 438, 470, and 497 nm because of variations in vibronic structures. According to the CIE 1931 standard color-matching functions, emitted blue light can be demonstrated using x,y chromaticity coordinates (0.18, 0.24) by alternating between voltages, as shown in the inset of Fig. 5d. In the present study, the PLECs were operated continuously under stretch-release cycles; demonstrative photographs of the action (Figure 6e), which, alongside, shows that the PLECs were able to be stretched with up to 10% tensile strain based on the stretching and releasing strategy, thereby maintaining their performance; the strategy was repeated at least three times without damage to the device. The present research promotes the potential for application of PLECs in wearable electronic devices. We believe that the developments described in this paper will contribute to real commercialization and the future of stretchable polymer light-emitting electrochemical cell devices. 

3-7 Conclusions

In summary, we demonstrated a WTP method for integrating AgNW electronic devices on diverse arbitrary substrates. the practical application in developing the human-friendly interactive electronics. In contrast, the flexible and bendable wearable electronics enabled conformally mounted onto human bodies and succeed in exhibiting the sensing functionalities. In order to achieve the promising goals requires the flexible sensor platforms provided with crucial features of light weight, superior flexibility, stretchability, high sensitivity as well as rapid response. 220,221 The novel strategies have been investigated extensively on the functional nanomaterials with compatibility and facile synthesis methods can capable of integrated of skin-like electronics with the assistance of sensing modules, such as pressure sensors, strain sensors, temperature sensors, etc., which inspired by the perceptive characteristics of human skins. 222 Moreover, a diversity of functional nanomaterials have been investigated applied with the stretchable electrodes in order to maintain the high electrical and mechanical performance of skin-inspired upon the various dynamic modules through the top-down or bottom-up approaches. 223 The top-down approach reveals that using the fabrication methods to turn the brittle and rigid inorganic materials into ultrathin films, thus demonstrating in highly flexible and conductors via the transfer-printed technology onto desired target substrates. Despite this methodology have been realized the high performance inorganic nanomaterial-based skin-inspired devices, 155 it is necessary to overcome the three critical issues: low stretchability, low-scale capable approach, and low mechanical stimuli stability.

4-2 Motivation

Mechanically flexible and stretchable functions are essential modules in artificial electronic skins (e-skin) electronic systems, which attracted much attention for its great potential in various applications, including health monitoring, disease diagnostics, and smart robotics. [224][225][226][227][228][229][230] To develop artificial skin emulate the exquisite sensation of natural skin, it is necessary to incorporate tactile sensors with flexibility, high-sensitive, fast response, and high spatial resolution for practical emulation of the extremely complex somatosensory system with respect to low-range pressure distribution (<1 kPa). To date, several types of skin-like pressure sensors are typically based on force induced changes in capacitive, 231,232 piezoelectric, 233,234 triboelectric, 235,236 and piezoresistive 237,238 sensing mechanisms. Among them, piezoresistive sensors transduce mechanical strain into an impedance change due to their simple read-out mechanism, facile fabrication, low energy consumption, and sensitivity to both pressure and flexion. 239 Typically, flexible pressure sensors can be constructed by embedding conducting fillers into soft elastomeric materials forming 3D percolating networks. [240][241][242][243][244] 123 Generally, the introduction of the microstructures with 2D polymeric surfaces is critical in the pressure sensor design in order to obtain high sensitivity, such as mircrpyramid, 245,246 microdome arrays, 247-248 microgroove shape, 249,250 and interlocking microstructure, 251,252 have been employed to endow the elastic materials with greatly enhanced tactile sensitivity. 245 Despite significant device sensitivity has been achieved, conventional fabrication methods that use the organic template-assisted process suffer from long fabrication times and are inherently chemical-intensive processes that require extremely careful and exhaustive transfer techniques, which is a time-consuming, high-cost process with limited scalability. By contrast, our elastic sandwich-structured conducting nanofiber (ESSCN) skin-inspired resistive-type pressure sensors fabrication using an all-electro-spinning process alongside the fibrous interlocked-microstructures configuration (FIM) in cost-effective, compatible with large-area implementation to detect static/dynamic pressure distributions with high sensitivity, rapid response, and pragmatic spatial resolution, which has the advantage of an extended integration environment. First, the free-standing electrode can be conducted on nanofiber membranes without the additional binder agent and supporting substrate thus maximizing the use of active materials in a selective manner. Second, electrospinning is an easy, versatile, and inexpensive technique enables flexible morphology tuning, assembling various functional nanofibers, and high-throughput continuous production has motivated extensive studies on sensory applications. 

4-3 Background and review of literatures 4-3-1 Strain and Pressure Sensors

The pressure sensor have been considerate attentions application in tactile sensors and skin-inspired electronics devices in recent years. [256][257][258] Since their superior features of flexibility, deformability, durability, lightweight, and biocompatibility, the pressure sensors endow sophisticated mounted onto the human skin for monitoring of physiological health and medical diagnostics on site. The development of the highperformance skin-inspired sensors has been integrated with the engineering functional nanomaterials or hybrid micro/nanostructures, which relied on the transduction mechanisms by converting external stimuli into electrical signals. 256,257,259 To date, several types of skin-like pressure sensors are typically based on force induced changes in capacitive, 231,232 piezoelectric, 233,234 triboelectric, 235,236 and piezoresistive 237,238 sensing mechanisms. Among them, piezoresistive sensors transduce mechanical strain into an impedance change due to their simple read-out mechanism, facile fabrication, low energy consumption, and sensitivity to both pressure and flexion. Previous researchers have been focused on improving the parameters of wearable strain devices, such as sensitivity, linearity, hysteresis, gauge factor (GF), response time, and cyclic tests. 260 However, it is difficult to accurately detect the pressure under dynamic deformation with various mechanical stimuli to achieve the high device performances.

(pressure, flexible, and bending) To overcome this challenge, Someya and co-workers devoted to fabricating a bending-insensitive, ultra-flexible, and resistive-type pressure sensor with composite nanofibers as building blocks. 261 Remarkably, the sensor with the thin substrate (thickness: <2 m) exhibited the ultra-deformable properties as the bending radius of the sensor drops down to 80 m. (Figure 1a) The promising results in precisely measuring the various distribution of the pressure on 3D surfaces and performance variation are negligibly small before and after wrapping devices around an injection needle. (Figure 1b-d) Zhang's and co-workers demonstrated micro-crack assisted strain sensors using AgNWs and an elastomeric PDMS platform. 262 The strain sensors exhibited a highly GF up to 150 000 within a large stretchability of 60% strain.

Figure 2a shows the fabrication process of key structural element with the patterned PDMS substrate (1 mm thick), which was fabricated using a piece of steel net (80 mesh) mold to provide a regular and uniform PDMS microstructure. The promising results revealed that the GF of the strain sensor with the patterned PDMS substrate can achieved as high as ≈150 000 within a 60% strain. Moreover, the sensor with a fast response, low creep, and an ultrahigh stability (more than 30 000 cyclic loading tests)

were achieved, thereby demonstrating an appealing features of a strain sensor use for monitoring finger/wrist bending. (Figure 2b) 

4-4 Experimental section 4-4-1 Materials

Linear triblock copolymer SEBS (G1652) (Mn = 79000 g/mol -1 , weight fraction of styrene = 30% ) was purchased from Kraton, AgCF3COO (98%), hydrazine hydrate (N2H4•4H2O,~50-60%) , N,N-dimethylformamide (DMF, 99.5%) and Ethanol (95.0%),

Tetrahydrofuran anhydrous (THF, 99.9%) were purchased from Sigma Aldrich. Tetran-butylammonium perchlorate (99%) was purchased from Alfa Aesar.

4-4-2 Preparation of SEBS fiber and silver nanoparticles

SEBS was dissolved in a solvent mixture of THF/DMF wt/wt = 4:1 to adjust the concentration of 12 wt %. Tetra-n-butylammonium perchlorate (4 wt% of the solute) was added to the the polymer solution, which was electrospun onto the collector at a fixed feed rate (1 ml/hr) and voltage (14.0 kV). The nozzle-to-collector distance was 15 cm. The resulting electrospun fibre mat (SEBS fibre mat) was readily peeled away from the collector. The electrospun fibre mat was dipped in an ethanol solution of AgCF3COO (15 wt%). The fiber mat was removed from the solution after 30 min and dried at room temperature. Hydrazine hydrate (50%) in ethanol/water mixture as solvent (vol/vol = 1:1) was dropped onto the fibre mat to reduce the absorbed precursor.

After 5 min, the residual reducing agent was rinsed out several times using deionized water.

4-4-3 Design and Fabrication of the Skin-inspired ESSCN Pressure Sensor:

The same proportion of the SEBS polymer solution was electrospun onto the collector gap (3 cm in length and gap width of 1 cm) to form the SEBS dielectric layer.

The feed rate was fixed at 1 ml / hr and the spinning voltage was set at 14 kV. The nozzle-to-collector distance was 15 cm. The SEBS dielectric layer was controlled with different electrospinning time (1, 2, and 3 min) designated as SEBS-1, SEBS-2 and SEBS-3, which were transferred to the SEBS/AgNPs fiber mat. The middle SEBS dielectric layer and bottom and top SEBS/AgNPs electrodes were assembled face-toface into a resistive pressure sensor and two copper wires were glued by silver paste on each of the films as electrodes.

4-5 Characterization of the Skin-inspired ESSCN Pressure Sensor

Transmittance spectra were recorded using a Shimadzu ultraviolet-visible spectrophotometer. The Fourier transform infrared (FT-IR) spectra were recorded using a Bio-Rad 155 FT-IR spectrometer at ambient temperature in the range of 650-4000 cm -1 . The X-ray diffraction (XRD) patterns are recorded on an X-ray diffractometer (D8 ADVANCE, Bruker, German) was used for elemental analysis of SEBS/AgNPs fibrous electrodes. A stress-strain curve was obtained using a universal tensile stress testing machine (Taiwan Research and Development Center Institute). The morphology and the elemental components of the samples were investigated by field-emission scanning electron microscopy (FESEM, Hitachi S-520) equipped with energy dispersive X-Ray spectroscopy (EDX) respectively, the 50 random fiber samples were selected and the diameters of SEBS dielectric nanofibers were measured by the SEM software. The resistance curves, response times, detection ranges, and mechanical stimuli of the pressure sensors were measured with a Keithley 2634B analyzer with two copper wires were glued by silver paste on each of the films as electrodes, respectively.

The cyclic loading-unloading of pressure, a preselected constant pressure was repeatedly applied and released on the pressure sensor using a linear motor system. The medical tape used in the smart clothing and biomedical monitoring is a commercial elastomer transparent tape (VHB 4905, 3M), respectively. The real-time demonstration of the circuit was completed for integrated with RGB-LED garments and healthmonitoring devices.

4-6 Results and discussion

The presents the main peaks at (2θ) 38.10, 44.26, 64.48 and 77.39, are corresponding to the (111), ( 200), ( 220) and (311) crystal planes of the face centered cubic of AgNPs in contrast to the pristine, resulting in identifying the nanofibers were effectively connections between each of the Ag nanoparticles. 265 Furthermore, the minimum press response and response time characteristic of ESSCN sensors is the key factor in the study of the tactile application. The investigation of the detection limit of our SESB-1 with dynamic pressure inputs have been applied in

Figure 5f

. Remarkably, the response time is under the resolution limit of our measurement system (<2 ms) in contrast to SEBS-3 (<10 ms) in (Figure 6), which exhibited an ultra-fast response and far faster than human fingertips (≈30 to 50 ms),

showing its excellent sensitivity is fit for the application of nanoforce sensing like "tactile" condition, respectively; these values represent a significant improvement in response time compared with previous reports. (Table 1) Therefore, the facile and tunable design of our SEBS-1 is ideal for human interactive system, which will be discussed and demonstrated in the integration section. under 30% and 50% of tensile strain and increased to 81% while the tensile strain at 70% in comparison with original sensor, respectively, and the sensitivities at stage II almost keep the same value compared to the original value except for the 70% of tensile strain in (Figure 9). Furthermore, the SEM images of the intermediate SEBS-1 and SEBS-3 dielectric layers before (inset) and after under 70% of tensile strain are shown in (Figure 10). In comparison to the initial SEBS composites, the fiber interval and interfacial strength between the fiber and the top SEBS AgNPs electrodes are obviously undergo mechanical deformation during 70% of tensile strain, thus enabling increased contact areas between the top and bottom electrodes while established more AgNPs conductive paths and increased the electronic transport efficiency, resulting in the resistance decrease of the composites upon stretching. Moreover, these significant improved sensors responses at high strain mainly arise from severe separation among intermediate SEBS blocks, such as a break of contacts, contact area, and spacing variation upon stretching. Meanwhile, the distance between the two electrode decreases due to poisson effect, resulting in an increase in electrical conductivity, 242 thereby demonstrated our ESSCN sensor enabled with a desirable combination of high sensitivity and broad sensing range. On the other hand, the incorporation of AgNPs can elevated the mechanical performance of SEBS composite, the stress-strain curves are plotted in (Figure 11). The tensile strength and elastic modulus for SEBS-AgNPs membrane increased to 2.18 MPa and 0.24 MPa in comparison with 0.51 MPa and 0.05

MPa for the pristine SEBS, and also show no appreciable degradation occurs in the elongation at break, thereby demonstrating the rigid AgNPs could be employed as conductive bridges to construct effective percolation network, not only greatly improve both tensile strength and elastic modules but also endowing the enhancement of the stiffness of SEBS composites with certain electrical conductivity under high strains. 265 Conventional stretchable pressure sensors have focused on sensing with multiple force properties rather than investigate the relationship between the pressures versus under stretched state. 245 By contrast, our ESSCN pressure sensor can be applied on arbitrary curved and moving surface and keep more than 50% of its original pressure sensitivity.

Furthermore, along with decreasing the thickness of PDMS will further increase the response speed due to minimizing the viscoelastic behavior of polymer chains based on previous theory. 248 In comparison to recent researches with high-performance flexible pressure sensors in (Table 1), our unique ESSCN electronics endow a sandwich-type composites with superior electrical performance in critical aspects evaluating pressure sensors such as sensitivity, response time, and detection limit, promising potentially useful in emulating human skin for a variety of touch sensor-based applications.

To demonstrate the potential of our ESSCN pressure sensors application in wearable electronic devices, our innovative concept in Figure 12a In modern medical practice, the jugular venous pulse (JVP) waveform is a powerful diagnostic tool for assessing cardiac function, and provides more valuable information for non-invasive medical diagnosis. However, conventional methods require the expensive and complexed system such as cardiac MRI, or echocardiography.

266 By contrast, we present an innovative concept for real-time monitoring of JVP pulse signals was performed on the neck based on our ESSCN electronics as demonstrated in (Figure 12c). 

4-7 Conclusions

In summary, we firstly demonstrated a novel skin-inspired highly stretchable and nano-deformable ultrasensitive pressure sensor based on natural resistive-type SEBS nanofiber membranes through the eco-friendly, facile, cost-effective, lithographic-free, and large-area capable approach. The ESSCN with uniquely uniformly fibrous interlocked-microstructures capable of sensing, differentiating, and simultaneously capturing various tactile stimulation information induced by normal pressure, lateral strain, and bending. Furthermore, our newly-designed fibrous-based ESSCN electronics possess numerous remarkable features and advantageous merits, including an ultrahigh sensitivity for a broad pressure range (71.07 kPa -1 for 0.2-60 Pa and 7.38 kPa -1 for 63-95 kPa -1 ), a rapid response time (<2 ms), and an excellent durability and stability over (>100 cycles), thereby exhibiting unprecedented features and superior performance in contrast with previously reported pressure sensors. Additionally, our ESSCN electronics configuration was observed to demonstrate a wide resistance value range, and, more importantly, the threshold of resistance switching range and its sensitivity could be varied in terms of its thickness by modulating the electrospinning time to achieve specific requirements for various applications. Based on remarkable performance and the superior conformal contact of the sensor onto an uneven surface, the circuit of RGB-LED garments and high-fidelity human physiological signal (jugular venous pulses) can be monitored in real-time. We foresee that our skin-inspired ESSCN pressure sensors, which is fabricated from a natural rubber material through a costeffective, lightweight, large-area expandability, and possesses combined features simultaneous multi-stimulus sensing, enable potentially facile integration into wearable artificial skins for human health monitoring, medical diagnostics, and tactile sensors.

  )-利用自由基聚合法(Free radical polymerization)合成出一系 列新 性螢光共聚高分子,結合靜電紡絲技術,成功製備具有感測 Hg 2+ 離子及 pH 環境應答多功能之多變色螢光奈米纖維,探討不同濃度之 Hg 2+ 離子與 pH 的 環境智慧應答所產生之光物理變化 本研究材料包括 Poly(MMA-co-RhBAM) (P1 具 pH 感測) Poly(MMA-co-BNPTU) (P2 具 Hg 2+ 離子感測) Poly(MMA-co-BNPTU-co-RhBAM)含不同比例之 BNPTU:RhBAM (P3~P5 同時具 pH 與 Hg 2+ 離 子感測),再利用靜電紡絲的技術,將上述材料製備成高孔隙度的奈米纖維,並探 討不同材料感測 Hg 2+ 離子的差異性 共聚高分子材料中導入兩種不同螢光基團, 分別為可感測 Hg 2+ 離子的綠色螢光單體 BNPTU(供體),以及對 pH 值敏感的橘 紅色螢光 RhBAM(受體) 其中 BNPTU 螯合 Hg 2+ 離子,會從綠光轉移成藍光, 而 RhBAM(受體)處於酸性環境下,會放出橘紅色螢光 藉由螢光能量共振轉移 (Fluorescence Resonance Energy Transfer)(FRET)的機制,調控 BNPTU(供體)與 RhBAM(受體)的鏈段比例,可達到多變色螢光放光現象,例如: 在不同 Hg 2+ 與酸 性濃度下,能呈現如藍光 綠光 黃光 橘光 紫光 白光等多變色全彩的螢光 奈米纖維 P5 於水溶液中的感測靈敏度的極限濃度可達 10-6 ~10 -7 莫耳濃度,實 際應用在環檢檢測 Hg 2+ 離子領域上,去除率能達到 92%以上,歸功於材料特性 與高比表面 的多孔型態奈米纖維 第二部分( 第 二 章 )-合 成 具 有 磁 性 及 多 功 能 感 測 之 螢 光 共 聚 合 高 分 子 P(NIPAAm-co-NMA-co-AA)混摻Fe3O4 Nanoparticles 和 BNPTU,透過靜電紡絲 技術製備成奈米纖維,應用於多功能感測系統中(可同時感測磁性與金屬汞離 子)BNPTU具有感測汞(Hg 2+ )離子的能力;FeNPs具有磁性功能 實驗中透過自由 基聚合法(Free Radical Polymerization)合成出不同比例的共聚高分子 藉由調控電 紡參數製備成奈米纖維,以SEM觀察其奈米纖維型態;TEM和EDS鑑定Fe3O4尺 寸大小與混摻含量,最後以PL SQUID 強力磁鐵探討探其光物理變化和磁性功 能 研究結果顯示,奈米纖維透過熱交聯反應後能夠維持纖維型態,其P(NIPAAmco-NMA-co-AA)混摻FeNPs和BNPTU具有感測汞(Hg 2+ )離子的能力,偵測範圍於 10 -4 ~10 -2 M(或是更高濃度) 此多功能螢光奈米纖維,利用非接觸力(磁力)方式吸 引 吸附金屬的奈米纖維,達到同時兼具磁性感測與金屬感測的功能iii 第三部分(第三章)-藉由簡單的旋轉塗佈與噴塗披覆法,將奈米銀線塗佈在彈 性高分子(PDMS)上,製作出具有良好導電度之透明貼覆膜,並且可藉由水轉印 法貼覆在無規則的表面上(纖維織物 皮膚 玻璃基材…),其電阻低(λ Ω ~ 200Ω) 且透明度高(80 -95%),同時兼具以上兩種特性,使其可應用在各種透明的電子 元件上 從SEM及EDS證實銀線可以均勻的分佈在所選用的彈性材料上 藉由 Bending Test 與Expandsion Test 試驗中,得知導電貼覆膜可應用在各種彎曲角度 (45o -315o)的基材上,其電阻依然不受影響(可維持在11 Ω) 本研究首次將導電 薄膜貼覆在無規則球體上,藉由來回充放氣體(0ml -30ml),測量導電貼覆膜之電 阻變化(145 Ω -162 Ω),可以進一步估算球體體 的變化,屬於一種全新的量測 手段,且其同時具有良好的酹環再現性(在30次酹環測試中,其電阻維持一樣) 貼覆膜體 輕薄不易影響到受測物體(增加準確性),未來可以用於嬰兒呼吸的量 測 老人健康照顧(呼吸長短快慢)以及動物情緒(導盲犬)switchable chemosensors, stretchable electronics, and tactile sensors for various wearable electronics applications. The present PhD thesis can be categorized by four parts as below: 1. RGB-Switchable Porous Electrospun Nanofiber Chemoprobe-filter Prepared from Multifunctional Copolymers for Versatile Sensing of pH and Heavy Metals (Chapter 1): Novel red-green-blue (RGB) switchable probes based on fluorescent porous electrospun (ES) nanofibers exhibiting high sensitivity to pH and mercury ions (Hg 2+ ) were prepared with poly(MMA-co-BNPTU-co-RhBAM)) by using a singlecapillary spinneret. The MMA, BNPTU, and RhBAM moieties were designed to (i) permit formation of porous fibers, (ii) fluoresce for Hg 2+ detection, and (iii) fluoresce for pH, respectively. The fluorescence emission of BNPTU (fluorescence resonance energy transfer (FRET) donor) changed from green to blue as it detected Hg 2+ . The fluorescence emission of RhBAM (FRET acceptor) was highly selective for pH, changing from nonfluorescent (pH 7) to exhibiting strong red fluorescence (pH 2). The full-color emission of the ES nanofibers included green, red, blue, purple, and white depending on the particular pH and Hg 2+ -concentration combination of the solution.

4 .

 4 Mechanically Robust and Ultra-Sensitive Skin-Inspired Nanofiber-based Resistive Pressure Sensor Based on Fibrous Interlocked Microstructures (Chapter 4):

x 1 . 3 .

 13 photoluminescence des fibres. De plus, ces nanofibres magnétiques peuvent être facilement récupérés à l'aide d'un aimant plutôt qu'être extraites via une autre méthode.
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Scheme 1 1

 11 Scheme 1 Design of multifunctional probe ES nanofibers synthesized from poly(MMA-co-BNPTU-co-RhBAM) and exhibiting various colors of fluorescence emission. (a) Polymerization and chemical structure of poly(MMA-co-BNPTU-co-RhBAM). (b) Fabrication of ES nanofibers. (c) Chemical structure of BNPTU in solutions with Hg 2+ and RhBAM in solutions with pH 2 or 12. (d) Effect of FRET on the fluorescence emission colors of multifunctional environment-sensing ES nanofibers.

  It indicated that the activation of FRET process can be switched on upon the sufficient excitation energy. The excited state donor molecule transfer the nonradiatively energy close to an acceptor molecule where located at distance r from the donor. The acceptor emits the energy either fluorescence or nonradiative pathways. The spectra of absorption (Abs) and emission (Em) show fluorescein (donor) exhibited efficiently excited at 480 nm and emits at around 520 nm. The spectral overlap between fluorescein emission and rhodamine absorption are observed at 500-600 nm. The Förster distance R0 for this pair is 55 Å, thus result in significant FRET emission of the rhodamine above 600 nm.

Figure 1 .

 1 Figure 1. Fluorescence (Forster) resonance energy transfer system.

Figure 2 .

 2 Figure 2. Spectral overlap for FRET.

Figure 3 .

 3 Figure 3. Schematic of the FRET process between the fluorescein and rhodamine.

Figure 4 .

 4 In the presence of Hg 2+ ions, the hairpin structure can form by the T-Hg 2+ -T sandwich structure upon the quencher close to the fluorophore, thus switched on the FRET process and results in significant fluorescence quenching.The limit of detection for this sensor can up to 40 nM toward Hg 2+ in a buffer solution and exhibit highly selectivity toward other common metal ions. The promising results from this groups had opened a new path for development of molecular chemosensors.

Figure 4 .

 4 Figure 4. The schematic of the molecular beacon-based FRET sensor; the presence of Hg 2+ ions brought the quenching of fluorescence emission.

Figure 5 .

 5 Figure 5. Mechanism of ring-opening process of rhodamine derivative in the presence of a targeted metal ions or a Lewis acid.

Figure 6 .

 6 Figure 6. The reaction scheme of rhodamine 6G derivative with Hg 2+ metal ions

Figure 7 .

 7 Figure 7. The Cu 2+ -induced FRET OFF/ON process

Figure 8 .

 8 Figure 8. The FRET system within the diblock copolymer for sensing ferric ion.

Figure 9 .

 9 Figure 9. The scheme of pH and thermo-modulation of diblock copolymer.

2 )

 2 Polymer properties such as molecular weight, polymer architecture; 3) solution properties such as boiling point, rheological behavior, polymer concentration, viscosity, conductivity, and electric potential; 4) ambient parameters such as the relative humidity, temperature, and the air velocity in the chamber. So far, based on this relatively facile and straightforward technique, more than 100 various types of polymers have already been fabricated as fibers with diameters ranging from tens of nano-meters to a few micrometers.

Figure 10 . 1 - 3 - 3

 10133 Figure 10. Schematic illustration of the typical electrospinning setup

Figure 11 .

 11 Figure 11. (A) Polymerization and chemical structure of poly(MMA-co-NAAP). (B) Schematic illustration for poly (MMA-co-NAAP) nanofiber fluorescent sensors by electrospinning for Cu 2+ with enhanced detection sensitivity.

  1 HNMR (300 MHz, CDCl3, Figure 12(a): = 5.35 (a, 2H, -CH2CHCH2-); = 5.λ3 (b, 1H, -CH2CHCH2-); = 4.6 (c, 2H, -CH2CHCH2-); = 8.07 (d, 1H, 3-CH); = 7.λ6 (e, 1H, 6-CH ); = 8.47 (f, 1H, 2-CH); = 8.58 (g, 1H, 7-CH); = 8.66 (h, 1H, 5-CH ). HRESI-MS (Figure 13(a)): m/z calcd C15H10BrNO2, C15H10 81 BrNO2 +H + ([M+H + ]) 314.99, 316.99; found, 314.99, 316.99. FT-IR (Film, cm -1 , Figure 14(a)): 2949, 3084 (C-H stretch), 1655 (C=O stretch)round-bottomed flask was charged with NP-Br (500 mg, 1.57 mM) and an excess of 1, 2-ethylenediamine (8 mL). The reaction mixture was stirred at reflux for 6 h. The residues were dissolved in CH2Cl2 (200 mL) and extracted with water. Finally, 4-(aminoethylene) amino-N-allyl-1, 8-naphthalimide (NP-NH2) was obtained as an orange crystal (420 mg, yield: 84%). 1 H NMR (300 MHz, DMSO-d6, Figure 12(b): = 5.35 (a, 2H, -CH2CHCH2-); = 5.λ3 (b, 1H, -CH2CHCH2-); = 4.6 (c, 2H, -CH2CHCH2-); = 7.68 (d, 1H, 6-CH); = 6.8 (e, 1H, 3-CH); = 8.27 (f, 1H, 2-CH); = 8.42 (g, 1H, 7-CH); = 8.71 (h, 1H, 5-CH) ; = 2.87 (i, 2H, -CH2NH2). HRESI-MS (Figure 13(b)): m/z calcd C17H17N3O2 +H + ([M+H + ]) 295.13; found, 295.13. FT-IR (Film, cm -1 , Figure 14(b)): 3383 (N-H stretch), 2924, 3200 (C-H stretch), 1634 (C=O stretch), 1513, 1539 (C-N stretch).

  1 H NMR (300 MHz, DMSO-d6, Figure 12(c)μ = 5.35 (a, 2H, -CH2CHCH2-); = 5.93 (b, 1H, -CH2CHCH2-); = 4.6 (c, 2H, -CH2CHCH2-); = 4.03 (d, 2H, -NCH2CH2N-); = 3.λ7 (e, 2H, -NCH2CH2N-); = 11.0λ (f, 1H, -CSNH-); = 11.42 (g, 1H, -CONH-); = 8.28 (h, 1H, 2-CH); = 7.03 (i, 1H, 3-CH); = 8.73 (j, 1H, 5-CH); = 8.43 (k, 1H, 7-CH); = 7.62-7.88 (l + m, 3H, 6-CH; -COCCHCHCHCH-); = 7.4λ (n, 1H, -COCCHCH-); = 7.λ3 (o, 2H, -COCCH-; -COC(CH)4CH-). HRESI-MS (Figure 13(c)): m/z calcd C25H22N4O3S +H + ([M+H + ]) 458.14; found, 458.14. FT-IR (Film, cm -1 , Figure 14(c)): 3380 (N-H stretch), 2946, 3183 (C-H stretch), 1636, 1685 (C=O stretch), 1514, 1540 (C-N stretch), 1145, 1235 (C-H stretch).

1 - 4 - 6 Figure 12 . 1 H

 146121 Figure 12. 1 H NMR spectra of (a) BN-Br in CDCl3, (b) BN-NH2 in DMSO-d6 and

Figure 14 .

 14 Figure 14. IR spectrum of (a) BN-Br, (b) BN-NH2 and (c) BNPTU.

Figure 15 .

 15 Figure 15. 1 H NMR spectra of (a) RhB hydrazide in CDCl3 and (b) RhBAM monomer

Figure 16 .

 16 Figure 16. HRESI-MS spectra of (a) RhB hydrazide and (b) RhBAM.

Figure 17 . 1 - 4 - 7 2 .

 171472 Figure 17. IR spectrum of (a) RhB hydrazide and RhBAM.

Figure 18 (

 18 a) and Table2present the molecular weight and chemical structure characterization of poly(MMA-co-RhBAM) obtained using GPC with DMF as the eluent and 1 H NMR, respectively. The estimated copolymer ratio of poly(MMAco-RhBAM) based on the NMR spectrum was 99.4:0.6, and the number-averaged PDI estimated using GPC were 31,000 g mol -1 and 1.45, respectively. 1 H NMR (300 MHz, DMSO-d6, Figure18(a)): = 3.56 (a+e, 7 11H, -COOCH3, -Ar-NCH2(CH3)4); = 0.8-1.8 (b+c+d, 16H, -CH2CH-,-CH2CH-, Ar-NCH2(CH3)4); = 1.8-2.1 (b+c, 2H, -CH2CH-,-CH2CH-); and = 6.2-7.89 (aromatic hydrogen, 10H).

  1 H NMR (300 MHz, DMSO-d6, Figure 18(b)): = 3.56 (a, 3H, -COOCH3); 0.8-1.8 (b+c, 4H, -CH2CH-,-CH2CH-); = 1.8-2.1 (b+c, 2H, -CH2CH-,-CH2CH-); = 5.92 (d, 2H, -CHCH2-); = 4.61 (e, 2H, -NCH2-); = 3.96 (f, 2H, -ArCH2); = 11.01 (g, 1H, -CSNH); = 11.26 (h, 1H, -CONH); and = 6.96-8.68 (aromatic hydrogen, 10H).

Figure 18 . 1 H

 181 Figure 18. 1 H NMR spectra of (a) poly(MMA-co-RhBAM) in DMSO and (b)

  -); = 5.08 (c, 1H, -CH2CHCH2-); = 5.λ2 (e, 2H, -CHCH2-); = 4.61 (f, 2H, -NCH2-); = 3.λ6 (g, 2H, -ArCH2-); = 11.01 (j, 1H, -CSNH-); = 11.26 (k, 1H, -CONH-); and = 6.32-8.68 (aromatic hydrogen, 20H).

Figure 19 .

 19 Figure 19. 1 H NMR spectrum of poly(MMA-co-BNPTU-co-RhBAM) in DMSO.

Figure 20 .

 20 Figure 20. ES fibers for pH and Hg 2+ sensing detector instrument.

  Figure19 shows the 1 H NMR spectrum of poly(MMA-co-BNPTU-co-RhBAM) (P3-P5), which was composed of MMA, BNPTU, and RhBAM in DMSO in ratios of96.5:3:0.5, 95.5:3:1.5, and 92.5:3:4.5, respectively. The DMSO proton peak is marked in Figure1. Proton signals from the phenyl group and an aromatic ring on the BNPTU and RhBAM moiety were discovered in the range 6.32-8.68 ppm. The proton peaks at 3.96 ppm (Peak g), 4.61 ppm (Peak f), 5.92 ppm (Peak e), 11.01 ppm (Peak j), and 11.26 ppm (Peak k) correspond to the methylene neighbors of the aromatic ring, nitrogen, alkyl chains on the polymer, nitrogen, and sulfur on BNPTU, respectively.The proton peaks at 3.56 ppm (Peak h) and 0.8-1.8 ppm (Peak i) correspond to the methylene neighbors of methyl and methylene groups on RhBAM, respectively. The proton peaks at 3.56 ppm (Peak a) correspond to the methylene neighbor of oxygen on

  1 and 1.36, respectively. The thermal decompositon curves of the prepared polymers are presented in Figure21. The decomposition temperature was higher when there were more phenyl groups and aromatic rings in the RhBAM moiety. All decompostion temperatures for P1-P5 were higher than 270 °C, and thus they exhibited favorable and stable thermal properties.

Figure 21 .

 21 Figure 21. TGA curves of P1-P5 copolymers when a heating rate of 10 °C/min was

Figure 22 (

 22 Figure 22(a) presents the changes in the UV-Vis absorption of RhBAM during pH sensing in a CH3CN solution. As the pH of the solution decreased from 7 to 2, an

Figure 22 (

 22 Figure 22(d) shows the PL spectrum of BNPTU in CH3CN solution under pH 7(blank, without Hg 2+ ) and pH 7 (with Hg 2+ ) conditions, as well as the UV-vis absorption spectrum of RhBAM in CH3CN solution under pH 2 conditions. The PL spectra of BNPTU (blank) subjected to 430-nm excitation displayed an emission peak maximum ( max PL ) at 510 nm, but BNPTU (with Hg 2+ ) exhibited a significant blue-shift with a max PL of 460 nm. The overlap between the PL spectra of BNPTU (with or without Hg 2+ ) and the optical absorption spectra of RhBAM (in acidic media) was substantial, as shown in the shadowed area of Figure22(d). Therefore, FRET is efficient when interchain interaction is high. Thus, the ES nanofibers of poly(MMAco-BNPTU-co-RhBAM) may have exhibited different degrees of FRET when they

Figure 22

 22 Figure 22 UV-Vis spectra of (a) RhBAM in CH3CN solution (10 -2 M) under pH 2 conditions and (b) BNPTU in CH3CN solution (10 -5 M). (c) Variation in UV-Vis spectra of BNPTU CH3CN solution (10 -5 M, pH 7) containing different metal ions at 10 -4 M. (d) PL spectrum of BNPTU under pH 2 and 7 conditions and UV-Vis absorption spectrum of RhBAM in CH3CN solution under pH 2 conditions.

Figure 23 (

 23 Figure 23 (a) FE-SEM image of the P5 porous ES nanofibers, with (b) an enlarged image, and (c) a cross-sectional image. (d) TEM image of the P5 ES nanofibers before (inset) and after absorption of Hg 2+ ions in aqueous solution (10 -3 M, pH 7).

Figure 24

 24 Figure 24 SEM images of P1-P4 ES nanofibers (a-d, Enlarged view (e-h).)

Figure 25 (

 25 Figure 25(b) illustrates the relative fluorescence intensity changes (I597/I510) of the P5 ES nanofibers in aqueous solution under different pH conditions during H + absorption. (I510 is the fluorescence intensity of BNPTU emission at 510 nm; I597 is the fluorescence intensity of RhBAM emission at 597 nm.) When the pH was reduced from 7 to 5, I597/I510 did not change. However, I597/I510 significantly increased from approximately 0.25 to 3.5 when the pH was decreased from 5 to 2. These changes corresponded to the fluorescence of RhBAM chelated with sufficient H + ions. The P5 ES nanofibers exhibited significant pH sensing performance in the range pH 5-2.

Figure 25 .

 25 Figure 25. (a) Variation in the PL spectra of the P5 ES nanofibers in aqueous solutions under pH 7 to pH 2 conditions. (b) Relative fluorescence intensity (I597/I510) of the P5 ES nanofibers in aqueous solution under different pH conditions.

Figure 26 .

 26 Figure 26. PL spectra of (a) P1, (b) P2, (c) P3, (d) P4, and (d) P5 ES nanofibers in aqueous solutions under pH 7 and pH 2 conditions.

Figure 27 .

 27 Figure 27. Variation in the PL spectra of the P5 ES nanofibers in aqueous solutions

Figure 28 (

 28 Figure28(a) depicts the normalized PL spectra of the P1-P5 ES nanofibers in an acidic aqueous solution (pH 2). For high ratios of RhBAM composition, the BNPTU emission intensity at approximately 510 nm was low, and the RhBAM emission peak at approximately 586-597 nm was high. P5 had the largest emission maximum shift Δ max(87 nm) and demonstrated a luminescence color change between green (510 nm)

  of the P2-P5 ES nanofibers in neutral (pH 7) and acidic (pH 2) aqueous solutions are illustrated in Figure 28(b) and 28(c), respectively, and are summarized in Table 2. All ES nanofibers in a neutral aqueous solution (pH 7) with green-light emission had similar CIE coordinates (0.24, 0.61). For nanofibers in acidic solutions, however, the CIE coordinates substantially red shifted when the ratio of RhBAM composition increased. Furthermore, as demonstrated in the confocal microscopy images in Figure 28(d), the emission of the P2-P5 ES nanofibers became green (P2), yellow (P3), orange (P4), and red (P5). This suggested that energy transfer between BNPTU (donor) and RhBAM (acceptor) occurred in the fibers, and the different degrees of energy transfer achieved by adjusting the RhBAM composition ratio yielded various CIE coordinates.We investigated the FRET efficiency of P3, P4, and P5 ES nanofibers under pH 7 and pH 2 conditions, as shown in FigureS11. The FRET efficiency can be calculated by measuring the fluorescence intensity of the donor in the cassette (in the presence of the acceptor) (pH 2 condition) and the fluorescence intensity of the free donor (in the absence of the acceptor) (pH 7 condition).[START_REF] Jiao | [END_REF][81][82] Thus, the FRET efficiency can be established according to following equation (1): FRET efficiency = { 100 ×[ 1 -(fluorescence intensity of donor in cassette) /

  (e)), indicating that the P5 ES nanofibers possessed significant pH sensing ability owing to their fluorescence color changes. As the pH changed from 7 to 2, the color changed from green to red ( PL max at 597 nm) due to energy transfer between the BNPTU moiety and the fluorescent openedcyclic RhBAM. The FRET efficiency, color, and concentration of the analytes can correlated, as follows. The increased addition of acidic solution caused further color changes: CIE coordinates redshifted from (0.24, 0.61) (deep-green) (pH 7-5), to (0.28, 0.58) (light-green; pH 4), to (0.35, 0.52) (yellow-green; pH 3), and to (0.52, 0.41) (red; pH 2). This indicates that the enhanced FRET efficiency produced by increasing acid concentration caused a large red-shifted color change.Moreover, the P5 ES nanofibers exhibited reversible off-on (green-red) switchable fluorescence emission at pH 12 and pH 2, and the switching process could be repeated at least five times (Figure28(f)). At pH 12, the P5 ES nanofibers exhibited green emission ( PL max at 510 nm) because of the BNPTU moiety and nonfluorescent spirocyclic RhBAM. As the pH changed from 12 to 2, the color changed from green to red ( PL max at 597 nm) because of energy transfer between the BNPTU moiety and the fluorescent opened-cyclic RhBAM. Finally, the color changed back to green when the structure of the RhBAM changed from opened-cyclic to spirocyclic because the energy transfer had stopped. Thus, the P5 ES nanofibers had excellent pH sensitivity for various pH stimuli and high reversibility.

Figure 28 .

 28 Figure 28. (a) Normalized PL spectra of the P1-P5 ES nanofibers in aqueous solutions under pH 2 conditions. CIE coordinates of the P2-P5 ES nanofibers in aqueous solutions under (b) pH 7 and (c) pH 2 conditions. (d) Confocal microscopy images of the ES nanofibers. (e) CIE coordinates of the P5 ES nanofibers in aqueous solutions under pH 7 to 2 conditions. (f) Reversibility of pH-dependent "on-off-on" fluorescence intensity profile of the P5 ES nanofibers. All of the inset figures are corresponding photographs taken under UV light.

Figure 29 .

 29 Figure 29. (a) PL spectra of the P5 ES nanofibers in aqueous solution with Hg 2+ at 10 -3 M and no Hg 2+ (blank) under neutral conditions. (b) PL spectra of the P5 ES nanofibers in Hg 2+ at 10 -4 M in aqueous solution under pH 2 conditions and in aqueous solution without Hg 2+ under both pH 2 and 7 conditions. (c) PL spectra of the P5 ES nanofibers in aqueous solution with Hg 2+ at 10 -5 M under pH 2 conditions and in aqueous solution without Hg 2+ under pH 2 and 7 conditions.

Figure 30 (

 30 Figure 30(a) and Table 2 present the CIE coordinates of P5 ES nanofibers in pH 7 and pH 2 aqueous solutions containing 0-10 -3 M Hg 2+ . All the inset figures in Figure 30(a) are corresponding photographs taken under UV light. The CIE coordinate strongly blue-shifted from (0.24, 0.61) to (0.16, 0.08) when the concentration of Hg 2+was increased from 0 to 10 -3 M under neutral conditions. This was due to the detection of Hg 2+ by BNPTU and resulted in the colors of the P5 ES fibers changing from green to blue. However, the CIE coordinates red-shifted from (0.24, 0.61) to (0.54, 0.41) when the Hg 2+ concentration was 0 M and the solution became acidic; this was due to energy transfer and resulted in a color change from green to red. The addition of Hg 2+ to this acidic solution caused further color changes: CIE coordinates blue-shifted from (0.24, 0.61) (green) to (0.31, 0.26) (purple) for 10 -4 M Hg 2+ , and from (0.24, 0.61) (green) to (0.36, 0.37) (white) for 10 -5 M Hg 2+ aqueous solutions. Visible changes in the fluorescence colors of the P5 ES nanofibers after they were used to absorb Hg 2+ are shown in the inset of Figure 30(a). The confocal microscopy images in Figure 30(b) illustrate the RGB (red-green-blue) full-color emission of the P5 ES nanofibers as different pH values and concentrations of Hg 2+ were considered: green for pH 7 and 0 M Hg 2+ , red for pH 2 and 0 M Hg 2+ , blue for pH 7 and 10 -3 M Hg 2+ , purple for pH 2 and 10 -4 M Hg 2+ , and white for pH 2 and 10 -5 M Hg 2+ (Figure 30(b)). This suggested that an effective switch in the FRET process between the BNPTU (donor) and ringopening RhBAM (acceptor) moieties occurred in the fibers and demonstrated the metalion sensing ability of BNPTU. The tuned and switchable RGB emission of the P5 ES nanofibers enabled them to simultaneously detect pH and Hg 2+ concentration in complete environments.

Figure 30 (

 30 Figure 30 (a) CIE coordinates of the P5 ES nanofibers in aqueous solutions with different Hg 2+ concentrations under pH 2 and pH 7 conditions. Blank refers to solution without Hg 2+ at pH 7. (b) Confocal microscopy images of ES nanofibers. Inset: corresponding photographs taken under UV light.

Figure 31 (

 31 Figure 31(a) and 31(b) show the PL spectra of the P5 ES nanofibers and thin films used to sense various concentrations of Hg 2+ in water solutions, respectively. High Hg 2+ concentrations resulted in a blue shifted spectrum from 510 to 460 nm for both the ES nanofibers and thin films. The lowest detectable Hg 2+ concentrations for the thin films and ES nanofibers were 10 -5 M and 10 -7 M, respectively, suggesting that the ES nanofibers were more sensitive to Hg 2+ . Note that the improved sensitivity for Hg 2+

Figure 31 (

 31 Figure 31 (a) PL dependence on various concentrations of Hg 2+ (C (Hg 2+ )) under neutral conditions: (a) P5 ES nanofibers and (b) P5 thin films. (c) Stern-Volmer plots (460/510) of the P5 nanofibers and thin films on C (Hg 2+ ) measured at ex 380 nm. Inset of (c): enlarged Stern-Volmer plot of the P5 ES nanofibers on C (Hg 2+ ).

Figure 32 .

 32 Figure 32. PL dependence on various concentrations of Hg 2+ (C (Hg 2+ )) under neutral conditions: P5 solutions.

Figure 33 Figure 33 .

 3333 Figure 33. (a) Normalized PL spectra of the P5 ES nanofibers in aqueous solutions containing various metal ions (10 -3 M, pH 7) and no cations (blank). (b) Fluorimetric response (I460/I510) of the P5 ES nanofibers to various cations at 10 -3 M in aqueous solutions under neutral conditions, and corresponding photographs taken under UV light. Inset of (b): fluorimetric response of the P5 ES nanofibers to solutions containing various metal ions at 10 -3 M (as in (b)) but when Hg 2+ at 10 -3 M is also present.

Figure 34 .

 34 Figure 34. (a) Schematic illustration of a probe filter microfluidics system for real-time metal-ion sensing using an ES nanofiber membrane. (b) Relative conductivity versus time of the prepared Hg 2+ solution in the microfluidics system.

  Novel FRET-based RGB full-color-switchable chemoprobes that are able to simultaneously detect pH and Hg 2+ and are based on highly porous fluorescent ES nanofibers were prepared from random synthesized copolymers of poly(MMA-co-BNPTU-co-RhBAM) by using a single-capillary spinneret. The MMA, BNPTU, and RhBAM moieties were designed to have one function each: to be the primary material and maintain the fiber's structure in water; to detect Hg 2+ (FRET donor); and to be pH responsive (FRET acceptor), respectively. The fluorescence emission of BNPTU (FRET donor) within the ES nanofibers was highly selective for Hg 2+ (with green emission in aqueous solutions without Hg 2+ (thiourea-derived) shifting to blue emission in aqueous solutions containing Hg 2+ (imidazoline-derived)). The fluorescence emission of RhBAM (FRET acceptor) within the ES nanofibers was highly selective for pH (nonfluorescent in neutral and alkaline media (spirolactam form) and highly fluorescent with red emission in acidic media (ring-opened acyclic form)). Thus, the off-on FRET switching is easily modulated by adjusting the pH and Hg 2+ concentration of the aqueous solution tested. In an acidic aqueous solution, the emission of the P2-P5 ES nanofibers was green (P2), yellow (P3), orange (P4), and red (P5), where P2-P5 denotes an increasing RhBAM composition ratio. The P5 ES nanofibers exhibited the largest red-shifted Δ max of 87 nm owing to their having the highest RhBAM content, resulting in the largest FRET. Furthermore, we varied the pH and Hg 2+ concentration of the aqueous solutions and discovered the RGB full-color emission of the P5 ES nanofibers, which varied between green, red, blue, purple, and white depending on the particular pH/Hg 2+ -concentration combination. The tuned and switchable RGB emission of the P5 ES nanofibers indicated that they can detect complete environments and sense pH and Hg 2+ concentration simultaneously. Furthermore, the P5 porous ES nanofiber had a higher surface-to-volume ratio than corresponding thin films, which resulted in higher performance. Experimental results obtained using a microfluidics system demonstrated that solution conductivity decreased as flow time increased, indicating that an increasing number of Hg 2+ ions in the solution were absorbed by the P5 porous ES nanofiber membrane. The present study demonstrated that the on-off switching FRET-based full-color-fluorescence porous nanofibrous membranes, which can be used as naked eye probes, have potential for application in multifunctional environment-sensing devices.

  thus, developing sensitive and selective fluorescent chromogenic probes composed of chelating ligands that are used to detect HTM cations in biological and environmental sensory devices is crucial. Colorimetric derivative probes based on 1,8-naphthalimide have been used extensively in fluorescence detection for HTMs such as Hg 2+ , Cd 2+ , and Cu 2+ because of their many excellent optical properties such as high quantum yields and high photo stability.[15][16][17][18][19][20][21] A new fluorescent chemodosimeter, namely a 1,8-naphthalimide-based colorimetric derivative, 1-benzoyl-3-[2-(2-allyl-1,3-dioxo-2,3-dihydro-1Hbenzo[de]isoquinolin-6ylamino)-ethyl]-thiourea (BNPTU), with high selectivity for Hg 2+ in aqueous solutions and based on the reactivity of thiourea derivatives toward Hg 2+ was reported by Liu et al.14 Mercury-triggered intramolecular cyclization of thiourea results in the formation of a highly blue fluorescent naphthalimide derivative, whereas the dosimeter itself fluoresces yellowish green.

(

  PL) intensity and changed-recovered PL colors for sensing various pH levels or metal ions.Poly(acrylic acid) (PAA) is a weak polyelectrolyte often used to change the surface properties of inorganic particles, because of the strong chelation of its numerous carboxyl groups with metal ions. Iron oxide (Fe3O4) nanoparticles (NPs) obtained through a one-pot method with PAA can solve the agglomeration problem.[106][107][108][109] Recently, Liu reported the fabrication of Fe3O4 NP, PAA, and polyvinyl alcohol composite ES nanofibers with a homogeneous dispersion of Fe3O4 NPs and high water resistance.110 In addition, Xu et al. developed a material for industrial wastewater treatment combining polydopamine-coated mesh with PAA. This material not only selectively detects Hg 2+ but also effectively separates oil and water, a process attributed to the hydrophilicity of PAA and the change in mesh wettability based on the chelation between Hg 2+ and PAA.111 However, most studies on polymer-inorganic composites have focused on exploring their physical properties, which have seldom been studied in terms of their combination with metal ions, temperature, and magnetic mulfunctional materials in sensory applications. This paper reports the production of novel multifunctional switchable ES nanofiber sensors from blends of multifunctional copolymers and Fe3O4 NPs. Comprising traditional polymer-inorganic composite ES nanofibers, our chemosensors can simultaneously detect metal ions, temperature, and magnetism.In this study, we developed magnetic fluorescent sensory ES nanofibers by using blends of poly(N-isopropylacrylamide)-co-(N-methylolacrylamide)-co-(acrylic acid) (poly(NIPAAm-co-NMA-co-AA)), fluorescent BNPTU, and Fe3O4 NPs and a singlecapillary spinneret. The nanofibers, which can sense Hg 2+ , temperature, and magnetism simultaneously, were prepared by combining synthesis and electrospinning, and their optical applications and morphological characteristics were analyzed. The process for synthesizing fluorescent BNPTU probes is shown in Figure1. The poly(NIPAAm-co-

  nanofibers and their photophysical properties together with their sensing behavior in aqueous solutions was systematically investigated. The favorable detection of Hg 2+ , temperature, and magnetism demonstrated by the experimental results suggests that ES nanofibrous membranes can be used as naked eye sensors, and have the potential for application in multifunctional environmental sensing devices.

Figure 1 .

 1 Figure 1. Synthesis of BNPTU fluorescent monomer.

Figure 2 .Figure 3 .

 23 Figure 2. Design of multifunctional sensory electro spun (ES) nanofibers synthesized from poly(NIPAAm-co-NMA-co-AA), BNPTU, and Fe3O4 blends with magnetic fluorescence emission. (a) Polymerization and chemical structure of poly(NIPAAm-co-NMA-co-AA), BNPTU, and Fe3O4 particles. (b) Fabrication of ES nanofibers from the blends. (c) Change in the chemical structure of BNPTU in solutions containing Hg 2+ . The fluorescence emission from the ES nanofibers exhibited color changes. A magnet can directly attract the ES nanofibers because of the magnetism of Fe3O4 NPs.

Figure 4 .

 4 Figure 4. Chemical Structures of Monomers for Synthesis of Responsive Polymers.

Figure 5 .(Figure 6 )

 56 Figure 5. Chemical Structures of Functionalized Fluorescent DyesRecently, Seiichi groups reported that using DBDAE monomer copolymerized with the thermo-responsive polymer. The P(DMAPAM-co-NTBAM-co-DBDAE) exhibits significantly increase in fluorescence emission intensity in a aqueous solution as the temperature above the LCST. Thermal annealing induced the phase transition from the collapse and aggregation of polymer chains, and further alter the DBD dyes moieties from being hydrophilic to hydrophobic, which caused considerable increase in quantum yields. Since the presence of pH-sensitive DMAPAM moieties (pKa ∼ 9.8), the P(DMAPAM-co-NTBAM-co-DBDAE) copolymer can be utilized as a pH probe.113 (Figure6) Moreover, the incorporation of DBDAA dyes copolymerizing with thermoresponsive PNIPAM mircrogels, which enhanced the fluorescence intensity performance above the LCST. Hence, the promising results successfully demonstrated that the novel microgel-based thermometer can be integrated for intracellular thermometry.

Figure 6 .

 6 Figure 6. Thermo-responsive P(DMAPAM-co-NTBAM-co-DBDAE) copolymer in aqueous solution serves as a fluorescent molecular thermometer.The strategy for using chemical reaction-based small molecular probes can associated with conventional stimuli-responsive polymers. Hu et al 114 synthesized double hydrophilic block copolymers (DHBCs), PEO-b-P(NIPAM-co-RhBHA) (Figure7). In these system, the RhBHA is designed by detecting Hg 2+ ions. In the absence of Hg 2+ , RhBHA is nonfluorescent in the spirolactam form, whereas addition of Hg 2+ ions lead to ring opening of the corresponding of RhBHA, giving rise to a highly fluorescent acyclic form and a color change from colorless to pink. Furthermore, the thermoresponsive property of PNIPAM moiety and the pH-dependent of RhBHA enable PEOb-P(NIPAM-co-RhBHA) diblock copolymer to serve as multifunctional probes to pH, temperature, and Hg 2+ ions.

Figure 7 .

 7 Figure 7. (a) Schematic for the Synthesis of Rhodamine B-Based Spirolactam Monomer (RhBHA) and (b) Proposed Ring-Opened Mechanism in the Presence of Hg 2+ Ions or Acid Media

Figure 8 .

 8 Figure 8. NPTUA moieties enabling PNIPAM nanogel employed as a ratiometric fluorescent sensor of Hg 2+ ions with enhanced detection sensitivity.

Figure 9 .

 9 Figure 9. Stimulus-responsive membrane triggering in vitro: schema of the proposed mechanism of membrane function.

Figure 10 .

 10 Figure 10. Scheme of stimulus-magnetic-responsive membrane of PTMC-b-PGA polymersomes triggering in magnetic resonance imaging. Huang et al were synthesized the self-assembling, crosslinker-free, and thermosensitive nanocarriers (TSNCs) composed of thermo-sensitive (PEO-PPO-PEO) and polyvinyl alcohol (PVA) block copolymers by the addition of iron oxide nanoparticles and hydrophobic drug molecules via a mini-emulsion process. (Figure 11) The promising results show the magnetic field can induced a temperature change between the 40 °C to 50°C and improved the triggering size contraction and shrinkage from the inner cores, enabling make the nanocarriers collapse. This present working demonstrated that a novel multifunctional nanocarrier exhibited high magnetization behavior, long-circulating and non-cytotoxic efficiency for magnetic resonance imaging (MRI), enabling have a potential to instantly release an anti-epileptic agent under remote control. 122

Figure 11 .

 11 Figure 11. Schematic representation of (a) using PVA to stabilize the F127 to form a stable nanocarrier and (b) the structure of a thermosensitive nanocarrier (TSNC) composed of PVA and F127 with iron oxide nanoparticles and drug encapsulated.
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 5243 33 (a, 2H, -CH2CHCH2-); = 5.λ1 (b, 1H, -CH2CHCH2-); = 4.58 (c, 2H, -CH2CHCH2-); = 8.56 (d, 1H, 7-CH); = 8.03 (e, 1H, 3-CH); = 8.64 (f, 1H, 5-CH); = 7.λ4 (g, 1H, 6-CH ); = 8.45 (h, 1H, 2-CH). Synthesis of 4-(Aminoethylene)amino-N-allyl-1,8-naphthalimide A 25-mL round-bottomed flask was charged with NP-Br (500 mg, 1.57 mmol) and an excess of 1,2-ethylenediamine (8 mL). The reaction mixture was stirred at reflux for 6 h. The residues were dissolved in CH2Cl2 (200 mL) and extracted with water. Finally, 4-(aminoethylene) amino-N-allyl-1,8-naphthalimide (NP-NH2) was obtained as an orange crystal (400 mg, yield: 80%). 1 H-NMR (300 MHz, DMSO-d6, TMS, Figure 12b): = 5.33 (a, 2H, -CH2CHCH2-); = 5.λ1 (b, 1H, -CH2CHCH2-); = 4.58 (c, 2H, -CH2CHCH2-); = 8.56 (d, 1H, 7-CH); = 8.03 (e, 1H, 3-CH); = 8.64 (f, 1H, 5-CH); = 7.λ4 (g, 1H, 6-CH); = 8.45 (h, 1H, 2-CH); = 2.85 (i, 2H, -CH2NH2).

  88 (e + n, 3H, 6-CH; -COCCHCHCHCH-); = 8.72 (f, 1H, 5-CH); = 7.03 (g, 1H, 3-CH); = 8.26 (h, 1H, 2-CH); = 4.02 (i, 2H, -NCH2CH2N-); = 3.λ5 (j, 2H, -NCH2CH2N-); = 11.08 (k, 1H, -CSNH-); = 11.38 (l, 1H, -CONH-); = 7.48 (m, 1H, -COCCHCH-); = 7.λ3 (o, 2H, -COCCH-; -COC(CH)4CH-).

Figure 12 .

 12 Figure 12. 1 H-NMR spectra recorded for (a) BN-Br in CDCl3, (b) BN-NH2 in DMSO-d6, and (c) BNPTU monomer in DMSO-d6.

Figure 13 .

 13 Figure 13. GPC profiles of P1 and P2 copolymers.

  1 H-NMR (300 MHz, DMSO-d6, TMS, Figure14): = 0.82-1.12 (a, 6H, -CH(CH3)2); 1.23-1.46 (h + i, 4H, -CH2CH-, -CH2CH-); 1.84-2.10 (h + i, 2H, -CH2CH-, -CH2CH-,); 5.34-5.53 (b, 1H, -NHCH2OH); 3.71-3.82 (c, 1H,- CH(CH3)2); 7.23-7.59 (e, 1H, -CONHCH-); 7.92-8.14 (f, 1H, -NHCH2OH); 4.36- 4.65 (g, 2H, -NHCH2OH-).

  1 H-NMR (300 MHz, DMSO-d6, TMS, Figure 14): = 0.82-1.12 (a, 6H, -CH(CH3)2); 1.23-1.46 (h + i + j, 6H, -CH2CH-, -CH2CH-, -CH2CH-); 1.84-2.10 (h + i + j, 3H, -CH2CH-,-CH2CH-, -CH2CH-); 5.34-5.53 (b, 1H, -NHCH2OH); 3.71-3.82 (c, 1H, -CH(CH3)2); 11.92-12.05 (d, 1H, -COCH2OH); 7.23-7.59 (e, 1H, -CONHCH-); 7.92-8.14 (f, 1H, -NHCH2OH); 4.36-4.65 (g, 2H, -NHCH2OH-).

Figure 14 .

 14 Figure 14. 1 H-NMR spectrum of poly(NIPAAm-co-NMA-co-AA) in DMSO.

  Figure 14 shows the 1 H-NMR spectrum of poly(NIPAAm-co-NMA) (P1) and poly(NIPAAm-co-NMA-co-AA) (P2). The proton peaks at 7.23-7.59 ppm (Peak e) and 3.71-3.82 ppm (Peak c) correspond to the methylene neighbors of the secondary amine moiety and the alkyl chains on NIPAAm, respectively. The proton peaks at 5.34-5.53 ppm (Peak b), 7.92-8.14 ppm (Peak f), and 4.36-4.65 ppm (Peak g) correspond to the methylene neighbors of the hydroxyl, secondary amine moiety, and alkyl chains on NMA, respectively. The proton peak at 11.92-12.05 ppm (Peak d) corresponds to the methylene neighbor of hydroxyl on the AA in P2. The peak at 0.82-1.12 ppm (Peak a) and those at 1.23-2.1 ppm (Peaks h, i, and j) correspond to the alkyl chains on the copolymers. The copolymer ratios of P1 and P2 were estimated from NMR spectra, and were 81:19 and 72:15:13, respectively. The favorable agreement between the

Figure 16

 16 shows the typical optical transmittance (520 nm) versus temperature curves of P1 and P2, which exhibit thermoresponsive soluble-to-insoluble phase transitions in an aqueous medium. The copolymers are soluble in water below their LCSTs. The LCSTs of P1 and P2 are both approximately 55 °C, slightly higher than that of PNIPAM (32 °C) because of the hydrophilic characteristics of the NMA and AA compounds, as stated in our previous study34 and one other study.123 

Figure 15 .

 15 Figure 15. TGA curves of P1 and P2 copolymers with a heating rate of 10 o C min -1 in a nitrogen atmosphere.

Figure 16 .

 16 Figure 16. Variations in optical transmittance of P1 and P2 in pH 7 water solutions with temperatures between 30 and 65 °C.

Figure 17a

 17a Figure 17aillustrates that BNPTU in CH3CN had a maximum in the UV-Vis absorption peak ( abs max) of 430 nm at pH 7 and emitted green fluorescence under UV light (inset) as it is a fluorescent dye. Figure17bshows variations in the UV-Vis spectra of BNPTU in a CH3CN solution containing various metal ions at a concentration of 10 -5 M (pH 7). The abs max of BNPTU was blueshifted from 430 to 350 nm when the

Figure 17 .

 17 Figure 17. UV-Vis spectra of (a) BNPTU in CH3CN solution (10 -5 M) and (b) variation of UV-Vis spectra of BNPTU CH3CN solution (10 -5 M, pH 7) with different metal ions at 10 -4 M. The corresponding inset figures show the color changes under visible light and 254-nm UV light.

Figure 18 )

 18 Figure18) because the hydrophilic NIPAAm chain swelled in the water. However, these swollen fibers maintained their cylindrical shape and did not dissolve in water, a phenomenon attributed to the efficient chemical cross-linking of the NMA moiety.34 Furthermore, the fiber diameters at 30 °C were greater than those at 60 °C because of the hydrophilic NIPAAm chain, the temperature of which was below the LCST. By contrast, the nanofiber diameters decreased from approximately 1.5 m to 1.0 m as the temperature increased from 30 to 60 °C, due to the temperature of which was above the LCST resulting in the hydrophobic NIPAAm chain.

Figure 18 .

 18 Figure 18. Field-emission scanning electron microscopy (FE-SEM) images of copolymers. (A) P1 and (B) P2 cross-linked nanofibers at 120 °C in a dry state and treated with water at 30 and 60 °C.

Figure 19a and bFigure 19 .

 19 Figure 19a and b shows FE-SEM images and transmission electron microscopy images of the Fe3O4 NPs, respectively. The diameters of the nanoparticles were monodispersed within the range 15-25 nm. Figure 19c shows that the Fe3O4 NPs precipitated out of the solution and dropped to the bottom because of higher density (left image) and then accumulated on the side of the bottle because of a magnetic bar placed next to the bottle (right image), indicating that magnetic Fe3O4 NPs can be absorbed using a magnet. 127

Figure 20a

 20a Figure 20a presents an SEM image of P2-5% ES nanofibers prepared from P2 copolymers blended with Fe3O4 NPs at a 5% weight ratio. The strong stretching force associated with electrospinning induces orientation of these Fe3O4 NPs along the axis of the fiber. The numerous carboxyl groups of PAA in P2 inhibited the aggregation of

  Figure20bshows an SEM image of P2-5% ES nanofibers before elemental mapping, and Figure20cand d shows the corresponding SEM images of P2-5% ES nanofibers after carbon (C) and iron (Fe) elemental mapping, respectively, by using energy dispersive X-ray spectroscopy (EDS). Notably, the C and Fe are contributed by the P2 and Fe3O4 NPs, respectively. The C and Fe mapping images in Figure20b-dindicate that Fe3O4 NPs were present within the P2-5% ES nanofibers because no Fe species remained on the substrate, as shown by the dark region. The Fe content within the P2-5% ES nanofibers was 14.54 wt% as estimated according to the EDS spectrum (Figure20e). Furthermore, the amounts of Fe3O4 NPs within the P2-5% ES nanofibers were confirmed through TGA in an oxygen atmosphere (Figure21). Figure21shows the stages within the temperature range 100-750 °C, including the decomposition of poly(Nmethylolacrylamide)(PNMA) and PAA, and the oxdiation of the Fe3O4 NPs. Weight loss initially occurred below 300 °C, and originated from either the decomposition of noncoordinated carboxyls or the evaporation of trace water. Weight loss that occurred between 300 and 450 °C was caused by the cleaving of PNIPAM chains.109 Finally, the copolymers were degraded and Fe3O4 was completely transformed into Fe2O3 at 700 °C.109 The calculated weight percentage of the remaining content, consisting of carbon residue and Fe2O3, was approximately 14 wt %.

Figure 20 .

 20 Figure 20. (a) SEM image of Fe3O4 NPs blended with nanofibers at a 5% weight ratio. (b) FE-SEM image of P2-5% cross-linked nanofibers in the presence of Fe 3+ . (c,d) Energy dispersive X-ray spectroscopy EDS maps of C and Fe within the confined area in (b). (e) EDS spectrum recorded within the region defined in (b).

Figure 21 .

 21 Figure 21. TGA curves of P2-5% blended with 5 wt% Fe3O4 NP nanofibers with a heating rate of 10 o C min -1 in a nitrogen atmosphere.

Figure 35 Figure 2 M

 352 Figure 22cshows the changes of the fluorescence intensity ratio, I450/I530 (I450 is the fluorescence intensity of BNPTU after the detection of Hg 2+ emission at 537 nm, whereas I530 is the fluorescence intensity of BNPTU before the detection of Hg 2+ emission at 530 nm) of the P2-5% ES nanofibers when subjected to Hg 2+ . As the concentration of Hg 2+ was increased, BNPTU emission at 530 nm gradually decreased, and BNPTU-Hg 2+ emission at 450 nm gradually increased. These changes corresponded to the fluorescence of BNPTU chelated with Hg 2+ ions, causing the I450/I530 to increase from approximately 0.1 to 1.2 as the Hg 2+ ion concentration increased from 0 to 10 -2 M. The P2-5% ES nanofibers exhibited high sensitivity to Hg 2+ ions between 10 -4 and 10 -2 M. Moreover, the titration data of Figure22cshow that the Kd was calculated as 1.58 mM.35 Figure22dshows fluorescence variations in the P2-5% ES nanofibers in a 10 -2 M Hg 2+ environment as the temperature was varied from 30 to 60 °C. At 30 °C, the temperature at which the ES nanofibers chelate Hg 2+ , the PL max was blue shifted substantially from 530 nm (blank, green emission) to 450 nm (blue emission) in the emission spectra. When the temperature was increased from 30 to 45 °C, only a mild decrease in PL intensity at 450 nm ( PL max) was observed, exhibiting almost no change, as shown in the enlarged inset image. However, when the temperature was increased from 45 to 50 °C, a dramatic quenching of the PL intensity of the ES nanofibers was observed. The PL intensity decreased as the temperature increased from 50 to 60 °C, reaching its lowest point at 60 °C. Notably, Figure23shows no changes in the PL intensity of the pristine BNPTU compound as the temperature was increased from 30 to 60 °C because the chemical stability of BNPTU is favorable at room temperature or

Figure 22 .

 22 Figure 22. (a) Photoluminescence (PL) spectra of P1 and P2 nanofibers blended with 10 wt % BNPTU. (b) Comparison of P2-5% nanofibers with different Hg 2+ concentrations between 10 -2 , 10 -3 and 10 -4 M in aqueous solution. (c) Relative fluorescence intensity changes (I450/I530)

Figure 23 .

 23 Figure 23. PL intensity of pristine BNPTU compound under a temperature increase from 30 to 60 °C.

  , indicates the ratio of a PL intensity of 530 nm ( PL, max), corresponding to other metal ions (Hg 2+ , Pb 2+ , Co 2+ , Cd 2+ , Mg 2+ , Ni 2+ , Zn 2+ , Fe 2+ , and Cu 2+ ), to a Pδ intensity of 450 nm ( PL, max), corresponding to Hg 2+ . The presence of Hg 2+ induced the most prominent I450/I530 enhancement (approximately 2.5fold), resulting in blue emission. For all of the other metal ions, the nanofibers exhibited reduced I460/I510 values (approximately 0.1-fold), resulting in green emission (Figure24b). In addition, the fluorescence spectra recorded in the presence of Hg 2+ ions and the other metal ions revealed that none of the other metal ions interfered with the Hg 2+ ion-induced fluorescence enhancement (inset Figure24b), indicating that the sensing of Hg 2+ by the P2-5% ES nanofibers was virtually unaffected by commonly coexisting ions.

Figure 24 .

 24 Figure 24. (a) Variation in the normalized PL spectra of P2-5% ES nanofibers in aqueous solutions with various metal ions (10 -2 M) and no cation (blank). (b) Fluorometric responses (I450/I530) of P2-5% ES nanofibers to various cations at 10 -2 M aqueous solutions. From left to right: Hg 2+ , Pb 2+ , Co 2+ , Cd 2+ , Mg 2+ , Ni 2+ , Zn 2+ , Fe 2+ , and Cu 2+ . All the inset figures show corresponding photographs recorded under UV light. Inset of (b): fluorimetric response of the P2-5% ES nanofibers to solutions containing various metal ions at 10 -2 M (as in (b)) when Hg 2+ at 10 -2

Figure 26 .

 26 Figure 26. (a) Hysteresis loops of P2-5% ES nanofibers (5 wt % Fe3O4 NPs) measured at 25 °C. (b) Schematic of a filter sensory membrane prepared from P2-5% ES nanofibers composed of poly(NIPAAm-co-NMA-co-AA)), BNPTU, and Fe3O4 NPs blends to simultaneously chelate and sense Hg 2+ . A magnet can directly attract the P2-5% ES nanofibers because of the magnetism of Fe3O4 NPs.

Figure 1 :

 1 I. Additive transfer II. Substrate transfer III. Deterministic assembly, respectively. All printing techniques utilize their own specific methods in order to achieve the highest efficiency performance. I. The Figure 1(a) illustrated using

Figure 1 .

 1 Figure 1. Schematic illustrations of three protocols for transfer printing. (a) Additive transfer demonstrate a stamp with "inked" material or physical transfer. Contacting such an inked stamp to a target substrate followed by peel-back effects transfer of material. (b) Subtractive transfer begins with a continuous thin films deposited on a donor substrate. A stamp brought into contact with the film selectively removes material in the areas of contact, leaving behind a patterned film on the donor and transferred material on the stamp. (c) Deterministic assembly involves the stamp contact between the donor substrate and pre-fabricated micro or nanostructures. Peeling

Figure 2 .

 2 Figure 2. The Schematic Diagram of fabricating AgNWs film buried at the surface of PVA matrix. The incompact AgNWs network is consolidated as the PVA is dried.

Figure 3 .

 3 Figure 3. The fabrication of patterned transfer of silver nanowire film. (a) Ag nanowire solution was sprayed uniformly on the patterned PDMS stamp. (b) Schematic diagram of the transfer of Ag nanowire from the patterned PDMS stamp to the target substrate. (c) Photograph of a patterned nanowire film transferred on the PET substrate. The size of each pixel is 1 mm × 1 mm with a spacing of 0.5 mm. Inset shows that the patterned nanowire film is highly transparent on pixel. (d) SEM image of the nanowire network from one pixel.

Figure 1 .

 1 Figure 1. Schematics of the WTP process for AgNW TCEs. (a) (i) Prefabricated sacrificial layer (PVP) and flexible framework (PDMS); (ii) spraying of AgNWs on the top of PDMS after plasma treatment; (iii) transferred nanowire devices on a prehumidification target substrate with a sacrificial layer in between. (b) Corresponding photographs of various nonconventional substrates, including skin, a balloon, a roundbottomed flask, and an elastomeric textile.

Figure 3 .

 3 Figure 3. Visual transparency, electrical properties, and SEM characterization of electrodes. (a) Optical transmittance curves of the AgNW-PDMS electrode prepared with different spray durations as a function of the wavelength. The insets show the average sheet resistance for various spray durations. (b) SEM images of the AgNW-PDMS electrode prepared using various spray durations; the blue arrow indicates apparent welding between AgNWs. (c) σDC/σOp value plotted with sheet resistance and transmittance (at 550 nm). (d) Photographs of various AgNW-PDMS electrodes with corresponding transmittance values of 96%, 92%, and 82%.

Figure 4 .

 4 Figure 4. Application of AgNW-PDMS electrodes in semitransparent and wearable LEDs under extreme deformation. (a) Schematics of bending test. (b) Relative change in the resistances of ITO (thickness 150 nm) on PET (thickness 150 µm), AgNW on PET (thickness 150 µm and 100 µm), and the AgNW-PDMS electrode (thickness 35 µm) with the WTP method as a function of the bending radius. The inset shows a photograph of a folded AgNW-PDMS flexible transparent electrode fabricated using the WTP method with a bending radius of 300 m set for the bending test. (c) Relative change in the resistances of ITO (thickness 150 nm) on PET (thickness 150 µm), AgNW on PET (thickness 100 µm), and the AgNW-PDMS electrode (thickness 35 µm) with the WTP method as a function of bending cycles at a bending radius of 4 mm. (d) Plot of the sheet resistance of the AgNW-PDMS electrode (thickness 35 µm) and photographic image versus bending angles between 0° and 330°. (e) Schematics of the AgNW-PDMS electrode combined with a blue LED circuit on a plastic glove. The inset shows photographs of the blue LED circuit in various folding states. (f) Detection of finger joint motion by the AgNW-PDMS electrode.

  Figure 5d-e.To test this feasibility, we first attached our fabricated deformable AgNW-PDMS electrode onto the surface of a 300m thick latex balloon through the WTP method, which was then subjected to threedimensional (3D) volume expansion and contraction. The device was expanded and contracted when suitably mounted on the balloon surface without observable mechanical delamination. As indicated in Figure5e, AgNW-PDMS electrode conductivity was measured by injection and retraction with a syringe to conduct the cycle test during volume expansion of the balloon from 5 to 30 mL. The device exhibited superior electrical properties with a low ∆R/R0 value, even when the balloon's volume expanded to 112%(30 mL), suggesting that the 3D strain on the AgNW-PDMS electrode underwent negligible resistance changes. Hence, to the best of our knowledge, the present study was the first to demonstrate an AgNW-PDMS electrode applicable to dynamic 3D surfaces for realizing real-time conductivity monitoring. Furthermore, our deformable devices have potential for extensive application in biomedical electronics for sensing and signal-processing circuits.

Figure 5 . 3 - 6 - 3

 5363 Figure 5. Demonstration of real-time conductivity monitor with the deformable AgNW-PDMS electrode. (a) Schematic of the prestretching and releasing strategy with the AgNW-PDMS electrode (prestretch: 20%) based on the WTP method. (b) SEM morphology of the AgNW-PDMS electrode under various strain stretched states from pristine to 20%, 40%, and 50%. (c) Strain-dependent electrical resistance of the AgNW-PDMS electrode with and without prestretching in various stretching tests. (d) Schematic of the deformable AgNW-PDMS electrode fabricated using the WTP method mounted on the dynamic surface of a balloon to realize the cycling test through expansion and contraction. (e) Cycle test of electrical resistance with the AgNW-PDMS electrode attached to the balloon through expansion and contraction. The insets show corresponding photographs of the expansion rate of the balloon from 112%.

Figure 6 .

 6 Figure 6. Schematic of the fabrication process of stretchable textile-based PLECs. (a) Diagram of PLEC device structure based on AgNWs-PDMS electrodes with In-Ga cathodes. (b) Schematic of prestretching and releasing strategy based on the WTP method for integration on elastomeric textiles. (c) Current I-V-L responses of a PLEC device during the stretching and releasing cycle test. (d) EL spectra of the device versus various voltage bias levels. The inset contains a CIE 1931 x-y chromaticity diagram showing the brightness of PFO emission with blue color. (e) Photographs of a stretchable PLEC attached to a prestretched elastomer textile (20%); the images represent the buckle microstructure PLEC (unstrained elastomer) state being stretched to the flat PLEC (stretched elastomer) state.

Figure 7 .

 7 Figure 7. Tapping mode AFM images with height line profiles of the (a) AgNW-PDMS electrode, (b) PEDOT:PSS-AgNW-PDMS electrode. (5 µm × 5 µm)

Figure 1 .

 1 Figure 1. (a) The pressure response of the device in the bent state and response of the device fabricated on a 1.4 m thick PET substrate. (b) Photograph of an integrated sensor array attached to the 3D surface balloon, applied with pressure by a pinching motion. (c) Measured pressure data distribution under complex bending, showing no pressure signal from deformation such as wrinkling. (d) Photograph of a sensor wrapped around an injection needle.

Figure 2 .Figure 3 .

 23 Figure 2. (a) Schematic illustration of the fabrication process for an ultrasensitive and stretchable strain sensor. (b) Relative resistance change versus strain within a 60% strain. (c) The strain sensor served as an electronic skin showing the ability to monitor the motions of the arm muscle.

Figure 3 .

 3 Figure 3. The novelty microstructure of EMCP material (a) Schematic of the structural elasticity of the hollow-sphere-structured PPy. (b) Schematic illustration of the interphase synthesis mechanism of PPy hydrogels with hollow-sphere microstructures. Digital photograph of a PPy hydrogel.

Figure 4 .

 4 Figure 4. Fabrication and resistive pressure response of micro-patterned EMCP films. (a) Schematic illustration of the fabrication micro-patterned EMCP films. (b) Digital photo image of the micro-patterned PPy film. (c) Resistance response and pressure sensitivity of the EMCP pressure sensor, scale bar: 1 cm. The error bars represent one standard deviation. (d) Transient response to the application and removal of a 20mg weight and a flower petal (8 mg) on the micro-patterned EMCP device, the latter corresponding to a pressure of only 0.8 Pa.

Figure 1b .Figure 3 )

 1b3 Figure 1b. As expected, SEBS-1 with a lower fiber thickness yield higher optical transmittance was 91% at 550 nm in Figure 1c and 1g, respectively. The inset Figure 1c also show linearly decrease with the increasing electrospinning time, thereby demonstrating a widely dynamic range for modulating the optical transmittance in various applications. Figure 1d and 1e presents field-emission SEM (FE-SEM) and energy-dispersive spectroscopy (EDS) mapping images of the ES nanofiber at chemically reduced state. As shown in Figure 1d, the individual fiber diameter was 730 nm and bound fiber-to-fiber connections were stabilized with nanoparticles subsequent to their nucleation, thus induces orientation of silver nanoparticles along the axis of SEBS nanofibers with a diameter of 20~40 nm. An EDS elemental mapping image shows that the silver nanoparticles are densely embedded in the surface of fiber, as shown in part e and inset of Figure 1e. Notably, the Ag content within the ES nanofibers was 62.25% as estimated according to the EDS spectrum in the Figure 1f, which is highly revealed the silver nanoparticles are well-dispersed and formed networked percolation within nanofibers. Furthermore, the Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) can further identify the absorption of precursors of SEBS-AgNPs before and after the chemical reduction in (Figure 2 and Figure 3) As shown in Figure 2, the two main peaks at 1130 cm -1 and 1182 cm -1 are attributed to the C-F stretching that indicates the presence of the precursor inside the fibers. Figure 3 presents the X-ray diffraction pattern of SEBS-AgNPs are clearly

Figure 1 .

 1 Figure 1. Schematic diagrams illustration of a skin-like ESSCN resistive pressure sensors: (a) Schematic configuration of tactile sensors with interlocked fibrous structure. (b) SEM images of intermediate SEBS composites prepared with various electrospinning time. (c) Optical transmittance curves of the SEBS composites prepared with various electrospinning time, as a function of the wavelength, respectively. The inset figures show a linear decrease of transmittance at 550 nm with the increasing electrospinning time. (d) SEM images of the conductive composite uniformly with silver nanoparticles after chemical reduction of AgCF3COO. (e) Energy dispersive X-ray spectroscopy EDS maps of Ag within the confined are in (inset). (f) EDS spectrum recorded within the region defined in (e). (g) Photograph of various SEBS composites with corresponding transmittance values of 91%, 74% and 56%.

Figure 2 .

 2 Figure 2. FTIR analysis of the SEBS composite before and after absorption of silver trifluoroacetate (STA) as Ag precursors. Black and red lines indicate results of the pure SEBS and the SEBS-AgNPs absorbing the Ag precursors, respectively. Asymmetric stretching of C-F bonds of the Ag precursors (AgCF3COO) is appeared in the two peaks at 1,126 cm -1 and 1,184 cm -1 .

Figure 3 .

 3 Figure 3. XRD pattern of SEBS and SEBS-AgNPs.

Figure

  Figure4aenable its ability to provide a suitable platform applied to the pressure sensor.

Figure

  Figure 4breveals that various nanofibers time interval are sophisticated dense packing and form three-dimensional with the geometry of FIM on the bottom of SEBS-AgNPs

Figure 4 .

 4 Figure 4. SEM characterization of SEBS composites: (a) Schematic illustration of integrating the fibrous electrode with a dielectric layer forming a sandwich-type composites. (b) SEM images of bottom SEBS-AgNPs electrode was covered by different fiber diameter intervals. (c) Cross-sectional schematic view of laminated composites. (d) Cross-sectional SEM images of the top and side views of a dielectric layer sandwiched by two fibrous electrodes at top and bottom.

Figure 5a -

 5a Figure 5a-c shows the pressure response (that is, press, blue line; release, red line) based on fibrous interlocked-microstructures corresponding to SEBS-1, SEBS-2, and SEBS-3, respectively. The resulting square pressure-sensitive was 1.5 cm 2 in size. Slightly higher resistances were observed with SEBS-1 for the first cycle, the subsequent cycles were reproducible. Based on our design, when no pressure is applied, the sensor is non-conductive and prevent the current flowing due to the AgNPs are not involved in percolation. Upon increasing the pressure, the initial AgNPs are contacted with each other and lead to increased electric current. As expected, SEBS-1 with a lower coverage of fibers yield higher efficiency to achieve the conductivity. Notably, all the SEBS-1, SEBS-2 and SEBS-3 exhibited changes in resistance of up to seven orders of magnitude by applying pressure between 0 and 0.18 kPa, 0 and 6 kPa, and 0 and 26 kPa, respectively. Moreover, Figure5drevealed that the threshold of the resistance switching of SEBS-1, SEBS-2 and SEBS-3 was gradually increased as a function of the coverage of fibers, showing onset detection of pressures at 0.07, 0.75, 10.31 kPa. (Second forward). Figure5eshowed high durability and stability of our ESSCN devices with no hysteresis as demonstrated by multiple cycle tests (100 cycles).All of SEBS-1 to SEBS-3 exhibited the excellent reproducibility and durability with negligible variations in the 100 loading and unloading tests by applying pressure between 0.16 to 0.176 kPa, 5.77 to 6.11 kPa, and 22.02 to 25.69 kPa, thereby demonstrating our ESSCN pressure sensors has both long-term stability and reliability.

Figure 5 .Figure 6 .

 56 Figure 5. Pressure-sensing performance, durability and time-resolved responses: The pressure response for four consecutive measurements of (a) SEBS-1, (b) SEBS-2 and (c) SEBS-3. (d) The comparison of the resistance response and the threshold of resistance switching range of SEBS (second forward). (e) The stability test of the pressure sensor under a varied certain pressure range (0.16 to 0.176 kPa; 5.77 to 6.11 kPa; 22.02 to 25.69 kPa) over 100 loading-unloading cycles. (f) Response time of the SEBS-1 pressure sensor with an applied pressure of 0.18 kPa and exhibited instant response time within 2 ms. (the right figure shows the magnified curve of the left one)

  Figure7a, 7c, and 7e illustrated the shape deformation of the sensors unit with various mechanical stimuli (pressure, strain, and curvature) applied on the electronic skins. To estimate the pressure sensitivity of the sensors, the relative whole resistance change (ΔR/R0) of the sensor unit was calculated on the basis of measured values and potted as the function of applied loading force (F) as shown in Figure7b. The pressure sensitivity S can be defined as the slope of the curve in Figure7b(S= (ΔR/R0)/ F). As shown in Figure7b(that is, press, cycle line; release, triangle line), there are three different kinds of stages observed in the response curve of SEBS-1. The sensor exhibited ultra-high sensitivity of up to 71.07 kPa -1 in the low-pressure region (< 0.06 kPa, Stage I), which is significantly higher than that measured in the high-pressure region (> 0.06 kPa, Stage II). The results show high linearity of R 2 = 0.98, indicating a very high reproducibility of our sensors. Notably, as the pressure is applied with a small loading force, the current increases instantaneously due to the nanofibers are ultrathin and easily deformable. A sharp slope is observed in this period, since the deformation accumulation of ultrathin nanofibers causing a rapid increase in the contact area, resulting in providing a large sheet resistance to reduce the resistance markedly. In stage II (0.063-0.095 kPa), where the nanofibers is being deformed, the average sensitivity was 7.38 kPa -1 , requiring higher pressure to further deform the nanofibers. In stage III (> 0.095 kPa), the sensitivity further reduced to 0.01 kPa -1 as ESSCN membrane has a highly compact structure, requiring large loading force to close the conductive AgNPs in the ESSCN. In comparison, the SEBS-3 has a relatively smaller pressure sensitivity of 0.18 kPa -1 and 0.02 kPa -1 in the low and high pressure range as shown in (Figure8). Another advantage of our ESSCN electronics is the mechanical robustness against bending and stretching forces are schematic illustrated in Figure7dand 7f. The bending stability of the sensor was measured by our previous custom-built with a new bending platform and achieved ultimate flexibility and bending capabilities of the ESSCN electronics. 245 Figure 7d shows the curve of resistive change (ΔR/R0) versus pressure of the sensor were measured before bending and after 100-cycle bending with 3-mm bending radius. The resistive change of the 100-cycle bending results at each pressure show no appreciable degradation in comparison with the as-prepared sensor. The pressure sensor with the geometry of FIM is robust and stable to the repeated loading/unloading and bending cycles based on the above results.

Figure 7f

 7f Figure 7fshows the plots of relative resistance change (ΔR/R0) of the sensor under different tensile strain as a function of loading force. It can be observed that the corresponding sensitivities (S= (ΔR/R0)/ F) at stage I decreased to 130% and 115%

  presents the ESSCN electronics (1 cm × 0.5 cm) was integrated into the RGB-LED wristband and garments for realizing the diverse compelling applications. As illustrated in Figure 5b, we constructed a simple circuit consisting of RGB-LED wristband by connecting a copper wire with ESSCN electronics. The Off-on switching range of the RGB-LED wristband luminance is modulated by the applied pressure, while the predominant color of the light converts from red to blue, reflecting a decrease in voltage of the pressure sensor resulted from the decreased electrical resistance subjected to larger compressive strain. Significantly, our ESSCN electronics with economical, lightweight, and adjustable pressure switch property intuitively display laminated on the skin and garment by changing the intensity and/or colors of the RGB-LED, thereby showing feasibility comprising health-monitoring sensors as demonstrated in Figure 12b.

  Figure 12d presents real-time relative resistance curve of ESSCN electronics over the JVP pulse signals. The ESSCN electronics endow provide high resolution to intuitively display clinical information of JVP pulse signals due to the ultra-sensitive (71.07 kPa -1 ) and fast response time (<2 ms). In general, a typical biphasic waveform of JVP contains important clinical messages which can be derived from three upward and two downward deflections certain characteristic points through the cardiac mechanism.266 As indicated in Figure12e, the three upward deflections consists of"A"(atrial contraction),"C"(right ventricular contraction),"V" (atrial venous filling); while the two downward consists of"X"(the atrium relaxes) and"Y"(opening of the tricuspid valve), which are associated with the previous literature data.266 Such promising results suggest that the ESSCN pressure sensor can delicately collect physical signals, implying its potential to serve as a noninvasive, biocompatible, wearable, and real-time heath-monitoring device for disease diagnosis.

Figure 7 .

 7 Figure 7. Detection of various static mechanical stimuli: (a, c, e) Schematic illustration of the shape deformation of the SEBS-1 pressure sensor under press, stretching, and bending. (b, d, f) The plots of relative resistance change (ΔR/R0) of the sensors as a function of loading force under pressures, bending curvatures, and tensile strains, respectively.

Figure 8 .

 8 Figure 8. The plots of relative resistance change (ΔR/R0) of the SEBS-3 pressure sensor as a function of loading force under pressures.

Figure 9 .

 9 Figure 9. The sensitivities of the sensor under various tensile strain at stage I and stage II, which was obtained from the slopes of the curves in Figure 7f.

Figure 10 .

 10 Figure 10. SEM image of the SEBS-1 and SEBS-3 composites before stretching (inset) and after 70% of the tensile strain.

Figure 11 .

 11 Figure 11. Stress-strain curves of SEBS and SEBS-AgNPs composites.
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137 Chapter 1 RGB-Switchable Porous Electrospun Nanofiber Chemoprobe- filter Prepared from Multifunctional Copolymers for Versatile Sensing of pH and Heavy Metals 1-1 Introduction

  

	Up to date, the heavy metals had been causing worldwide concern due to the rapid
	growth of industrialization. The heavy metals with the high density (above 5 g/cm 3 ) and
	atomic weights between 63.5 and 200.6 are recognized as the metallic elements. Typical
	heavy metals such as cadmium (Cd), cobalt (Co), copper (Cu), mercury (Hg), potassium
	(K), Sodium (Na), aluminium (Al), manganese (Mn), magnesium (Mg), calcium (Ca),
	iron (Fe), zinc (Zn), nickel (Ni), and etc. A few of certain heavy metals (Fe, Mg, K, Zn,
	and etc.) are nutritionally essential for human health under low concentrations. They
	can recognized as activators of enzyme reaction and playing critical roles in human
	physiology such as electron transfer, redox reaction, and structural functions in nucleic
	acid metabolism process. However, even a relatively low concentrations, heavy metal
	exhibit the potential ability to form complexes with biological molecules containing
	oxygen (O), nitrogen (N), and sulfur (S), which can transform structural change and
	break of hydrogen bonds, and therefore may cause the function of human organs
	including the central nervous system (Pb 2+ , Hg 2+ ); skin, bones, or teeth (Cr 3+ , Cd 2+ ,
	Cu 2+

  Perchlorate salts of metal ions (Co 2+ , Cu 2+ , Ca 2+ , Fe 2+ , Mg 2+ , Na + ,

The radical initiator 2,2̛ -azobis(2methylpropionitrile) (AIBN) was purchased from UniRegion Bio-Tech and was recrystallized twice in ethanol prior to use. Rhodamine B (Acros, GR (guaranteed reagent)); acryloyl chloride (Alfa Aesar, 97%); dichloromethane (Tedia, 99.9%); methanol (Tedia, HPLC/SPECTRO); calcium hydride (reagent grade 95%); 4-bromo-1, 8-naphthalic anhydride (95%); benzoyl isothiocyanate (98%); allylamine (98%); 1, 2-ethylenediamine (99%); chloroform (anhydrous, 99%); N,N-dimethylformamide (99%); 1, 4-dioxane (99.5%); acetonitrile (99%); hydrochloric acid (reagent grade 37%); ethanol (99.8%); and hydrazine hydrate (reagent grade, N2H4 50-60 %) were used as received.

  ). The P5 ES nanofibers were completely black and substantially darker than before they sensed Hg 2+ ; this was because Hg 2+ has a high electronic density. Therefore, the P5 ES nanofibers absorbed a substantial amount of

	Hg 2+ because of the BNPTU segment's efficient absorption. Such absorption of Hg 2+
	by BNPTU within ES nanofibers resulted in substantial variations in the photophysical
	properties of ES nanofibers. Similar results were demonstrated in our previous
	studies. 26,35,77

Table 1 .

 1 Polymerization

conditions and molecular weights of poly(NIPAAm-co-NMA-co-AA) random copolymers.

a Molar ratio (%) estimated from 1 H-NMR spectra. b Determined using THF eluent.

Polymer No. Composition a NIPAAm:NMA:AA Mn b PDI Td (°C) LCST (°C ) (in pH = 7)

  

	P1	10:5:0	26,856	2.01	375	54.5
	P2	10:5:3	18,041	1.76	374	58.1

Table 1 .

 1 The number-averaged molecular weights and polydispersity indices (PDIs) of P1 and P2 were26,856 and 2.01, and 18,041 and 1.76, respectively. 

	Notably, Figure 14 shows that the accurate PDI (Mn/Mw) data of P1 were
	26,856/53,980 equal to 2.01 and that of P2 was 18,041/31,752 equal to 1.76. The
	thermal decompositon curves of the prepared polymers are presented in Figure 15. The
	identical thermal decomposition temperature of 210 °C for P1 and P2 is attributable to
	their similar NIPAAm compositions. All decompostion temperatures for P1 and P2
	were higher than 270 °C, and thus, they exhibited favorable and stable thermal
	properties.

Table 1 .

 1 Comparison of the sheet resistance and the optical transmittance between the reported transparent AgNW films and the AgNW-PDMS composite films.

	Mechanical flexibility is another key factor of transparent electrodes for next-
	generation stretchable and wearable electronics. We demonstrated a custom-built
	process with a new bending platform and achieved ultimate flexibility, including the
	bending and folding capabilities of the AgNW-PDMS electrode. As shown in Figure
	4a, the AgNW-PDMS electrode was transferred to the PET substrate through our WTP
	method. Sheet resistance measurements were performed at various bending angles by
	attaching a four-point probe at the corner of each film with copper tape. Figure 4b
	compares changes in the sheet resistance of electrodes, including ITO film (thickness
	150 nm) on PET (thickness 150 µm), AgNW coating on PET substrate (thickness 150
	µm and 100 µm), and AgNW embedded PDMS electrode (thickness 35 µm) with WTP
	method, as a function of the bending radius. (i.e., note that the thickness for AgNW
	films is 5µm). The resistance change is expressed as ∆R/R0, where ∆R is the actual
	change in resistance after bending and R0 is the initial value. As the AgNW-PET
	substrate thickness decrease from 150 µm to 100 µm, the threshold value was declined

Mechanically Robust and Ultra-Sensitive Skin-Inspired Nanofiber- based Resistive Pressure Sensor Based on Fibrous Interlocked Microstructures 4-1 Introduction

  The advantages of the WTP method are that it is facile,

	Chapter 4
	cost-effective, and chemical free and has nearly 100% transfer yield efficiency,
	regardless of transferred materials and feature geometries; these features indicate the
	potential of this method for large-scale production of high-performance devices on
	target substrates. The combination of spray coating and the WTP method provides the The considerable development of the human skin is highly intuitive, requires the
	ability to obtain a stretchable AgNW-PDMS electrode with enhanced electrical and fabrication and implementation of electronic circuits and optoelectronic devices with
	mechanical properties, such as high conductivity (λ Ω/sq, 82% at 550 nm, σDC/σOp ≈ lightweight, cost-effective, and consuming low power, as well as being able to interact
	200), tensile strain (0% to 40%), flexibility (bending radius of less than 2 mm), and with various environments, allowing us to perceive various shapes and textures by
	even superior performance compared with devices fabricated using conventional modulated different temperature or contact pressure. To date, most of researchers have
	methods. Furthermore, we demonstrated that novel flexible textile-based PLECs could been do the huge efforts to dedicate to developing versatile human-interactive devices
	be accessibly fabricated using the stretchable AgNW-PDMS electrode. The via imitating skin-like functions including humidity, tactile, and temperature sensing
	prestretching in the elastomeric textile process provided the buckling microstructure in capabilities, contributing to diverse applications (e.g., soft robotics, medical
	the PLECs, which permitted controllable stretching and releasing cycles and devices). 217-219 Conventional integrated-circuit devices not only rigid and poorly
	contributed to the excellent mechanical robustness of the devices. Moreover, the highest deformable but also incompatibility with curvilinear and soft human bodies, restricting
	luminance intensity of the textile-based PLECs was optimized 58 cd m -2 at 7 V under
	10% linear strain without damaging the electroluminescent properties. Thus, the
	innovative approach based on the WTP technique paves the way for practical
	applications of AgNWs on various arbitrary substrates, thereby furthering the
	development of the WTP technique for integration in novel textile-based PLEC systems.
	This research represents a major step toward the realization of flexible stretchable
	applications in wearable electronics.

Table 1 )

 1 In addition, the pressure sensitivity of the sensor can keep more than 50% of its original value even the tensile strain of sensor electrodes increases up to 70%, enabled exhibiting excellent performance and prolonged usage under the stretched state. Based on its superior performance, the features render our ultrathin ESSCN unique and useful for a variety of e-skin applications where conformable adherence to moving surfaces,

	26,253-255

multiple mechanical stimuli tactile sensing, and monitoring human physiological signals, further advancing e-skin devices towards mimicking the properties and capabilities of human skin.

solution conductivity gradually decreased to 101.4 uS cm -1 . Table 2 contains raw data on the conductivity changes over 20 min, and Figure 25d depicts Ct/C0 (%) versus time (C0: original conductivity at 0 min; Ct: conductivity at time t). The solution conductivity decreased as the flow time increased, indicating that an increasing number of Hg 2+ ions was absorbed by the P2-5% ES nanofiber membrane, yielding less Hg 2+ in the solution.

Thus, the 100% conductivity of the solution in its initial state (0 min) had decreased to Transparent conducting electrodes (TCEs) are essential components and play a pivotal role in various optoelectronic devices such as solar cells, organic light emitting diodes, wearable displays, touch screens. 128,129 To date, the most of scientists are search for the suitable strategy using the transparent conductive materials instead of the indium tinoxide (ITO) since the poor mechanical flexibility, limited supply, high vacuum process of the ITO, which has been restricted its applications in electronics. 130 Several alternative nanostructured transparent conducting materials has been thoroughly explored and have attracted much attention in the past few years, such as graphene, 131 carbon nanotubes (CNTs), 132 and metallic nanowires. 133 In particular, metallic nanowire (MNW) possess high electrical conductivity, superior flexibility, and high optical transparency based on percolating networks characteristics, which can exhibit optoelectronic performances similar to the ITO-based electrodes. Thanks to the superior performance, the AgNWs are widely considered to be the optimal material for application in flexible electronics.

Transfer printing technology (TPT) provides a potentially promising platform for developing the materials assembly and micro-/nanofabrication applications in various optoelectronic devices through the transformational approach. The rapid progress in the recently has expanded the TPT capability in the range of materials for patterning and scope of applications enabled. Since the simplified processing steps, low fabrication costs, and simple patterning procedures enable achieved the various forms of ITO films (thickness 150 nm, 15 Ω/sq) sputtered onto PET substrate with a thickness of 150 µm. All materials were used as received.

3-4-2 Preparation of AgNW Dispersion

AgNWs suspended in IPA at a concentration of 0.66wt% were purchased from Zhejiang Kechuang Inc. Each nanowire was 10-20 m in length and 55-75 nm in diameter, as provided by the supplier. The AgNW solution was diluted with IPA to a concentration of 0.066 mg mL -1 and sonicated for a further 30 min before use.

3-4-3 Fabrication of WTP Stretchable Conductive Electrodes

The PVP (200 mg mL -1 ) was dissolved in methanol and stirred overnight. The polymer solution was deposited on the PET substrate by a spin-coater at 2000 rpm for 30 s. The PDMS solution was mixed with a curing agent at a ratio of 10:1 and stirred for 15 min. To avoid air bubbles in the solution, the solution was placed in a vacuum PDMS serves as a flexible framework between the PVP and AgNWs because of its flexibility, robustness, and transparency property, and it is highly desirable for gripping surface, from polished smooth surfaces to highly rough substrates. Notably, the transfer yield is nearly 100%, regardless of feature geometries and materials. Furthermore, when the WTP method is used to transfer the AgNW-PDMS electrode, the electrical properties of the electrode are preserved owing to the flexible PDMS framework between the substrate after the transfer. In addition, the WTP method is rapid; an AgNW-PDMS electrode can be separated from a donor substrate in 3-4 s in water at room temperature. Finally, we successfully developed a new transfer process that is simple and yields high adhesion to any nonconventional substrate, (Figure 1b). The stretchable conductive electrode was transferred to various target substrates, namely skin, a balloon round-bottomed flask, and an elastomeric textile.

spray coating for a short period reduces the fabrication time and minimizes any possible damage to the substrate. Where Z0 is the impedance of free space (377 Ω), σOp is the optical conductivity and σDC is the DC conductivity of the films, respectively (note that in this expression the DC conductivity, σDC, is taken to be the bulk conductivity, i.e., that of a thick film/network) Generally, transmittance of at least 80% in the visible light range is necessary for a conductor to function with the present electronic device requirements.

Therefore, σDC/σOp at high transmittance is particularly crucial, and corresponds to films with high σDC and low σOp (Figure 3c). The optimum value of σDC/σOp approached as high as 200 for T ≈ 82%. Notably, the transmittance and sheet resistance result was far superior to corresponding results for other reported transparent conductors (Table 1). Moreover, previous reports have suggested that networks of AgNWs yield a value of σDC/σOp ≈ 75. 175 However, such studies have been restricted from optimizing the high value of σDC/σOp by the PDMS stamp transfer method. We speculate that in each such study, the transfer process has a few drawbacks owing to the mechanical and adhesive problem between the AgNWs and polyethylene terephthalate (PET) substrate. By contrast, our spray coating AgNW fabrication technique based on the WTP method not only directly overcame the AgNW adhesion problem but also further optimized the ultrathin diameter with a high aspect ratio and facilitated formation of uniformly interconnected nanowire networks.
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