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The intelligent wearable sensors promote the transformation of the health care from a traditional hospital-centered model to a personal portable device-centered model. There is an urgent need of real-time, multi-functional, and personalized monitoring of various biochemical target substances and signals based on the intelligent wearable sensors for health monitoring, especially wound healing. Under this background, this review article first reviews the outstanding progress in the development of intelligent, wearable sensors designed for continuous, real-time analysis, and monitoring of sweat, blood, interstitial fluid, tears, wound fluid, etc. Second, this paper reports the advanced status of intelligent wound monitoring sensors designed for wound diagnosis and treatment. The paper highlights some smart sensors to monitor target analytes in various wounds. Finally, this paper makes conservative recommendations regarding future development of intelligent wearable sensors.
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INTRODUCTION
The development and design of wearable intelligent sensors have led to excellent potential applications in the fields of public health monitoring and health care. Although this field is in its infancy, the foundational research in the interdisciplinary area of wearable sensing is well established. The preparation of novel devices tends to be tightly integrated with the development of various emerging technologies, including biocompatible materials (He S. et al., 2020); flexible electronics (Zhang et al., 2019); optical and electrochemical sensors (Gao et al., 2016a; Gao et al., 2016b; Nyein et al., 2016); microfluidics (Kim et al., 2020); near-field communication (NFC) (Kim et al., 2015); painless microneedles (Guo et al., 2019; Li et al., 2019); big data; and cloud computing (Yang et al., 2016). In addition, intelligent, wearable sensors are often associated with the human body in the form of tattoos; patches; and gloves or dressings. Live sensing, data recording, and computing have been performed using external devices and portable systems (Wang C. et al., 2018; Ershad et al., 2020; Hanna et al., 2020). Compared with the traditional medical health monitoring that relies on a typical medical infirmary, the intelligent biochemical sensors have attracted ever-increasing attentions for their flexibility, rapidity, biocompatibility, high specificity, and low cost (Kim et al., 2019; Bocchetta et al., 2020; Koralli and Mouzakis, 2021). More importantly, this technology creates two-way feedback between doctors and patients to develop more personalized and scientific health care programs (Hughes, 2008). It can monitor specific information-carrying molecules and signals that are related to human physiology and disease pathology and output data about target analytes to external terminal equipment continuously and in real time, thus aiding in prediction and diagnosis (Dervisevic et al., 2020). Efficient acquisition of target analytes is achieved by collecting biofluids that are naturally secreted by or are part of the human body, including sweat, tears, skin interstitial fluid (IFS), blood, and wound fluids (Kassal et al., 2017; Li and Wen, 2020). Below, we discuss some biofluids for providing physiological and pathological information.
Sweat is the fluid secreted by sweat glands and contains a number of biomolecular and biochemical signaling analytes. Sweat is also a representative source of analytes in the field of intelligent wearable sensors. The analytes include ionic electrolytes (Na+, K+) (Gao et al., 2016a), metabolites (glucose, lactate) (Valdes-Ramirez et al., 2014; Koh et al., 2016), and heavy metal species (copper, iron, zinc) (Sekine et al., 2018).
Blood distributes throughout the body and typically requires being invasively collected prior to analysis and monitoring in wearable sensor devices. Some advanced blood sensing devices have been developed recently for continuous detection of health care (He S. et al., 2020; Hanna et al., 2020).
Interstitial Fluid (ISF) is another source of biomarkers such as protein and glucose in serum and plasma (Koschinsky et al., 2003; Tran et al., 2018). ISF is often collected and analyzed using microneedle patch (Ventrelli et al., 2015).
Tears’ composition is not as complex as that of blood, due to the presence of the blood-tear barrier. Tears often contain analytes similar to other biofluids, including glucose, Na+, and K+ (Tseng et al., 2018). Contact lens-based portable sensors enable tear collection efforts, but sophisticated sensor design concepts are often required (Kim et al., 2017c; Liu et al., 2021).
Wound fluid is derived from various types of skin, mucosal surface or organ tissue injuries and consists of a highly inhomogeneous mixture whose physicochemical markers are assumed to reflect the clinical status of the wound healing (Löffler et al., 2013). The wound biomarkers include biochemical molecules [C-reactive protein, potential hydrogen (pH), glucose, uric acid, etc.] (Pasche et al., 2008; Kassal et al., 2015; Jankowska et al., 2017; Pan et al., 2019), biochemical signals (such as wound temperature, pressure, and redox state) (Farooqui and Shamim, 2016; Sun et al., 2018), and pathogens (such as Pseudomonas aeruginosa) (Brunauer et al., 2021). Wound monitoring is a key challenge for the next generation of smart dressing development.
Wounds are inevitably caused by internal factors (such as chronic diseases) (Siddiqui and Bernstein, 2010) or external factors (such as mechanical and thermal) (Demidova-Rice et al., 2012; Zahedi et al., 2010). It is usually painful for patients to face wounds with stress. It is urgent to develop effective wound management systems and strategies to promote complex wounds healing. The wound healing stages include hemostasis, inflammation, proliferation, and remodeling (Aderibigbe and Buyana, 2018; Gonzalez et al., 2016). Table 1 shows the repair characteristics of the various wound healing stages. Any abnormal or incomplete recovery stage can lead to wound healing delays (Nunan et al., 2014). In clinics, wound-related information indicators are often monitored using visual examination and laboratory analysis of exudate swabs, but the efficiency of this type of wound care is typically low and advanced preventative nursing methods are needed.
TABLE 1 | The four stages of wound healing and their characteristics.
[image: Table 1]The intelligent wearable sensors provide unprecedented data and convenience to support the rational management of patient wounds. These intelligent dressing sensors provide real-time information about wound characteristics for doctors and users. In addition, the collected wound biomarkers data can be transferred to external devices by wireless real-time communication to perform in-situ, multi-parameter, and real-time monitoring and healing of a wound (Foster and Sethares, 2014). Therefore, patients no longer need to bear medical expenses related to wound prevention, care, surgery, and long-term hospitalization.
In this review, we first introduce the latest progress in the application of intelligent wearable senors in the fields of health monitoring via analysis of various biofluids (sweat, blood, interstitial fluid, tears, wound fluid, etc.). Second, for various types of wound models (infected wounds, chronic wounds, and acute wounds), we review the monitoring of various biomarkers (biochemical molecules, biochemical signals, etc.) in wound fluids. Finally, we make concluding comments and conservatively analyze prospects for the future and the limitations of ideal modern wearable devices.
INTELLIGENT WEARABLE SENSORS
In modern medical nursing, the medical characteristics of preventive, predictive, personalized, and participatory medicine (the 4P medical model) are the focus of advanced wearable devices (Lin, 2019). Intelligent wearable medical sensors can accurately sense patient pathophysiological information and monitor patient physiological statuses in real time. Specifically, wearable sensors detect target analytes in various biological body fluids (sweat, interstitial fluid, blood, tears, wound fluid, etc.) in vitro and in vivo for health monitoring (Sturgeon et al., 2008; Jia et al., 2012; Gromov et al., 2013; Broza et al., 2015; Heikenfeld et al., 2019; Shrivastava et al., 2020). These biomarkers include physiological metabolites (Han et al., 2017; Tur-Garcia et al., 2017; Mishra et al., 2018; Choi et al., 2019), small molecules (Munje et al., 2017; Parlak et al., 2018; Li et al., 2021), biochemical factors (Mak et al., 2015), and environmental signals (Pal et al., 2020; Liu et al., 2021; Shi and Wu, 2021). This section systematically summarizes the latest applications of intelligent wearable sensors for monitoring biomarkers in various biofluids (Figure 1) as summarized in Table 2.
[image: Figure 1]FIGURE 1 | Representative examples of intelligent wearable sensors based on biofluids. (A) A wearable tattoo sensor for alcohol detection in sweat (Kim et al., 2016). (B) A flexible electronic skin based on a piezoelectric biosensor matrix for monitoring of lactic acid, glucose, uric acid, and urea (Han et al., 2017). (C) A skin test paper used for vitamin C monitoring (Sempionatto et al., 2020). (D) An intelligent pulse oxygen sensor patch that outputs information such as the blood oxygen, heart rate, and heart rate variability (Kim et al., 2017b). (E) A one-touch-activated blood multidiagnostic system (OBMS) for monitoring blood glucose and cholesterol (Li et al., 2015). (F) A skin-like patch for noninvasive blood glucose monitoring (Chen et al., 2017). (G) A contact lens sensing device for monitoring blood sugar (Kim et al., 2017c). (H) A thermotherapy recessive lens for monitoring IL-1α (Mak et al., 2015). (I) A contact lens sensor capable of continuous intraocular pressure monitoring (Liu et al., 2021). (J) A smart bandage for optical monitoring of pH (Kassal et al., 2017). (K) An intelligent bandage for monitoring the uric acid index in a wound (Kassal et al., 2015). (L) An ionic bioelectronic skin patch for monitoring of temperature, pressure, pH, and electrocardiogram data (Shi and Wu, 2021).
TABLE 2 | Representative new intelligent wearable sensor platforms based on biofluids.
[image: Table 2]Basic Composition and Design Principles for Intelligent Wearable Sensors
Intelligent wearable sensors often exist in biological and chemical-based sensing modes. A typical biochemical sensor includes three essential functional elements: 1) Substrate for integrating complete sensors; 2) A “receptor probe” element that can selectively identify target analytes; 3) A signal output element that converts an event recognized by the receptor into a readable signal (electrochemical mode, optical mode et al.) (Bandodkar and Wang, 2014; Kim et al., 2019). Suitable substrate materials in intelligent wearable sensors often utilized polyethylene terephthalate (PET), polyethylene (PE), and inkjet temporary tattoo paper (Bandodkar et al., 2015; Gao et al., 2016a; Wang J. et al., 2018). However, their poor air permeability and tensile properties limit the miniaturization of the sensors. Biodegradable flexible materials such as cellulose, wool, polyacrylonitrile (PAN) and poly (styrene-butadiene-styrene) (PSBS) fiber are usually more attractive as substrates (Bandodkar et al., 2015; Kim D. et al., 2017; Wu et al., 2017; Marriam et al., 2018).
Selecting and fixing an appropriate receptor probe on the substrate are the most critical step for intelligent wearable sensors, and the design principles are as follows: 1) The substrate used for fixing receptor probe cannot interact with the target analyte; 2) To stabilize the receptor probe on the substrate, it is usually necessary to modify the substrate and probe with appropriate functional groups or introduce intermediate connecting media; 3) The fixation must be reliable, repeatable, and capable of ensuring the biochemical activity of the receptor probe to achieve efficient detection of the target analyte.
Signal output elements can quantify target analytes and provide convertible or intuitive signals, including electrochemical and optical sensing. For example, the target analyte will undergo an oxidation-reduction reaction with the electrode when the electrochemical sensor is working, thereby generating a small current (Curto et al., 2012). Specific enzyme amperometric sensors (lactate oxidase, urate oxidase, and urate oxidase) are often used to monitor lactic acid, uric acid, and lactic acid. The sensor can measure the potential between the working electrode and the reference electrode in the electrochemical cell. The method of conductance measurement usually adopts the mode of field-effect transistor (FET) (Bandodkar et al., 2019). Its sensing principle can be summarized as follows: the channel current between the source and drain of the sensor varies with the charge density which is sensitive to the target material on the surface of the transistor (Sang et al., 2016). If the material used in the channel is graphene, it is called a graphene field-effect transistor (GFET) (Prattis et al., 2021). For example, a peptide nucleic acid (PNA) based GFET quantitatively detected RNA target with the graphene (Tian et al., 2020). The PNA probe with an amine bond frame provided specific binding efficiency to DNA and RNA targets, thus reducing the detection time (Mat Zaid et al., 2017; Movilli et al., 2018). Under the global COVID-19 epidemic background, a team has developed a GFET sensor with an anti-virus spike protein antibody for rapid detection of severe acute respiratory syndrome coronavirus (SARS-CoV-2). The lowest detection limit is 1 fg/ml (Seo et al., 2020).
Electronic sensing devices often require continuous power supply. Optical sensors based colorimetric or fluorescence analysis modes consume almost no energy. Compared with amperometric sensing devices, colorimetric and fluorescent sensors also have the advantages of simple structure, low cost, and portable design without power supply operation (Zhu et al., 2021). For example, fluorescence biosensors consist of excitation light sources (lasers), fluorophore molecules, and photodetectors for fluorescence intensity and spectrum recording (Chen et al., 2017). Among them, fluorophore molecules include small molecules, proteins, nucleic acids, etc., (Jensen, 2012). In addition to the above-mentioned sensing technology, microfluidics technology become prominent in wearable intelligent sensor platforms for reducing samples and solvents (Li et al., 2020; Mejía-Salazar et al., 2020).
Sweat
Sweat is relatively easy to obtain and rich in biochemical information (Such as biomolecules, inorganic salts, metal elements, etc.) for non-invasive monitoring of the wearer’s physiological status. Sempionatto’s team developed a flexible vitamin C tattoo patch sensor to monitor the time distribution of vitamin C levels in sweat by attaching ascorbate oxidase (AAOx) to a flexible, printable tattoo electrode patch (Sempionatto et al., 2020). Excessive cortisol molecules can lead to the development of diabetes, so it is necessary to measure cortisol indicators in the body through a portable method (Jones and Gwenin, 2021). Parlak et al. (2018) reported a wearable senor with a molecularly selective organic electrochemical transistor layer can collect 10–50 μl of sweat at a time and evaluate cortisol levels accurately. Electrolyte imbalance can cause abnormal health conditions of the human body and change the composition of sweat. Nyein et al. (2018) proposed a flexible microfluidic sweat sensor patch (Figure 2A), in which a commercially printed circuit board (PCB) and a sweat rate sensor based on electrochemical and electrical impedance were integrated into the microfluidic channel. The device can be used to monitor Na+ concentration and sweat rate signals simultaneously.
[image: Figure 2]FIGURE 2 | Recent progress of representative intelligent wearable sensors designed for health monitoring. (A) Schematic diagram of the structure and principle of a wearable sweat patch (Nyein et al., 2018). (B) Schematic illustration of the application of a skin tattoo-based wearable alcohol sensor patch to the skin and its wireless sensing principle (Kim et al., 2016). (C) Optical image of a wrist and back of hand based on an electromagnetic wave-sensing wearable device that imitates the vascular anatomy (Hanna et al., 2020). (D) Schematic diagram of a wearable skin biosensor system for non-invasive electrochemical monitoring of glucose in ISF (Chen et al., 2017). (E) Schematic of a contact lens sensing device used to monitor blood glucose and intraocular pressure and its appearance when fitted (Kim et al., 2017c). (F) Schematic diagram of screen printing bandage sensor preparation (Kassal et al., 2015). (G) Schematic illustration of the DoS circuit preparation process and structure (Ershad et al., 2020). (H) Schematic diagram of the structure and operation principle of a wearable flexible monitoring patch that uses ultrasound (Wang C. et al., 2018).
Continuous operation of intelligent sensors usually requires strict energy supply quality (Park S. et al., 2018). Recently, investigators demonstrated that a wearable flexible microarray sensor provided multi-channel real-time detection of trace heavy metals (Zn, Cd, Pb, Cu, and Hg) in sweat (Gao et al., 2016b). Ordinary batteries often suffer from insufficient availability and battery life (Zamarayeva et al., 2017; Zeng et al., 2014). Obtaining energy directly from bioenergy including human body heat and biomoleculars are potential sources of power for the sustainable development of intellegent sensors in the future (Barros, 2013; Dienel and Hertz, 2001). Yu et al. (2020) proposed a biofuel-driven sensing electronic skin that consisted of a multimode sensor and a high-efficiency lactic acid biofuel cell. The lactic acid present in the sweat was catalyzed by the lactate oxidase in the anode of the electronic skin to generate pyruvate, and the cathode reduces the oxygen in the environment to water. The stable current generated in the process could realize the self-powering of the sensor. The electronic skin could also selectively monitor physiological information such as urea, pH, and glucose, as well as body temperature and sweat characteristics in real-time. Unlike using human endogenous biofuels (glucose or lactate secreted by the human body) for power generation, another work reports a flexible portable epidermal biofuel cell based on human exogenous substances (Sun et al., 2021a). The device consists of two parts, one is a sweat transport microfluidic module for sampling, storage and excretion, the other part is a non-invasive real-time biological organism in situ generations of flexible ethanol/oxygen biofuel cell module. The epidermal biofuel cell uses exogenous substances (such as ethanol) instead of endogenous substances as a new generation of promising energy-saving products, which can be used for sweat collection and sweat power generation on the skin of drinkers at the same time. To prevent and monitor unsafe drinking behavior, Kim et al. (2016) developed a wearable alcohol sensor patch based on a skin tattoo (Figure 2B). The patch consisted of an iontophoretic-biosensing temporary tattoo system and flexible electronics. It was coated with the drug pilocarpine. Drugs can be released through the skin in via iontophoresis, which induced the epidermis to produce sweat. Alcohol oxidase and Prussian blue electrode transducer can be used to monitor alcohol molecules in sweat.
Glucose in sweat is reported to be associated with blood glucose metabolism (Talary et al., 2007). Studies have reported an attachable, expandable electrochemical sensor that could continuously monitor blood glucose concentrations and pH changes caused by eating, exercise, or disease for long periods (Oh et al., 2018). Katseli et al. (2021) developed a wearable electrochemical ring (e-ring) to self-test the blood glucose level in human sweat upon connecting the smartphone to a micro-potentiostat by 3D printing technology. Xiao et al. (2019) developed a wearable colorimetric sensor based on a microfluidic chip, in which five microfluidic channels guided sweat into a detection microcavity. Each channel had a check valve to ensure that the reagent could not flow back from the microcavity (Xiao et al., 2019). The colorimetric response of the enzymatic oxidation of o-dianisidine supplied the detection of 0.10–0.50 mM glucose with a detection limit of 0.03 mM in sweat. The field-effect transistor (FET), a new type of sensing device, has attracted substantial attention in the field of sensing because of its low manufacturing cost, industrial production, and high sensitivity (Syu et al., 2018). The principle of a FET biosensor can be summarized as follows: the channel current between the source and drain of the sensor varies with the charge density which is sensitive to the targeted substances on the specific surface of the transistor (Sang et al., 2016). Liu et al. (2018) developed a highly sensitive In2O3 nanobelt based on FET biosensing. It integrated FET biosensors with an on-chip gold side gate and offered good electrical properties on highly flexible substrates (Liu et al., 2018). Further research has shown that the device can detect glucose concentrations in the range of 10 nM–1 mM, and its sensitivity is sufficient to cover the range of abnormal glucose content in human biological fluids caused by diabetes. Although sweat monitoring has many advantages in the field of sensing, problems such as the inability to obtain sweat immediately in winter and easy contamination of sweat are still constraints and challenges for the development of clinical diagnosis.
Although great progress has been made in sweat analysis with intelligent wearable sweat sensors, there are also some key challenges. 1) The perspiration rate is related to the season, so the actual efficacy of the sensor is unstable throughout the year; 2) Sweat is exposed to the outside world when it is secreted, and it is easy to be contaminated, thus affecting the results of sweat analysis. 3) Somatic species lack volume control over sweat evaporation and collection. Solving these problems requires breakthroughs in sweat collection and transportation, such as the development of new materials as well as novel overall encapsulation strategies (Heikenfeld, 2016).
Blood
Blood is the liquid in the circulatory systems of humans and higher animals. It transports oxygen and nutrients (glucose, amino acids, and acids), removes wastes (carbon dioxide, uric acid, lactic acid), and provides immune and information functions. Blood tests contribute to detecting internal health at the level of cytology, and providing reasonable health care suggestions (Hallek et al., 2008; Peters et al., 2004). A variety of devices have been developed to monitor target analytes in blood (Lee et al., 2009; Lee et al., 2011; Zheng et al., 2015). Lochner et al. reported a flexible substrate-compatible sensor composed entirely of organic optoelectronic devices for measuring the human pulse and arterial oxygen partial pressure with errors of 1 and 2%, respectively (Lochner et al., 2014). Li et al. (2015) reported an intelligent one-touch-activated blood multidiagnostic system (OBMS) for detecting the glucose and cholesterol. Within 3 min, one press of the finger started the diagnostic, including human blood collection, red blood cell separation, serum transportation and detection. Liu and Lillehoj (2016) reported a dual electrochemical sensor prepared by embroidery technology with simultaneous detection of glucose and lactate at high-sensitivity. In recent years, wearable devices tend to be miniaturized, battery-free, lightweight, and noninvasive. Kim et al. (2017b) reported a millimeter-scale and battery-free pulse oximeter mounted on the fingernail for capturing quantitative information such as the blood oxygen level, heart rate, and heart rate variability. Another study proposed a blood glucose measurement sensor system based on electromagnetic waves (EM) and integrated it with gloves for noninvasive detection of glucose in the blood (Figure 2C) (Hanna et al., 2020). The working microwave frequency band of the sensor is designed between 500 MHz and 3 GHz. The microwave energy in this frequency range reaches the vessel across the epidermis and muscle tissue layer with high sensitivity, ensuring that the sensor monitors glucose in a wide frequency range. The results of a controlled experiment in diabetic mice and healthy humans showed that the physical characteristic information fed back by the sensor system has a highly linear relationship with the measured blood glucose level (>0.9). The intelligent non-invasive blood glucose monitoring system can avoid the discomfort caused by acupuncture, optimize the patient’s medical experience, and also bring great chances to medical diagnosis and health management. Besides sensor devices driven by biofuel cells used in sweat, Sun et al. (2021b) reported a biofuel cell-driven medical nanodevice used in serum, which includes two parts: a vitamin C sensor chip (iezCard) for self-powered energy and an output chip for signal processing. The iezCard in the device integrates a special Kimwipes (A common laboratory paper) microfluidic channel, which can achieve efficient transmission of the serum to be tested. In addition, the Kimwipes microchannel has a filtering effect on proteins, and the device can directly detect vitamin C from the serum. The device uses a drop of serum to realize the immediate detection of scurvy caused by the lack of vitamin C. In another study, to improve human immunodeficiency virus (HIV) testing, a side-flow detection platform based on microfluidic fuel cells was developed, which includes a biological anode that can be used to oxidize glucose in the blood and a biological cathode that can be used to reduce the transport of oxygen in the air (Dector et al., 2017). The biological anode is composed of methylene blue electropolymerization paper deposited with tetrabutylammonium bromide deionized water, glutaraldehyde, Nafion, and glucose oxidase. The biological cathode is composed of Pt/C on methylene blue electropolymerized paper. This work proves that the fuel cell integrated in HIV side flow detection has considerable real-time testing potential in the energy field. Blood is still the most critical biological fluid in personal health monitoring. To sum up, blood is still an essential biological fluid in personal health monitoring. Its screening can not only provide a basis for disease diagnosis, curative effect diagnosis, and post-medical prediction of the blood system but also provide an essential reference for the diagnosis and treatment of diseases that cause secondary changes in blood composition. It seems excessive to rely on intrusive sensing methods to monitor glucose and vitamin C, as sensors for sweat analysis are also reported to be used for related molecular monitoring. Therefore, blood sensor detection should monitor target analytes not found in other biological fluids—for example, CA125 markers of ovarian cancer and cardiac troponin markers suspected of an acute coronary syndrome (Saorin et al., 2020). Advanced blood sensors will rely on more serious power supply technical problems. Commercial coin batteries are the most widely used but have disadvantages in weight, volume, and rigid mechanical properties. To overcome this problem, the biofuel cell outlined above is considered an effective way to generate electricity in situ.
ISF
ISF is a combination of serum and cellular material, produced via transcapillary filtration of blood and cleared by lymphatic vessels (Wiig and Swartz, 2012). ISF includes small molecular metabolites such as salt, protein, glucose, and ethanol, much like blood (Fogh-Andersen et al., 1995; Tran et al., 2018). Therefore, ISF is an ideal blood substitute for medical health monitoring, as it offers convenient collection, sustainable monitoring, non-coagulation, and good applicability to the field of sensing (Kastellorizios and Burgess, 2015).
Chen et al. (2017) developed a skin-like biosensor system for non-invasive blood glucose monitoring. The system consisted of an ultra-thin, skin-like biosensor and electrochemical twin channels (ETCs) that functioned as a paper battery. ETCs increased the ISF osmotic pressure via iontophoresis and drove glucose in blood vessels to be transported to the skin surface, thus achieving sensitive and accurate glucose monitoring (Figure 2D). In agricultural environments, farmers are often exposed to organophosphorus (OP). Because organophosphorus pesticides are easily absorbed by the skin and highly toxic, there is an urgent need for fast, sensitive, and reliable OP sensing tools. Mishra et al. developed an invisible microneedle sensing system based on organophosphorus hydrolase (OPH) (Mishra et al., 2017). A carbon paste electrode transducer was used to wrap the hollow microneedles and couple the biocatalytic OPH with the sensor. The enzyme reaction products on epidermal sample were sensitized and detected using fast square-wave voltammetry in the presence of OP. Studies have shown that the OPH microneedle sensing system can directly, quickly, and selectively detect methyl paraoxon products in the 20–180 μM range in ISF. Dervisevic et al. reported a type of high-density silicon microneedle array patch for in-situ monitoring of blood in ISF (Dervisevic et al., 2021). Another study proposed an integrated wearable closed-loop system based on mesoporous microneedle iontophoresis with a diabetes treatment system (Li et al., 2021). In addition to the minimally invasive extraction of ISF in the form of microneedles mentioned above, ISF can also be extracted to the skin’s surface by reverse iontophoresis or ultrasonic introduction (Leboulanger et al., 2004; Yu et al., 2012). However, similar to sweat sensing, contamination in the process of collecting ISF will affect the accuracy of sensing, so it is necessary to develop more innovative and refined extraction methods.
Tears
Tears are transparent water forms secreted by lacrimal glands and conjunctival goblet cells. They contain a variety of chemical components, such as water, proteins, electrolytes, sugars, and organic acids (Butovich, 2008; Pankratov et al., 2016). The dynamic balance of the various components within tears ensures the health of individuals. Changes in tear composition can also be used to predict some disease information (Sempionatto et al., 2019). For example, breast cancer patients express a complement protein which is different from non-patients (Evans et al., 2001). Continuous monitoring of tear glucose concentrations can be used in the adjuvant treatment of diabetes (Sen and Sarin, 1980; von Thun und Hohenstein-Blaul et al., 2013). Elevated intraocular pressure is the risk factor for glaucoma and lead to blindness in severe cases (Leonardi et al., 2004; Mansouri et al., 2012; Chen et al., 2013). These indicate analysis of the eye microenvironment including specific analytes in tears is crucial means for long-term, non-invasive monitoring of human health.
Herpes simplex virus serotype-1 (HSV-1) is a major infectious disease that causes blindness in people all over the world (Carr et al., 2001; Streilein et al., 1997). From infection to virus activation and then to disease, patients exhibit signs of corneal scar formation, thinning, neovascularization, etc., accompanied by inflammatory reactions (Hamrah et al., 2010; Liesegang, 2001). Therefore, it is vital to identify and monitor enough biomarkers to predict the pathological state before the virus is activated in the patient. Mak et al. (2015) adopted a facile layer-by-layer (LBL) surface engineering technique to develop a hyperthermic recessive lens with a bifunctional hybrid surface that could be used to interfere with the activity of HSV-1. The contact lenses offered excellent surface wettability and optical transparency, and were non-toxic to human corneal epithelial cells (HCECs). Furthermore, the device promoted high analytical sensitivity to interleukin-1α, and the detection limit was 1.43 pg ml−1. Kim et al. developed a contact lens with a built-in wireless smart sensor (Figure 2E) (Kim et al., 2017c). The contact lenses include highly stretchable, transparent graphene sheets, and metal nanowires, which endowed the glasses with high transparency (>91%) and elongation (∼25%), thus ensuring good eye comfort and visual patency. The intraocular pressure (IOP) was measured by a non-conductive dielectric layer. As the intraocular pressure increasesd the radius of corneal curvature became larger. IOP sensors embedded in contact lenses can detect this and send information to a wireless antenna. In addition, tear glucose monitoring was performed using a highly sensitive FET biosensor. Liu et al. (2021) designed and fabricated an ultra-sensitive contact lens sensor to continuously monitor IOP. The contact lens was formed by compounding a uniform graphene film on a flexible polyimide substrate via face-to-face water transfer technology. Its average sensitivities on silicone eyes and pig eyes were 1.0164 mV mmHg−1 and 3.166 mV mmHg−1, respectively. Another study developed an intelligent flexible contact lens by integrating glucose sensor, wireless energy transmission circuit and wireless sensor signal display (Park J. et al., 2018). The sensor contained graphene channels on which glucose oxidase (GOD) was immobilized. When the channels were soaked with tears, glucose molecules and their reduction products could be oxidized by GOD and oxygen molecules in turn to generate main carriers such as protons and electrons. The density of main carrier was positively correlated with glucose concentration which can be detected by establishing the function of relative change of sensor resistance and glucose concentration. The sensing contact lens can detect tears with glucose concentration greater than 0.9 mM, and the minimum detection concentration is 12.57 μM. Contact lens sensor is a suitable tear monitoring platform. It does not cause any irritation to the eyes but can continuously contact with tears and does not need to provide a liquid collection device based on an ISF analysis sensor (Pankratov et al., 2016). Besides glucose monitoring, non-invasive monitoring with MMP-9 in tears as a nonspecific inflammation analyte may improve the diagnosis of eye inflammation (Chotikavanich et al., 2009; Wei et al., 2013). The levels of tear cytokines Th1 and Th17 are usually associated with dry eye disease (Fujishima et al., 2016). The changes in the content of these potential tear target analytes are consistent with those in the blood, it needs to be further verified whether they follow the tear-blood concentration correlation.
Wound Fluid
Wound management requires optimization by monitoring wound indicators and information-containing molecules in wound fluids. Wearable wound dressings and bandages for real-time monitoring contribute to detecting the wound healing state and evaluating potential follow-up treatments. Changes in uric acid levels are related to the degree of damage to the leg venous ulcer wound and oxidative stress (Fernandez et al., 2012). Kassal’s team prepared uric acid sensor with Prussian blue-carbon electrode on soft dressings by screen printing process, and then combined with a customized wearable potentiostat to develop a smart bandage with wireless capability (Kassal et al., 2015) (Figure 2F). The team also developed an intelligent bandage could optically monitor pH changes at the wound with high precision (Kassal et al., 2017). Pan et al. (2019) developed a simple color-changing fiber sensing material by adding curcumin, a functional biocompatibility indicator, to monitor the pH of a wound in real time. Another study used polyvinyl alcohol (PVA) foams and sodium carboxymethyl cellulose (CMC) nanofibrous membranes as composite substrates filled with stearyl trimethyl ammonium chloride and methylene ammonium bromide to prepare a multilayer net wound dressing (He M. et al., 2020). CMC had certain hemostatic properties because of its irregular reticular structure, while PVA foam had excellent adsorption properties and can repair the wound exudate. Under 650 nm laser irradiation, the killing of bacteria could be achieved by activating the photodynamic reaction of MB and thus generating bactericidal reactive oxygen species. The detailed discussions are in the next section “Detection and Treatment During Wound Healing”.
Intelligent wearable sensor devices can provide real-time information about the state of wound lesions. The wound healing cycle is often long, and the sensors based on wound fluids usually cannot work until the wounds are healed and are easily contaminated. Therefore, it requires a high degree of consistency in the sensor’s detecting performance during the healing process. In addition, the development of the sensor with self-cleaning performance is an exciting research direction, which can reduce the number of sensor replacements, production costs and patient compliance.
Other
In addition to the intelligent bandages and dressings introduced above, wearable sensing devices embedded directly to the surface of the epidermis are another potential future epidermal and wound sensing solution.
In 2014, Hattori et al. (2014) proposed a skin-like epidermal electronic system that could be laminated gently onto the wound and provided accurate real-time monitoring of wound healing in a clinical environment. Several groups of miniature metal resistors in this system could measure the wound surface temperature with multi-mode and high precision. A soft film was covered with miniature metal wires and precision skin temperature measurement and curve determination were achieved using high-end infrared cameras. In addition, the system could record the thermal conductivity of the focus tissue after disinfection. Inspired by the natural structure and function of the skin, Zhao et al. (2019) developed a novel antibacterial conductive hydrogel (PDA@AgNPs/CPHs) made via supramolecular assembly of polydopamine-modified silver nanoparticles (PDA@AgNPs), polyaniline, and polyvinyl alcohol. PDA@AgNPs/CPHs not only offer adjustable mechanical and electrochemical properties, good self-healing ability, and repeatable adhesion, but also can monitor large-scale human movements in real time. Further research revealed that the hydrogel could promote wound healing of a diabetic foot via promotion of angiogenesis when attached to the mouse model of an ulcerated wound. It accelerated collagen deposition, inhibited bacterial growth, and controlled wound infection. In another study, Ershadetal et al. (2020) proposed a new type of biomedical circuit: a super-conformal drawn-on-skin (DoS) electronic device. It could be used to treat skin wounds of arbitrary shape and to track and monitor physiological signals such as muscle signals, the heart rate, and the skin moisture content (Figure 2G). DoS electronic products are directly “written” on human skin using liquid functional ink to form wearable electronic devices that are super-conformal, expandable, and unaffected by movement. In addition, DoS devices offer stable performance during perspiration, capture electrophysiological signals reliably for long periods, adhere well to skin, and are immune to motion artifacts during sensing. After using the DoS electrode to draw circuits on the backs of depilated mice and perform electrical stimulation, it was found that the degree of wound healing was higher in electrically treated mice than that in untreated mice, thus confirming that skin pulse electrical stimulation driven by skin electronics can promote wound healing. Hydrogel-based multi-functional products have gradually become materials of interest for simulation of human skin perception and provision of protection functions. However, there are few cases of hydrogels with conductive sensing functions that work with interfacial interactions between the environment and hydrogel materials (Ge et al., 2020). For this reason, Lei et al. (2021) proposed a new generation of hydrogel ion skin materials with biomimetic ion channels. These materials could achieve signal transmission between biological and abiotic interfaces and are expected to extend simple skin sensory diagnosis to effective treatment in clinical applications (Lei et al., 2021). A more advanced “intelligently adhered” polyelectrolyte hydrogel (QAAH)-ionized skin based on quaternized chitosan (QCS) was reported in another study. It could be used for medical monitoring of multiple physiological signals (temperature, pressure, pH, and ECG) (Shi and Wu, 2021). The thermal response behavior of QAAH was enabled via in-situ polymerization of acrylic acid (AA) monomer in QCS aqueous solution. The pH response behavior is related to the protonation effect of the amino group in QCS. The excellent conductivity, adhesion, and formability are the result of reversible ion association and hydrogen bond physical crosslinking of QAAH. This type of green material, which offers multi-signal resolution and adjustable mechanical and visual effects, has substantial value in clinical medical auxiliary device and intelligent wound management applications. Wang C. et al. (2018) introduced a type of ultrasonic-based wearable flexible monitoring patch that can be in close contact with the skin. It is used for non-invasive, continuous, accurate monitoring of vascular signals in many parts of the human body (Figure 2H). The entire device is assembled layer-by-layer using polyimide, copper electrode, copper/tin electrode, piezoelectric column, and epoxy resin layers. When installed in the human neck, the device can monitor the central blood pressure by capturing the vascular diameters of the carotid artery, internal jugular (int. jugular) vein, and external jugular (ext. jugular) vein. In addition, the device can use a highly directional ultrasound beam to locate the dynamic anterior (ant.) and posterior (post.) walls of blood vessels, and display the corresponding shifting echo radiofrequency signals reflected. This is an example of a new type of conformal telescopic ultrasound equipment that can be used to record a series of key central blood vessel features and is safe and reliable.
There are considerable innovative achievements related to new, intelligent wearable sensors in the field of public health monitoring and medical care. In the future, researchers should focus on the development of multi-functional sensors for all aspects of human physiological information detection and human motion signal tracking. These will help to improve the current medical service and health care system.
DETECTION AND TREATMENT DURING WOUND HEALING
The rate of chronic complex trauma diagnoses increases every year worldwide. Health care institutions and hospitals must invest large amounts of resources in the diagnosis and management of wounds. At the same time, wound refractory symptoms caused by traumatic infection, spontaneous ulcers, and other chronic diseases are becoming increasingly common. Patients must bear costly medical expenses related to wound prevention, care, surgery, and long-term hospitalization (FrykbergRobert and Banks, 2015; Sen et al., 2009). The skin is the human organ with the largest surface area. It serves to regulate the body temperature and repairs itself automatically (Vig et al., 2017). Exudate flows out when the skin is injured. During different stages of wound healing, the exudate may contain various biomolecules (such as potential hydrogen, glucose, uric acid, and glutathione), biochemical factors (such as tumor necrosis factor-α and interleukin-6), and pathogens (such as Pseudomonas aeruginosa). Their concentrations and properties provide key information about the state of the wound. In addition, wound healing is accompanied by changes in several biological signals (redox state, pressure, temperature), which can be used to predict wound development and trauma-related changes. A typical wound monitoring sensor is composed of target analyte identification, signal processing, and signal acquisition elements (Figure 3). Wearable devices based on various sensing modes are widely used to monitor the wound environment and exudate markers (McLister et al., 2014; Steinberg et al., 2016), including screen-printed electrode potential sensing, cyclic voltammetry sensing, linear fast voltammetry sensing, amperometric sensing, and colorimetric sensing (Guinovart et al., 2014; Steinberg et al., 2015; Kafi et al., 2019) (Table 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of the sensing process and integration of the wound monitoring sensor. The target analyte identification element in the wound monitoring sensor can selectively collect various target analytes in different biofluids. The signal processing elements can collect signals using various biochemical sensing formats. The signal acquisition element can process and output analytical results intelligently. The target analytes may include biochemical molecules (potential hydrogen, protein, biomolecules), biochemical signals (temperature, pressure, redox status), and other parameters (pathogens, biochemical factors, physical signs). Sensing formats include colorimetry, fluorescence signal, immunoassay, visual detection, electrochemistry, probe detection, photothermal detection, and Field-effect transistor. Signal acquisition components include pH test strips, computers, tablets, and mobile phones.
TABLE 3 | Representative new intelligent sensor platforms for wound healing.
[image: Table 3]Biochemical Molecules
The levels of various biochemical molecules [C-reactive protein, potential hydrogen (pH), glucose, uric acid, etc.] are dynamic balances in the normal skin. However, the wounds break the healthy balance of various biochemical molecules in skin environment. Specific wound types induce responding changes in the levels of biochemical molecules, and these parameters can provide reliable information for evaluating wound healing. The proteins in the wound exudate are closely related with the symptoms. For example, acute-phase proteins such as C-reactive protein (CRP) indicate the presence of infection when the local concentration increases (James et al., 2000). To facilitate the monitoring of biochemical molecules in wounds, Voirin and colleagues developed responsive hydrogels with functional surfaces to monitor pH changes and CRP concentrations, respectively (Pasche et al., 2008). The pH-responsive hydrogel systerm can continuously monitor the pH of serum with the adjustable pH measurement range. In addition, the hydrogel was marked with the optically sensitive CRP receptor. Specific adsorption of CRP leaded to changes in the interfacial refractive index detected by a spectrometer in real-time wound state. An increase in CRP indicated a serious infection and a decrease indicated the end of infection. Jankowska et al. (2017) developed a fluorescent sensor for simultaneous detection of pH and glucose concentrations. It can be used to distinguish the common and chronic wounds during their early stages (Figure 4A). The sensitivity of pH dye for a chronic wound environment reached the range of 6–8. The metabolic enzyme system sensing can identify low glucose concentrations in the exudate of an artificial wound. To optimize the treatment of wound sensors in chronic and complex wounds, Mirani et al. (2017) proposed a smart hydrogel dressing (GelDerm) with a colorimetric pH sensor and drug-eluting stent. It can perform continuous local release of antibiotics without imposing adverse side effects on other organs based on highly accurate inspection of bacterial infection and visual pH detection (Figure 4B). Cui et al. (2020) developed an intelligent wound dressing of alginate fibers with enhanced antibacterial properties and a visual monitoring of wound healing by continuous pH range detection from 2 to 11. Pal et al. (2018) suggested a simple, low-cost, non-invasive wound detection strategy, and prepared omniphobic paper-based smart bandages (OPSBs) by fixing a reusable wearable potentiostat between the adhesive layer and the absorption pad of a commercial bandage to detect pH and uric acid levels simultaneously and communicate the wound status to users or medical staff via wireless reports. Liu and Lillehoj (2017) utilized embroidery technology to integrate an electrochemical sensor into a flexible cotton gauze for excellent wound evaluation by continuously detecting uric acid (Figure 4C). Roychoudhury et al. (2018) compounded an enzyme potentiometric biosensor onto the soft cloth of a medical bandage via screen printing for sensitive real-time detection of uric acid in wounds as small as 0.5 μl. In addition, the sensing bandage contained a data processing microcontroller for information transmission.
[image: Figure 4]FIGURE 4 | Recent applications of representative intelligent wearable sensors for wound healing. (A) Schematic diagram of a fluorescence sensing system with glucose concentration and pH detection (Jankowska et al., 2017). (B) Schematic diagram of an intelligent hydrogel dressing (GelDerm) with pH sensitive and drug eluting components for treatment of epidermal wounds (Mirani et al., 2017). (C) An electrochemical sensor fabricated on gauze, a wound dressing produced via embroidery, and examples of their application to an elbow (Liu and Lillehoj, 2017). (D) Intelligent electronic temperature sensing dressing composition and principle schematic diagram (Pang et al., 2020). (E) Schematic diagram of a battery-free wireless wound dressing for wound infection monitoring and electronically controlled on-demand wound-site drug delivery (Xu et al., 2021). (F) Flow chart showing the preparation of a flexible, breathable skin-based electronic device with temperature sensing capabilities and temperature-based on-demand drug release (Gong et al., 2019). (G) Schematic diagram of the structure and sensing principle of a flexible wound healing system (FWHS) (Lou et al., 2020). (H) Schematic diagram of a flexible microfluidic multi-immunosensor platform for chronic wound monitoring; a built-in flexible printed circuit board (FPCB) is connected to a wireless portable analyzer and external mobile applications that can be used for patient files, medical records, data records, and data analysis (Gao et al., 2021).
Biochemical Signals
In addition to biochemical molecules for wounds monitoring, biochemical signals (wound temperature, pressure, and redox state) are also significant for wounds detection and treatment. Sun et al. (2018) prepared a sensor dressing to detect redox state changes during wound healing. First, they successfully constructed a redox-sensitive surface-enhanced Raman scattering (SERS) probe by modifying redox-sensitive anthraquinone molecules on gold nano-shells (GNSSs). Then, the SERS probe was attached to the surface of a chitosan film. Finally, the temporal and spatial evolutions of the wound healing redox state were measured via in-situ and non-invasive collection of SERS spectroscopy. The study found that it may be necessary for the redox potential to be minimized during wound healing. Normal wound healing is affected by both the internal pressure of the wound environment and the external pressure exerted by the bandage. The Leal-Junior team proposed a smart bandage based on a highly flexible polymer fiber to evaluate the pressure and pH of the wound area simultaneously (Leal-Junior et al., 2021). The intelligent bandage includes a pH sensitive fiber made from rhodamine B dye-doped polydimethylsiloxane (PDMS) and traditional medical gauze. The low Young’s modulus of the PDMS fiber ensures the high sensitivity of the pressure sensor. The bandage can measure pressures as low as 0.1 kPa and exhibits a highly linear correlation over the 0–0.3 kPa range. Farooqui et al. developed an intelligent bandage using inkjet printing technology to continuously monitor irregular bleeding, pH, and external pressure of the wound (Farooqui and Shamim, 2016). The intelligent bandage assembly includes a disposable tape on which the reusable sensors were printed. The capacitive sensor can detect irregular bleeding-driven changes in the dielectric constant between the electrodes on the two sides of the bandage. Changes in the wound pressure lead to changes in the distance between the electrodes. In addition, the conductivity of the resistive sensor carbon electrode varied with the pH.
Bacterial infection of wounds is an increasingly serious public health problem and imposes large medical and economic burdens. If bacterial reproduction and transfer can be detected and stopped at the early stage, further deterioration of the lesion can be prevented (Ivnitski et al., 1999). Hao et al. (2021) proposed a vancomycin-doped Prussian blue nanoparticle (PB-VANNP) platform that could perform high-sensitivity bacterial detection and avoid secondary pollution by killing bacteria efficiently. The multi-functional nano-platform has the advantages of high sensitivity, low cost, and simple detection. Mostafalu et al. (2018) prepared a smart dressing consisted of two parts: a disposable patch and a reusable pH and temperature sensors with a thermally responsive drug-release bead and a microcontroller. The dressing could indicate the wound state in real time, process sensor data and manage individualized drug release. A recent innovative study demonstrated a drug release dressing controlled by a single exogenous stimulus. The dressing had a double-layer structure in which the upper layer was a flexible electronic device with a temperature sensor and an ultraviolet light-emitting diode encapsulated in polydimethylsiloxane. The lower layer was an ultraviolet (UV)-responsive antibacterial hydrogel (Pang et al., 2020). The wound temperature was monitored continuously using a temperature sensor and transmitted to a foreign terminal device (for example, a smartphone) via Bluetooth. When the wound temperature remained above a preset threshold (for example, 40°C) for a period of time, the infected wound was diagnosed and the integrated UV-LED activated to achieve in-situ antibiotic release in order to inhibit wound infection. This eventually lowered the wound temperature (Figure 4D). This study combined advanced biomaterials with flexible sensors to provide a new dynamic intervention-based therapy strategy. Xu et al. (2021) used flexible electronic processing technology to construct a wireless intelligent dressing to perform in-situ, multi-parameter, and real-time monitoring of a wound and control antibiotic release electronically (Figure 4E). The intelligent dressing can detect changes in physiological parameters such as the pH, uric acid content and temperature of the wound to determine the degree of infection and provide sufficient information for doctors to adjust the treatment plan accurately. The dressing included NFC technology to achieve information transmission and signal processing using external equipment. It can also treat the wound by releasing the antibacterial drug cefazolin on the wound surface by controlling the voltage of the drug delivery module. This wound care management technology can be used widely in the fields of multi-functional and personalized medicine and health care.
A flexible, breathable electronic device with real-time temperature sensing functions was proposed to monitor the infection or inflammation at the wound site and eliminate bacterial infection on demond by a thermally responsive fiber (Gong et al., 2019). The device was assembled from cross-linked electrospun moxifloxacin hydrochloride (MOX) loaded with a thermally responsive poly(N-isopropyl acrylamide-co-N-methylol acrylamide) (C-PNHM) nano-mesh film. The nano-mesh film contained a screen-printed conductive pattern (SC-PNHM) (Figure 4F). Lou et al. (2020) developed a flexible wound healing system (FWHS) to monitor the significant physiological process of wound healing and provide early warning and diagnosis of infection and wound invasion (Figure 4G). The system consisted of a double-layer: the upper layer included a flexible temperature sensor, a power-management circuit and a data processing circuit; the lower layer was composed of a collagen-chitosan dermal substitute. The system displayed good reliability and in vitro biocompatibility, as well as good accuracy, stability, and scalability. Zhang et al. (2021) proposed a flexible, integrated sensing platform (FISP) for monitoring local wound temperature as a reference for early prediction of pathological wound infection. The real-time wound temperature during each infected period was analyzed via multiple logarithmic regression. The higher the local temperature of the wound, the greater the risk of infection with gram-positive bacteria. In addition, the resulting data could be transmitted to the external device via Bluetooth. This work is expected to play an important role in wound diagnosis, remote treatment and artificial intelligence diagnosis.
Other
Although there are researches for monitoring pathogens in wounds and treating infected wounds, the infection detection, and wound treatment are designed for broad-spectrum pathogen detection and inhibition (Lister et al., 2009; Bui et al., 2019; Edwards and Harding, 2004). Blind, untargeted administration will lead to additional side effects. To accurately and quantitatively obtain reliable POCT data such as Pseudomonas aeruginosa (P. aeruginosa), Brunauer et al. (2021) proposed a nucleic-acid lateral flow immunoassay approach to achieve rapid detection of specific infected wound pathogens. First, the gene DNA (gDNA) from the rough cleavage fluid was amplified by beading the pathogen. Then, the amplified product was detected using a nucleic acid lateral flow immunoassay. Rapid process chain analysis of pathogens could be completed via a simple diagnostic process. The time required for P. aeruginosa was less than 30 min and the lowest wound exudate detection limit was 2.1 × 105 CFU/ml. Complex wounds are the result of slow healing due to a variety of environmental and physiological factors. These factors are reflected in the composition of the wound exudate, which includes a dynamic mixture of biochemical factors (cytokines, growth factors) and microorganisms during wound healing (Drinkwater et al., 2002). In order to better monitor potential multivariable pathological factors in chronic wounds and implement more personalized treatment strategies, Gao et al. (2021) proposed a flexible microfluidic multiple immunosensor platform for multivariate analysis of the wound microenvironment at care points (Figure 4H). The sensor system integrated a sensor array, a microflow wound exudate collector, and flexible electronic devices for real-time detection of inflammatory mediators (tumor necrosis factor-α, IL-6, IL-8 and transforming growth factor-β 1), the microbial load (S. aureus) and various physicochemical parameters (temperature and pH). The detection results can be read wirelessly. Thus, the data can be collected, analyzed, and visually referenced using external devices. This approach is expected to produce intelligent auxiliary dressings for clinical treatment and provide more personalized clinical diagnostic information.
As we all know, judging the condition of a wound based on single or partial biochemical information cannot replace standard pathological diagnosis. One cannot infer the wound infection stage and pathogen type using only a single reading of the wound pH, temperature, and pressure. However, the above-mentioned sensing technology designed for wound monitoring and healing can provide preliminary analysis of wound lesions during the window period before pathological diagnosis. This can reduce patient psychological burdens and mental stress. Although a variety of wearable sensor devices were designed for wound window diagnosis, research and development of multi-marker analysis sensor devices are required to provide more comprehensive real-time wound infection and healing information. In the future, an advanced generation of wearable devices will provide users or patients with more comprehensive and accurate real-time physiological information based on molecular or environmental signals and transmit the relevant information to a variety of applications for medical wound and health care management. Before these multi-functional and wearable sensors are used widely in clinics, they must pass a series of scientific and human application tests. There must also be a good understanding of the correlation between sensor information and a medical diagnosis. Therefore, substantial further research on intelligent, wearable sensor devices is required. Future studies may focus on material innovation and the development of a variety of analysis systems. We look forward to exciting new developments in this field shortly, as well as to continuous improvements in patient quality of life and the medical environment.
DISCUSSION, CONCLUSIONS, AND FUTURE RESEARCH
The purpose of this review is to summarize the opportunities provided by the development of intelligent, wearable sensors for healthcare and wound heal. We illustrate how researchers have designed intelligent, wearable sensors to collect and analyze target analytes from various biofluids. In addition to providing a tabulated summary of new biochemical sensing modalities and novel sensing platforms, we highlight the extension of the utility of these new monitoring platforms for assessing human health status and healthcare applications. These include achieving simultaneous monitoring of multiple informative metrics to detect specific diseases and expanding intelligent wearable sensors from the laboratory scale to a more natural clinical setting wherever possible. Since the advent of lab-scale intelligent sensing devices, health monitoring and wearable biochemical sensors have often been linked to the human skin and tissue interface. With the deeper implementation of related studies, other advanced sensing technologies, including microneedle sensing technology, will become an important part of future medical services. The microneedle sensing device can obtain and analyze biofluids painlessly and minimally invasively, which can avoid tissue damage and foreign body reactions to the greatest extent and is quite important for early human health monitoring and disease prevention. In addition, the future design of microneedle sensor needs to pay attention to the following points: After the device is implanted in the epidermis, in addition to monitoring the target analyte, it can also analyze and monitor the inflammatory response that may occur in the body due to the foreign body reaction, which may provide a reference for the development of minimally invasive microneedle devices with more precise and independent monitoring performance. Moreover, larger and more circumscribed improvements, such as the development of rapid, durable, reliable, and miniaturized sensor strategies, will be necessary for clinical analysis and the application of continuous health monitoring to chronic diseases and human health data. Meantime, the integrated analysis-diagnosis-treatment sensor device can provide great convenience for patients with self-care ability.
Although some progress has been made in developing advanced intelligent wearable sensors, there are still a series of challenges as follows: 1) Although most of the sensors with high sensitivity and high precision have good clinical application prospects, the performance of the sensor will degrade with the continuous operation, and the quality of the sensor still needs to be improved. At the same time, when the sensor continues to collect, transport, and analyze biological fluids, it is necessary to improve the reliability of the sensor and the consistency with the relevant target analyte concentration changes, to avoid frequent sensor replacement. 2) The accuracy and sensitivity of the sensor are also related to its surface fouling. If the sensor collects biological fluid with relatively complex components or turbid adhesion (such as pus exudated from infectious wounds), it may affect the regular operation of the sensor. Therefore, developing advanced sensing devices with surface antifouling properties and self-sensing calibration modes (multi-detection modes or multi-analyte sensors) is necessary. 3) Most intelligent wearable sensors can only detect target analytes in common biological fluids. People also need to develop the sensor systems for analysis of more other body fluids. For example, nipple secretion can be obtained directly in a non-invasive way, and the level of hormones and protein contained may strongly correlate with certain diseases. Nipple aspiratefluid steroid hormone levels and plasminogen activator inhibitors can be used as target analytes to detect breast cancer (Shidfar et al., 2016; Shaheed et al., 2017). 4) Some self-powered sensor devices can only meet the operational needs of the sensor itself. However, the sensor needs more energy supplement in data analysis, acquisition, and wireless communication. Therefore, it is urgent to integrate more efficient power supply methods. At present, energy storage devices (supercapacitors) (Wang et al., 2016), organic solar cells (O’Connor et al., 2016), biofuel cells (Jia et al., 2013), thermoelectric generators (Oh et al., 2016), and their composition are integrated to solve this challenge.
In the first half of this article, we chronicled recent advances in wearable intelligent sensing devices for personal healthcare and emphasized their advantages concerning achieving high precision, high sensitivity, and high stability health diagnoses. We gave an overview of various intelligent sensors (patches, dressings, microneedles, tattoos) and the related detection principles (colorimetry, security, probe assay, fluorescent signaling method). Judging from current areas of research interest, advances in microfluidic biosensors and electrochemically integrated sensors are focused on miniaturization design. This greatly enhances biosensor sensitivity, stability, and portability. Colorimetric biosensors are widely used for their visual readout features; wearable chemical and biosensors increasingly tend to energy autonomy. Cheap, simple, efficient wearable sensors can be made via inkjet, screen, and 3D printing technologies. Intelligent, wearable sensors can be used to monitor specially targeted analytes in raw fluids for early detection of human health changes. Blood remains the most authoritative biological fluid for human physical examination and screening. However, additional attention has been paid to more easily available, naturally secreted biofluids (sweat, interstitial fluid, tears, and wound fluid). Sample liquids are collected by an advanced sensor system and analyte information is collected. The results are transmitted to the user’s or patient’s interface either directly or via Bluetooth, NFC, or high-frequency passive RFID to provide appropriate information to patients, users, and doctors. However, the current challenge is that the associated communication often suffers from defects such as a low transmission rate or incompatible equipment. Therefore, other next-generation technologies, such as optical wireless technology, are needed urgently to develop information transmission algorithms and apply them to wearable devices.
The difficulty of nursing complex wounds should not be underestimated. Intelligent wound dressings are needed for diagnosis, treatment, monitoring, practical application, and sensor function. The second half of this paper summarized the application of emerging “smart + connected” wound sensing devices to monitor various target analytes from different types of wound models (i.e., infected, chronic, and acute wounds). It provided a new strategy for scientific wound care and reliable prediction. We believe that there will be more advanced and innovative scientific experiments and methods that can extend the concepts of wearable sensing devices to clinical medicine and health care. By reasonably weighing the public treatment strategies, this type of equipment can help a transition from a profit-based product model to a shared health care model based on the nature of public services. If this trend succeeds, it will be a vital achievement for the health care industry and will help users to have healthy lives.
AUTHOR CONTRIBUTIONS
SC wrote the manuscript. SC, LZ, MH, HA, KS, XW, ZZ, YD, and KZ revised the manuscript. ZG, YD, and YW designed the work of review and revised the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
National Natural Science Foundation of China (21975019), Beijing Science Technology New Star Cross Subject (2018019), Fundamental Research Funds for the Central Universities (FRF-TP-20-019A2, FRF-BR-20-03B), Beijing National Science Foundation (2172039), and the Fundamental Research Funds for the Central Universities and University of Science and Technology Beijing (USTB).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aderibigbe, B., and Buyana, B. (2018). Alginate in Wound Dressings. Pharmaceutics 10, 42. doi:10.3390/pharmaceutics10020042
 Bandodkar, A. J., Jeang, W. J., Ghaffari, R., and Rogers, J. A. (2019). Wearable Sensors for Biochemical Sweat Analysis. Annu. Rev. Anal. Chem. 12, 1–22. doi:10.1146/annurev-anchem-061318-114910
 Bandodkar, A. J., Jia, W., Yardımcı, C., Wang, X., Ramirez, J., and Wang, J. (2015). Tattoo-based Noninvasive Glucose Monitoring: A Proof-Of-Concept Study. Anal. Chem. 87, 394–398. doi:10.1021/ac504300n
 Bandodkar, A. J., and Wang, J. (2014). Non-invasive Wearable Electrochemical Sensors: A Review. Trends Biotechnol. 32, 363–371. doi:10.1016/j.tibtech.2014.04.005
 Barros, L. F. (2013). Metabolic Signaling by Lactate in the Brain. Trends Neurosciences 36, 396–404. doi:10.1016/j.tins.2013.04.002
 Bocchetta, P., Frattini, D., Ghosh, S., Mohan, A. M. V., Kumar, Y., and Kwon, Y. (2020). Soft Materials for Wearable/flexible Electrochemical Energy Conversion, Storage, and Biosensor Devices. Materials 13, 2733. doi:10.3390/ma13122733
 Broza, Y. Y., Mochalski, P., Ruzsanyi, V., Amann, A., and Haick, H. (2015). Hybrid Volatolomics and Disease Detection. Angew. Chem. Int. Ed. 54, 11036–11048. doi:10.1002/anie.201500153
 Brunauer, A., Verboket, R. D., Kainz, D. M., von Stetten, F., and Früh, S. M. (2021). Rapid Detection of Pathogens in Wound Exudate via Nucleic Acid Lateral Flow Immunoassay. Biosensors 11, 74. doi:10.3390/bios11030074
 Bui, U. T., Finlayson, K., and Edwards, H. (2019). The Diagnosis of Infection in Chronic Leg Ulcers: A Narrative Review on Clinical Practice. Int. Wound J. 16, 601–620. doi:10.1111/iwj.13069
 Butovich, I. A. (2008). On the Lipid Composition of Human Meibum and Tears: Comparative Analysis of Nonpolar Lipids. Invest. Ophthalmol. Vis. Sci. 49, 3779–3789. doi:10.1167/iovs.08-1889
 Caliò, A., Dardano, P., Di Palma, V., Bevilacqua, M. F., Di Matteo, A., Iuele, H., et al. (2016). Polymeric Microneedles Based Enzymatic Electrodes for Electrochemical Biosensing of Glucose and Lactic Acid. Sensors Actuators B: Chem. 236, 343–349. doi:10.1016/j.snb.2016.05.156
 Carr, D. J. J., Härle, P., and Gebhardt, B. M. (2001). The Immune Response to Ocular Herpes Simplex Virus Type 1 Infection. Exp. Biol. Med. (Maywood) 226, 353–366. doi:10.1177/153537020122600501
 Chen, G.-Z., Chan, I.-S., and Lam, D. C. C. (2013). Capacitive Contact Lens Sensor for Continuous Non-invasive Intraocular Pressure Monitoring. Sensors Actuators A: Phys. 203, 112–118. doi:10.1016/j.sna.2013.08.029
 Chen, Y., Lu, S., Zhang, S., Li, Y., Qu, Z., Chen, Y., et al. (2017). Skin-like Biosensor System via Electrochemical Channels for Noninvasive Blood Glucose Monitoring. Sci. Adv. 3, e1701629. doi:10.1126/sciadv.1701629
 Choi, J., Bandodkar, A. J., Reeder, J. T., Ray, T. R., Turnquist, A., Kim, S. B., et al. (2019). Soft, Skin-Integrated Multifunctional Microfluidic Systems for Accurate Colorimetric Analysis of Sweat Biomarkers and Temperature. ACS Sens. 4, 379–388. doi:10.1021/acssensors.8b01218
 Chotikavanich, S., de Paiva, C. S., Li, D. Q., Chen, J. J., Bian, F., Farley, W. J., et al. (2009). Production and Activity of Matrix Metalloproteinase-9 on the Ocular Surface Increase in Dysfunctional Tear Syndrome. Invest. Ophthalmol. Vis. Sci. 50, 3203–3209. doi:10.1167/iovs.08-2476
 Ciui, B., Martin, A., Mishra, R. K., Brunetti, B., Nakagawa, T., Dawkins, T. J., et al. (2018). Wearable Wireless Tyrosinase Bandage and Microneedle Sensors: Toward Melanoma Screening. Adv. Healthc. Mater. 7, 1701264. doi:10.1002/adhm.201701264
 Cui, L., Hu, J.-j., Wang, W., Yan, C., Guo, Y., and Tu, C. (2020). Smart Ph Response Flexible Sensor Based on Calcium Alginate Fibers Incorporated with Natural Dye for Wound Healing Monitoring. Cellulose 27, 6367–6381. doi:10.1007/s10570-020-03219-1
 Curto, V. F., Fay, C., Coyle, S., Byrne, R., O’Toole, C., Barry, C., et al. (2012). Real-time Sweat Ph Monitoring Based on a Wearable Chemical Barcode Micro-fluidic Platform Incorporating Ionic Liquids. Sensors Actuators B: Chem. 171-172, 1327–1334. doi:10.1016/j.snb.2012.06.048
 Dector, A., Galindo-de-la-Rosa, J., Amaya-Cruz, D. M., Ortíz-Verdín, A., Guerra-Balcázar, M., Olivares-Ramírez, J. M., et al. (2017). Towards Autonomous Lateral Flow Assays: Paper-Based Microfluidic Fuel Cell inside an Hiv-Test Using a Blood Sample as Fuel. Int. J. Hydrogen Energ. 42, 27979–27986. doi:10.1016/j.ijhydene.2017.07.079
 Demidova-Rice, T. N., Hamblin, M. R., and Herman, I. M. (2012). Acute and Impaired Wound Healing. Adv. Skin Wound Care 25, 304–314. doi:10.1097/01.ASW.0000416006.55218.d0
 Dervisevic, M., Alba, M., Prieto-Simon, B., and Voelcker, N. H. (2020). Skin in the Diagnostics Game: Wearable Biosensor Nano- and Microsystems for Medical Diagnostics. Nano Today 30, 100828. doi:10.1016/j.nantod.2019.100828
 Dervisevic, M., Alba, M., Yan, L., Senel, M., Gengenbach, T. R., Prieto‐Simon, B., et al. (2021). Transdermal Electrochemical Monitoring of Glucose via High‐Density Silicon Microneedle Array Patch. Adv. Funct. Mater. , 2009850. doi:10.1002/adfm.202009850
 Dienel, G. A., and Hertz, L. (2001). Glucose and Lactate Metabolism during Brain Activation. J. Neurosci. Res. 66, 824–838. doi:10.1002/jnr.10079
 Drinkwater, S. L., Smith, A., and Burnand, K. G. (2002). What Can Wound Fluids Tell Us about the Venous Ulcer Microenvironment?Int. J. Low Extrem Wounds 1, 184–190. doi:10.1177/153473460200100307
 Edwards, R., and Harding, K. G. (2004). Bacteria and Wound Healing. Curr. Opin. Infect. Dis. 17, 91–96. doi:10.1097/00001432-200404000-00004
 Ershad, F., Thukral, A., Yue, J., Comeaux, P., Lu, Y., Shim, H., et al. (2020). Ultra-conformal Drawn-On-Skin Electronics for Multifunctional Motion Artifact-free Sensing and point-of-care Treatment. Nat. Commun. 11, 3823. doi:10.1038/s41467-020-17619-1
 Evans, V., Vockler, C., Friedlander, M., Walsh, B., and Willcox, M. D. (2001). Lacryglobin in Human Tears, a Potential Marker for Cancer. Clin. Exp. Ophthalmol. 29, 161–163. doi:10.1046/j.1442-9071.2001.00408.x
 Farooqui, M. F., and Shamim, A. (2016). Low Cost Inkjet Printed Smart Bandage for Wireless Monitoring of Chronic Wounds. Sci. Rep. 6, 28949. doi:10.1038/srep28949
 Fernandez, M. L., Upton, Z., Edwards, H., Finlayson, K., and Shooter, G. K. (2012). Elevated Uric Acid Correlates with Wound Severity. 9, 139–149. doi:10.1111/j.1742-481X.2011.00870.x
 Fogh-Andersen, N., Altura, B. M., Altura, B. T., and Siggaard-Andersen, O. (1995). Composition of Interstitial Fluid. Clin. Chem. 41, 1522–1525. doi:10.1093/clinchem/41.10.1522
 Foster, M. V., and Sethares, K. A. (2014). Facilitators and Barriers to the Adoption of Telehealth in Older Adults. Comput. Inform. Nurs. 32, 523–533. doi:10.1097/CIN.0000000000000105
 Frykberg, R. G., and Banks, J. (2015). Challenges in the Treatment of Chronic Wounds. Adv. Wound Care 4, 560–582. doi:10.1089/wound.2015.0635
 Fujishima, H., Okada, N., Matsumoto, K., Fukagawa, K., Igarashi, A., Matsuda, A., et al. (2016). The Usefulness of Measuring Tear Periostin for the Diagnosis and Management of Ocular Allergic Diseases. J. Allergy Clin. Immunol. 138, 459–467. doi:10.1016/j.jaci.2015.11.039
 Furie, B., and Furie, B. C. (2008). Mechanisms of Thrombus Formation. N. Engl. J. Med. 359, 938–949. doi:10.1056/NEJMra0801082
 Gao, J., Huang, W., Chen, Z., Yi, C., and Jiang, L. (2019a). Simultaneous Detection of Glucose, Uric Acid and Cholesterol Using Flexible Microneedle Electrode Array-Based Biosensor and Multi-Channel Portable Electrochemical Analyzer. Sensors Actuators B: Chem. 287, 102–110. doi:10.1016/j.snb.2019.02.020
 Gao, W., Emaminejad, S., Nyein, H. Y. Y., Challa, S., Chen, K., Peck, A., et al. (2016a). Fully Integrated Wearable Sensor Arrays for Multiplexed In Situ Perspiration Analysis. Nature 529, 509–514. doi:10.1038/nature16521
 Gao, W., Nyein, H. Y. Y., Shahpar, Z., Fahad, H. M., Chen, K., Emaminejad, S., et al. (2016b). Wearable Microsensor Array for Multiplexed Heavy Metal Monitoring of Body Fluids. ACS Sens. 1, 866–874. doi:10.1021/acssensors.6b00287
 Gao, Y., Nguyen, D. T., Yeo, T., Lim, S. B., Tan, W. X., Madden, L. E., et al. (2021). A Flexible Multiplexed Immunosensor for point-of-care In Situ Wound Monitoring. Sci. Adv. 7, eabg9614. doi:10.1126/sciadv.abg9614
 Gao, Z., Golland, B., Tronci, G., and Thornton, P. D. (2019b). A Redox-Responsive Hyaluronic Acid-Based Hydrogel for Chronic Wound Management. J. Mater. Chem. B 7, 7494–7501. doi:10.1039/c9tb01683j
 Ge, G., Lu, Y., Qu, X., Zhao, W., Ren, Y., Wang, W., et al. (2020). Muscle-inspired Self-Healing Hydrogels for Strain and Temperature Sensor. ACS Nano 14, 218–228. doi:10.1021/acsnano.9b07874
 Gong, M., Wan, P., Ma, D., Zhong, M., Liao, M., Ye, J., et al. (2019). Flexible Breathable Nanomesh Electronic Devices for On‐Demand Therapy. Adv. Funct. Mater. 29, 1902127. doi:10.1002/adfm.201902127
 Gonzalez, A. C. d. O., Costa, T. F., Andrade, Z. d. A., and Medrado, A. R. A. P. (2016). Wound Healing - a Literature Review. Bras. Dermatol. 91, 614–620. doi:10.1590/abd1806-4841.20164741
 Gromov, P., Gromova, I., Olsen, C. J., Timmermans-Wielenga, V., Talman, M.-L., Serizawa, R. R., et al. (2013). Tumor Interstitial Fluid - A Treasure Trove of Cancer Biomarkers. Biochim. Biophys. Acta (Bba) - Proteins Proteomics 1834, 2259–2270. doi:10.1016/j.bbapap.2013.01.013
 Guinovart, T., Valdés-Ramírez, G., Windmiller, J. R., Andrade, F. J., and Wang, J. (2014). Bandage-based Wearable Potentiometric Sensor for Monitoring Wound pH. Electroanalysis 26, 1345–1353. doi:10.1002/elan.201300558
 Guo, S., and Dipietro, L. A. (2010). Factors Affecting Wound Healing. J. Dent Res. 89, 219–229. doi:10.1177/0022034509359125
 Guo, S., Lin, R., Wang, L., Lau, S., Wang, Q., and Liu, R. (2019). Low Melting point Metal-Based Flexible 3d Biomedical Microelectrode Array by Phase Transition Method. Mater. Sci. Eng. C 99, 735–739. doi:10.1016/j.msec.2019.02.015
 Gurtner, G. C., Werner, S., Barrandon, Y., and Longaker, M. T. (2008). Wound Repair and Regeneration. Nature 453, 314–321. doi:10.1038/nature07039
 Hallek, M., Cheson, B. D., Catovsky, D., Caligaris-Cappio, F., Dighiero, G., Döhner, H., et al. (2008). Guidelines for the Diagnosis and Treatment of Chronic Lymphocytic Leukemia: a Report from the International Workshop on Chronic Lymphocytic Leukemia Updating the National Cancer Institute-Working Group 1996 Guidelines. Blood 111, 5446–5456. doi:10.1182/blood-2007-06-093906
 Hamrah, P., Cruzat, A., Dastjerdi, M. H., Zheng, L., Shahatit, B. M., Bayhan, H. A., et al. (2010). Corneal Sensation and Subbasal Nerve Alterations in Patients with Herpes Simplex Keratitis. Ophthalmology 117, 1930–1936. doi:10.1016/j.ophtha.2010.07.010
 Han, W., He, H., Zhang, L., Dong, C., Zeng, H., Dai, Y., et al. (2017). A Self-Powered Wearable Noninvasive Electronic-Skin for Perspiration Analysis Based on Piezo-Biosensing Unit Matrix of Enzyme/zno Nanoarrays. ACS Appl. Mater. Inter. 9, 29526–29537. doi:10.1021/acsami.7b07990
 Hanna, J., Bteich, M., Tawk, Y., Ramadan, A. H., Dia, B., Asadallah, F. A., et al. (2020). Noninvasive, Wearable, and Tunable Electromagnetic Multisensing System for Continuous Glucose Monitoring, Mimicking Vasculature Anatomy. Sci. Adv. 6, eaba5320. doi:10.1126/sciadv.aba5320
 Hao, Z., Lin, X., Li, J., Yin, Y., Gao, X., Wang, S., et al. (2021). Multifunctional Nanoplatform for Dual-Mode Sensitive Detection of Pathogenic Bacteria and the Real-Time Bacteria Inactivation. Biosens. Bioelectron. 173, 112789. doi:10.1016/j.bios.2020.112789
 Hattori, Y., Falgout, L., Lee, W., Jung, S.-Y., Poon, E., Lee, J. W., et al. (2014). Multifunctional Skin-like Electronics for Quantitative, Clinical Monitoring of Cutaneous Wound Healing. Adv. Healthc. Mater. 3, 1597–1607. doi:10.1002/adhm.201400073
 He, M., Ou, F., Wu, Y., Sun, X., Chen, X., Li, H., et al. (2020a). Smart Multi-Layer Pva Foam/Cmc Mesh Dressing with Integrated Multi-Functions for Wound Management and Infection Monitoring. Mater. Des. 194, 108913. doi:10.1016/j.matdes.2020.108913
 He, S., Feng, S., Nag, A., Afsarimanesh, N., Han, T., and Mukhopadhyay, S. C. (2020b). Recent Progress in 3d Printed Mold-Based Sensors. Sensors 20, 703. doi:10.3390/s20030703
 Heikenfeld, J., Jajack, A., Feldman, B., Granger, S. W., Gaitonde, S., Begtrup, G., et al. (2019). Accessing Analytes in Biofluids for Peripheral Biochemical Monitoring. Nat. Biotechnol. 37, 407–419. doi:10.1038/s41587-019-0040-3
 Heikenfeld, J. (20162016). Non-invasive Analyte Access and Sensing through Eccrine Sweat: Challenges and Outlook Circa 2016. Electroanalysis 28, 1242–1249. doi:10.1002/elan.201600018
 Hughes, R. (2008). Patient Safety and Quality: An Evidence-Based Handbook for Nurses. Rockville, MD: Agency for Healthcare Research and Quality. 
 Ivnitski, D., Abdel-Hamid, I., Atanasov, P., and Wilkins, E. (1999). Biosensors for Detection of Pathogenic Bacteria. Biosens. Bioelectron. 14, 599–624. doi:10.1016/S0956-5663(99)00039-1
 James, T. J., Hughes, M. A., Cherry, G. W., and Taylor, R. P. (2000). Simple Biochemical Markers to Assess Chronic Wounds. Wound Repair Regen. 8, 264–269. doi:10.1046/j.1524-475x.2000.00264.x
 Jankowska, D. A., Bannwarth, M. B., Schulenburg, C., Faccio, G., Maniura-Weber, K., Rossi, R. M., et al. (2017). Simultaneous Detection of Ph Value and Glucose Concentrations for Wound Monitoring Applications. Biosens. Bioelectron. 87, 312–319. doi:10.1016/j.bios.2016.08.072
 Jensen, E. C. (2012). Use of Fluorescent Probes: Their Effect on Cell Biology and Limitations. Anat. Rec. 295, 2031–2036. doi:10.1002/ar.22602
 Jia, M., Belyavskaya, E., Deuster, P., and Sternberg, E. M. (2012). Development of a Sensitive Microarray Immunoassay for the Quantitative Analysis of Neuropeptide Y. Anal. Chem. 84, 6508–6514. doi:10.1021/ac3014548
 Jia, W., Valdés-Ramírez, G., Bandodkar, A. J., Windmiller, J. R., and Wang, J. (2013). Epidermal Biofuel Cells: Energy Harvesting from Human Perspiration. Angew. Chem. Int. Ed. 52, 7233–7236. doi:10.1002/anie.201302922
 Jones, C., and Gwenin, C. (2021). Cortisol Level Dysregulation and its Prevalence-Is it Nature's Alarm Clock?Physiol. Rep. 8, e14644. doi:10.14814/phy2.14644
 Kafi, M. A., Paul, A., Vilouras, A., Hosseini, E. S., and Dahiya, R. S. (2020). Chitosan-graphene Oxide-Based Ultra-thin and Flexible Sensor for Diabetic Wound Monitoring. IEEE Sensors J. 20, 6794–6801. doi:10.1109/JSEN.2019.2928807
 Kassal, P., Kim, J., Kumar, R., de Araujo, W. R., Steinberg, I. M., Steinberg, M. D., et al. (2015). Smart Bandage with Wireless Connectivity for Uric Acid Biosensing as an Indicator of Wound Status. Electrochemistry Commun. 56, 6–10. doi:10.1016/j.elecom.2015.03.018
 Kassal, P., Zubak, M., Scheipl, G., Mohr, G. J., Steinberg, M. D., and Murković Steinberg, I. (2017). Smart Bandage with Wireless Connectivity for Optical Monitoring of Ph. Sensors Actuators B: Chem. 246, 455–460. doi:10.1016/j.snb.2017.02.095
 Kastellorizios, M., and Burgess, D. J. (2015). Continuous Metabolic Monitoring Based on Multi-Analyte Biomarkers to Predict Exhaustion. Sci. Rep. 5, 10603. doi:10.1038/srep10603
 Katseli, V., Economou, A., and Kokkinos, C. (2021). Smartphone-addressable 3d-Printed Electrochemical Ring for Nonenzymatic Self-Monitoring of Glucose in Human Sweat. Anal. Chem. 93, 3331–3336. doi:10.1021/acs.analchem.0c05057
 Kim, D., Keum, K., Lee, G., Kim, D., Lee, S.-S., and Ha, J. S. (2017a). Flexible, Water-Proof, Wire-type Supercapacitors Integrated with Wire-type Uv/no2 Sensors on Textiles. Nano Energy 35, 199–206. doi:10.1016/j.nanoen.2017.03.044
 Kim, J., Banks, A., Xie, Z., Heo, S. Y., Gutruf, P., Lee, J. W., et al. (2015). Miniaturized Flexible Electronic Systems with Wireless Power and Near-Field Communication Capabilities. Adv. Funct. Mater. 25, 4761–4767. doi:10.1002/adfm.201501590
 Kim, J., Campbell, A. S., de Ávila, B. E.-F., and Wang, J. (2019). Wearable Biosensors for Healthcare Monitoring. Nat. Biotechnol. 37, 389–406. doi:10.1038/s41587-019-0045-y
 Kim, J., Gutruf, P., Chiarelli, A. M., Heo, S. Y., Cho, K., Xie, Z., et al. (2017b). Miniaturized Battery‐Free Wireless Systems for Wearable Pulse Oximetry. Adv. Funct. Mater. 27, 1604373. doi:10.1002/adfm.201604373
 Kim, J., Jeerapan, I., Imani, S., Cho, T. N., Bandodkar, A., Cinti, S., et al. (2016). Noninvasive Alcohol Monitoring Using a Wearable Tattoo-Based Iontophoretic-Biosensing System. ACS Sens. 1, 1011–1019. doi:10.1021/acssensors.6b00356
 Kim, J., Kim, M., Lee, M.-S., Kim, K., Ji, S., Kim, Y.-T., et al. (2017c). Wearable Smart Sensor Systems Integrated on Soft Contact Lenses for Wireless Ocular Diagnostics. Nat. Commun. 8, 14997. doi:10.1038/ncomms14997
 Kim, S. B., Koo, J., Yoon, J., Hourlier-Fargette, A., Lee, B., Chen, S., et al. (2020). Soft, Skin-Interfaced Microfluidic Systems with Integrated Enzymatic Assays for Measuring the Concentration of Ammonia and Ethanol in Sweat. Lab. Chip 20, 84–92. doi:10.1039/c9lc01045a
 Kiwanuka, E., Junker, J., and Eriksson, E. (2012). Harnessing Growth Factors to Influence Wound Healing. Clin. Plast. Surg. 39, 239–248. doi:10.1016/j.cps.2012.04.003
 Koh, A., Kang, D., Xue, Y., Lee, S., Pielak, R. M., Kim, J., et al. (2016). A Soft, Wearable Microfluidic Device for the Capture, Storage, and Colorimetric Sensing of Sweat. Sci. Translational Med. 8, 366ra165. doi:10.1126/scitranslmed.aaf2593
 Koralli, P., and Mouzakis, D. E. (2021). Advances in Wearable Chemosensors. Chemosensors 9, 99. doi:10.3390/chemosensors9050099
 Koschinsky, T., Jungheim, K., and Heinemann, L. (2003). Glucose Sensors and the Alternate Site Testing-like Phenomenon: Relationship between Rapid Blood Glucose Changes and Glucose Sensor Signals. Diabetes Technology Ther. 5, 829–842. doi:10.1089/152091503322527030
 Kratofil, R. M., Kubes, P., and Deniset, J. F. (2017). Monocyte Conversion during Inflammation and Injury. Atvb 37, 35–42. doi:10.1161/ATVBAHA.116.308198
 Leal-Junior, A., Guo, J., Min, R., Fernandes, A. J., Frizera, A., and Marques, C. (2021). Photonic Smart Bandage for Wound Healing Assessment. Photon. Res. 9, 272–280. doi:10.1364/prj.410168
 Leboulanger, B., Guy, R. H., and Delgado-Charro, M. B. (2004). Reverse Iontophoresis for Non-invasive Transdermal Monitoring. Physiol. Meas. 25, R35–R50. doi:10.1088/0967-3334/25/3/r01
 Lee, B. S., Lee, J.-N., Park, J.-M., Lee, J.-G., Kim, S., Cho, Y.-K., et al. (2009). A Fully Automated Immunoassay from Whole Blood on a Disc. Lab. Chip 9, 1548–1555. doi:10.1039/b820321k
 Lee, B. S., Lee, Y. U., Kim, H.-S., Kim, T.-H., Park, J., Lee, J.-G., et al. (2011). Fully Integrated Lab-On-A-Disc for Simultaneous Analysis of Biochemistry and Immunoassay from Whole Blood. Lab. Chip 11, 70–78. doi:10.1039/c0lc00205d
 Lei, Z., Zhu, W., Zhang, X., Wang, X., and Wu, P. (2021). Bio‐Inspired Ionic Skin for Theranostics. Adv. Funct. Mater. 31, 2008020. doi:10.1002/adfm.202008020
 Leonardi, M., Leuenberger, P., Bertrand, D., Bertsch, A., and Renaud, P. (2004). First Steps toward Noninvasive Intraocular Pressure Monitoring with a Sensing Contact Lens. Invest. Ophthalmol. Vis. Sci. 45, 3113–3117. doi:10.1167/iovs.04-0015
 Li, C. G., Joung, H.-A., Noh, H., Song, M.-B., Kim, M.-G., and Jung, H. (2015). One-touch-activated Blood Multidiagnostic System Using a Minimally Invasive Hollow Microneedle Integrated with a Paper-Based Sensor. Lab. Chip 15, 3286–3292. doi:10.1039/c5lc00669d
 Li, G., and Wen, D. (2020). Wearable Biochemical Sensors for Human Health Monitoring: Sensing Materials and Manufacturing Technologies. J. Mater. Chem. B 8, 3423–3436. doi:10.1039/c9tb02474c
 Li, S., Ma, Z., Cao, Z., Pan, L., and Shi, Y. (2020). Advanced Wearable Microfluidic Sensors for Healthcare Monitoring. Small 16, 1903822. doi:10.1002/smll.201903822
 Li, W., Tang, J., Terry, R. N., Li, S., Brunie, A., Callahan, R. L., et al. (2019). Long-acting Reversible Contraception by Effervescent Microneedle Patch. Sci. Adv. 5, eaaw8145. doi:10.1126/sciadv.aaw8145
 Li, X., Huang, X., Mo, J., Wang, H., Huang, Q., Yang, C., et al. (2021). A Fully Integrated Closed‐Loop System Based on Mesoporous Microneedles‐Iontophoresis for Diabetes Treatment. Adv. Sci. 8, 2100827. doi:10.1002/advs.202100827
 Liesegang, T. J. (2001). Herpes Simplex Virus Epidemiology and Ocular Importance. Cornea 20, 1–13. doi:10.1097/00003226-200101000-00001
 Lin, B. (2019). Wearable Smart Devices for P4 Medicine in Heart Disease: Ready for Medical Cyber-Physical Systems?OMICS: A J. Integr. Biol. 23, 291–292. doi:10.1089/omi.2019.0059
 Lister, P. D., Wolter, D. J., and Hanson, N. D. (2009). Antibacterial-Resistant Pseudomonas aeruginosa : Clinical Impact and Complex Regulation of Chromosomally Encoded Resistance Mechanisms. Clin. Microbiol. Rev. 22, 582–610. doi:10.1128/CMR.00040-09
 Liu, Q., Liu, Y., Wu, F., Cao, X., Li, Z., Alharbi, M., et al. (2018). Highly Sensitive and Wearable In2o3 Nanoribbon Transistor Biosensors with Integrated On-Chip Gate for Glucose Monitoring in Body Fluids. ACS Nano 12, 1170–1178. doi:10.1021/acsnano.7b06823
 Liu, X., and Lillehoj, P. B. (2016). Embroidered Electrochemical Sensors for Biomolecular Detection. Lab. Chip 16, 2093–2098. doi:10.1039/c6lc00307a
 Liu, X., and Lillehoj, P. B. (2017). Embroidered Electrochemical Sensors on Gauze for Rapid Quantification of Wound Biomarkers. Biosens. Bioelectron. 98, 189–194. doi:10.1016/j.bios.2017.06.053
 Liu, Z., Wang, G., Ye, C., Sun, H., Pei, W., Wei, C., et al. (2021). An Ultrasensitive Contact Lens Sensor Based on Self‐Assembly Graphene for Continuous Intraocular Pressure Monitoring. Adv. Funct. Mater. 31, 2010991. doi:10.1002/adfm.202010991
 Lochner, C. M., Khan, Y., Pierre, A., and Arias, A. C. (2014). All-organic Optoelectronic Sensor for Pulse Oximetry. Nat. Commun. 5, 5745. doi:10.1038/ncomms6745
 Löffler, M. W., Schuster, H., Bühler, S., and Beckert, S. (2013). Wound Fluid in Diabetic Foot Ulceration. The Int. J. Lower Extremity Wounds 12, 113–129. doi:10.1177/1534734613489989
 Lou, D., Pang, Q., Pei, X., Dong, S., Li, S., Tan, W.-q., et al. (2020). Flexible Wound Healing System for Pro-regeneration, Temperature Monitoring and Infection Early Warning. Biosens. Bioelectron. 162, 112275. doi:10.1016/j.bios.2020.112275
 Mak, W. C., Cheung, K. Y., Orban, J., Lee, C.-J., Turner, A. P. F., and Griffith, M. (2015). Surface-engineered Contact Lens as an Advanced Theranostic Platform for Modulation and Detection of Viral Infection. ACS Appl. Mater. Inter. 7, 25487–25494. doi:10.1021/acsami.5b08644
 Mansouri, K., Medeiros, F. A., Tafreshi, A., and Weinreb, R. N. (2012). Continuous 24-Hour Monitoring of Intraocular Pressure Patterns with a Contact Lens Sensor. Arch. Ophthalmol. 130, 1534–1539. doi:10.1001/archophthalmol.2012.2280
 Marriam, I., Wang, X., Tebyetekerwa, M., Chen, G., Zabihi, F., Pionteck, J., et al. (2018). A Bottom-Up Approach to Design Wearable and Stretchable Smart Fibers with Organic Vapor Sensing Behaviors and Energy Storage Properties. J. Mater. Chem. A. 6, 13633–13643. doi:10.1039/c8ta03262a
 Martín, A., Kim, J., Kurniawan, J. F., Sempionatto, J. R., Moreto, J. R., Tang, G., et al. (2017). Epidermal Microfluidic Electrochemical Detection System: Enhanced Sweat Sampling and Metabolite Detection. ACS Sens. 2, 1860–1868. doi:10.1021/acssensors.7b00729
 Mat Zaid, M. H., Abdullah, J., Yusof, N. A., Sulaiman, Y., Wasoh, H., Md Noh, M. F., et al. (2017). Pna Biosensor Based on Reduced Graphene Oxide/water Soluble Quantum Dots for the Detection of mycobacterium Tuberculosis. Sensors Actuators B: Chem. 241, 1024–1034. doi:10.1016/j.snb.2016.10.045
 McLister, A., Phair, J., Cundell, J., and Davis, J. (2014). Electrochemical Approaches to the Development of Smart Bandages: A Mini-Review. Electrochemistry Commun. 40, 96–99. doi:10.1016/j.elecom.2014.01.003
 Mejía-Salazar, J. R., Rodrigues Cruz, K., Materón Vásques, E. M., and Novais de Oliveira Jr., O. (2020). Microfluidic point-of-care Devices: New Trends and Future Prospects for Ehealth Diagnostics. Sensors 20, 1951. doi:10.3390/s20071951
 Mirani, B., Pagan, E., Currie, B., Siddiqui, M. A., Hosseinzadeh, R., Mostafalu, P., et al. (2017). An Advanced Multifunctional Hydrogel-Based Dressing for Wound Monitoring and Drug Delivery. Adv. Healthc. Mater. 6, 1700718. doi:10.1002/adhm.201700718
 Mishra, R. K., Barfidokht, A., Karajic, A., Sempionatto, J. R., Wang, J., and Wang, J. (2018). Wearable Potentiometric Tattoo Biosensor for On-Body Detection of G-type Nerve Agents Simulants. Sensors Actuators B: Chem. 273, 966–972. doi:10.1016/j.snb.2018.07.001
 Mishra, R. K., Vinu Mohan, A. M., Soto, F., Chrostowski, R., and Wang, J. (2017). A Microneedle Biosensor for Minimally-Invasive Transdermal Detection of Nerve Agents. Analyst 142, 918–924. doi:10.1039/c6an02625g
 Mostafalu, P., Tamayol, A., Rahimi, R., Ochoa, M., Khalilpour, A., Kiaee, G., et al. (2018). Smart Bandage for Monitoring and Treatment of Chronic Wounds. Small 14, 1703509. doi:10.1002/smll.201703509
 Movilli, J., Rozzi, A., Ricciardi, R., Corradini, R., and Huskens, J. (2018). Control of Probe Density at DNA Biosensor Surfaces Using Poly(l-Lysine) with Appended Reactive Groups. Bioconjug. Chem. 29, 4110–4118. doi:10.1021/acs.bioconjchem.8b00733
 Munje, R. D., Muthukumar, S., and Prasad, S. (2017). Lancet-free and Label-free Diagnostics of Glucose in Sweat Using Zinc Oxide Based Flexible Bioelectronics. Sensors Actuators B: Chem. 238, 482–490. doi:10.1016/j.snb.2016.07.088
 Nunan, R., Harding, K. G., and Martin, P. (2014). Clinical Challenges of Chronic Wounds: Searching for an Optimal Animal Model to Recapitulate Their Complexity. Dis. Model. Mech. 7, 1205–1213. doi:10.1242/dmm.016782
 Nyein, H. Y. Y., Gao, W., Shahpar, Z., Emaminejad, S., Challa, S., Chen, K., et al. (2016). A Wearable Electrochemical Platform for Noninvasive Simultaneous Monitoring of Ca2+ and pH. ACS Nano 10, 7216–7224. doi:10.1021/acsnano.6b04005
 Nyein, H. Y. Y., Tai, L.-C., Ngo, Q. P., Chao, M., Zhang, G. B., Gao, W., et al. (2018). A Wearable Microfluidic Sensing Patch for Dynamic Sweat Secretion Analysis. ACS Sens. 3, 944–952. doi:10.1021/acssensors.7b00961
 O’Connor, T. F., Zaretski, A. V., Savagatrup, S., Printz, A. D., Wilkes, C. D., Diaz, M. I., et al. (2016). Wearable Organic Solar Cells with High Cyclic Bending Stability: Materials Selection Criteria. Solar Energ. Mater. Solar Cell 144, 438–444. doi:10.1016/j.solmat.2015.09.049
 Oh, J. Y., Lee, J. H., Han, S. W., Chae, S. S., Bae, E. J., Kang, Y. H., et al. (2016). Chemically Exfoliated Transition Metal Dichalcogenide Nanosheet-Based Wearable Thermoelectric Generators. Energy Environ. Sci. 9, 1696–1705. doi:10.1039/C5EE03813H
 Oh, S. Y., Hong, S. Y., Jeong, Y. R., Yun, J., Park, H., Jin, S. W., et al. (2018). Skin-attachable, Stretchable Electrochemical Sweat Sensor for Glucose and Ph Detection. ACS Appl. Mater. Inter. 10, 13729–13740. doi:10.1021/acsami.8b03342
 Pal, A., Goswami, D., Cuellar, H. E., Castro, B., Kuang, S., and Martinez, R. V. (2018). Early Detection and Monitoring of Chronic Wounds Using Low-Cost, Omniphobic Paper-Based Smart Bandages. Biosens. Bioelectron. 117, 696–705. doi:10.1016/j.bios.2018.06.060
 Pal, A., Nadiger, V. G., Goswami, D., and Martinez, R. V. (2020). Conformal, waterproof Electronic Decals for Wireless Monitoring of Sweat and Vaginal Ph at the point-of-care. Biosens. Bioelectron. 160, 112206. doi:10.1016/j.bios.2020.112206
 Pan, N., Qin, J., Feng, P., Li, Z., and Song, B. (2019). Color-changing Smart Fibrous Materials for Naked Eye Real-Time Monitoring of Wound Ph. J. Mater. Chem. B 7, 2626–2633. doi:10.1039/c9tb00195f
 Pang, Q., Lou, D., Li, S., Wang, G., Qiao, B., Dong, S., et al. (2020). Smart Flexible Electronics‐Integrated Wound Dressing for Real‐Time Monitoring and On‐Demand Treatment of Infected Wounds. Adv. Sci. 7, 1902673. doi:10.1002/advs.201902673
 Pankratov, D., González-Arribas, E., Blum, Z., and Shleev, S. (2016). Tear Based Bioelectronics. Electroanalysis 28, 1250–1266. doi:10.1002/elan.201501116
 Park, J., Kim, J., Kim, S.-Y., Cheong, W. H., Jang, J., Park, Y.-G., et al. (2018a). Soft, Smart Contact Lenses with Integrations of Wireless Circuits, Glucose Sensors, and Displays. Sci. Adv. 4, eaap9841. doi:10.1126/sciadv.aap9841
 Park, S., Heo, S. W., Lee, W., Inoue, D., Jiang, Z., Yu, K., et al. (2018b). Self-powered Ultra-flexible Electronics via Nano-Grating-Patterned Organic Photovoltaics. Nature 561, 516–521. doi:10.1038/s41586-018-0536-x
 Parlak, O., Keene, S. T., Marais, A., Curto, V. F., and Salleo, A. (2018). Molecularly Selective Nanoporous Membrane-Based Wearable Organic Electrochemical Device for Noninvasive Cortisol Sensing. Sci. Adv. 4, eaar2904. doi:10.1126/sciadv.aar2904
 Pasche, S., Angeloni, S., Ischer, R., Liley, M., Luprano, J., and Voirin, G. (2008). Wearable Biosensors for Monitoring Wound Healing. Ast 57, 80–87. doi:10.4028/www.scientific.net/ast.57.80
 Peters, R. P., van Agtmael, M. A., Danner, S. A., Savelkoul, P. H., and Vandenbroucke-Grauls, C. M. (2004). New Developments in the Diagnosis of Bloodstream Infections. Lancet Infect. Dis. 4, 751–760. doi:10.1016/S1473-3099(04)01205-8
 Pool, J. G. (1977). Normal Hemostatic Mechanisms: A Review. Am. J. Med. Technol. 43, 776–780. 
 Prattis, I., Hui, E., Gubeljak, P., Kaminski Schierle, G. S., Lombardo, A., and Occhipinti, L. G. (2021). Graphene for Biosensing Applications in point-of-care Testing. Trends Biotechnol. 39, 1065–1077. doi:10.1016/j.tibtech.2021.01.005
 Rodrigues, M., Kosaric, N., Bonham, C. A., and Gurtner, G. C. (2019). Wound Healing: A Cellular Perspective. Physiol. Rev. 99, 665–706. doi:10.1152/physrev.00067.2017
 RoyChoudhury, S., Umasankar, Y., Jaller, J., Herskovitz, I., Mervis, J., Darwin, E., et al. (2018). Continuous Monitoring of Wound Healing Using a Wearable Enzymatic Uric Acid Biosensor. J. Electrochem. Soc. 165, B3168–B3175. doi:10.1149/2.0231808jes
 Sang, S., Wang, Y., Feng, Q., Wei, Y., Ji, J., and Zhang, W. (2016). Progress of New Label-free Techniques for Biosensors: A Review. Crit. Rev. Biotechnol. 36, 1–17. doi:10.3109/07388551.2014.991270
 Saorin, A., Di Gregorio, E., Miolo, G., Steffan, A., and Corona, G. (2020). Emerging Role of Metabolomics in Ovarian Cancer Diagnosis. Metabolites 10, 419. doi:10.3390/metabo10100419
 Sekine, Y., Kim, S. B., Zhang, Y., Bandodkar, A. J., Xu, S., Choi, J., et al. (2018). A Fluorometric Skin-Interfaced Microfluidic Device and Smartphone Imaging Module for In Situ Quantitative Analysis of Sweat Chemistry. Lab. Chip 18, 2178–2186. doi:10.1039/c8lc00530c
 Sempionatto, J. R., Brazaca, L. C., García-Carmona, L., Bolat, G., Campbell, A. S., Martin, A., et al. (2019). Eyeglasses-based Tear Biosensing System: Non-invasive Detection of Alcohol, Vitamins and Glucose. Biosens. Bioelectron. 137, 161–170. doi:10.1016/j.bios.2019.04.058
 Sempionatto, J. R., Khorshed, A. A., Ahmed, A., De Loyola e Silva, A. N., Barfidokht, A., Yin, L., et al. (2020). Epidermal Enzymatic Biosensors for Sweat Vitamin C: Toward Personalized Nutrition. ACS Sens. 5, 1804–1813. doi:10.1021/acssensors.0c00604
 Sen, C. K., Gordillo, G. M., Roy, S., Kirsner, R., Lambert, L., Hunt, T. K., et al. (2009). Human Skin Wounds: A Major and Snowballing Threat to Public Health and the Economy. Wound Repair Regen. 17, 763–771. doi:10.1111/j.1524-475X.2009.00543.x
 Sen, D. K., and Sarin, G. S. (1980). Tear Glucose Levels in normal People and in Diabetic Patients. Br. J. Ophthalmol. 64, 693–695. doi:10.1136/bjo.64.9.693
 Senel, M., Dervisevic, M., and Voelcker, N. H. (2019). Gold Microneedles Fabricated by Casting of Gold Ink Used for Urea Sensing. Mater. Lett. 243, 50–53. doi:10.1016/j.matlet.2019.02.014
 Seo, G., Lee, G., Kim, M. J., Baek, S.-H., Choi, M., Ku, K. B., et al. (2020). Rapid Detection of Covid-19 Causative Virus (Sars-cov-2) in Human Nasopharyngeal Swab Specimens Using Field-Effect Transistor-Based Biosensor. ACS Nano 14, 5135–5142. doi:10.1021/acsnano.0c02823
 Shaheed, S.-u., Tait, C., Kyriacou, K., Mullarkey, J., Burrill, W., Patterson, L. H., et al. (2017). Nipple Aspirate Fluid-A Liquid Biopsy for Diagnosing Breast Health. Prot. Clin. Appl. 11, 1700015. doi:10.1002/prca.201700015
 Shi, X., and Wu, P. (2021). A Smart Patch with On‐Demand Detachable Adhesion for Bioelectronics. Small 17, 2101220. doi:10.1002/smll.202101220
 Shidfar, A., Fatokun, T., Ivancic, D., Chatterton, R. T., Khan, S. A., and Wang, J. (2016). Protein Biomarkers for Breast Cancer Risk Are Specifically Correlated with Local Steroid Hormones in Nipple Aspirate Fluid. Horm. Canc 7, 252–259. doi:10.1007/s12672-016-0264-3
 Shrivastava, S., Trung, T. Q., and Lee, N.-E. (2020). Recent Progress, Challenges, and Prospects of Fully Integrated mobile and Wearable point-of-care Testing Systems for Self-Testing. Chem. Soc. Rev. 49, 1812–1866. doi:10.1039/c9cs00319c
 Siddiqui, A. R., and Bernstein, J. M. (2010). Chronic Wound Infection: Facts and Controversies. Clin. Dermatol. 28, 519–526. doi:10.1016/j.clindermatol.2010.03.009
 Steinberg, M. D., Kassal, P., Kereković, I., and Steinberg, I. M. (2015). A Wireless Potentiostat for mobile Chemical Sensing and Biosensing. Talanta 143, 178–183. doi:10.1016/j.talanta.2015.05.028
 Steinberg, M. D., Kassal, P., and Steinberg, I. M. (2016). System Architectures in Wearable Electrochemical Sensors. Electroanalysis 28, 1149–1169. doi:10.1002/elan.201600094
 Streilein, J. W., Dana, M. R., and Ksander, B. R. (1997). Immunity Causing Blindness: Five Different Paths to Herpes Stromal Keratitis. Immunol. Today 18, 443–449. doi:10.1016/s0167-5699(97)01114-6
 Sturgeon, C. M., Duffy, M. J., Stenman, U.-H., Lilja, H., Brünner, N., Chan, D. W., et al. (2008). National Academy of Clinical Biochemistry Laboratory Medicine Practice Guidelines for Use of Tumor Markers in Testicular, Prostate, Colorectal, Breast, and Ovarian Cancers. Clin. Chem. 54, e11–e79. doi:10.1373/clinchem.2008.105601
 Suaifan, G. A. R. Y., Alhogail, S., and Zourob, M. (2017). Rapid and Low-Cost Biosensor for the Detection of staphylococcus Aureus. Biosens. Bioelectron. 90, 230–237. doi:10.1016/j.bios.2016.11.047
 Sun, J., Han, S., Wang, Y., Zhao, G., Qian, W., and Dong, J. (2018). Detection of Redox State Evolution during Wound Healing Process Based on a Redox-Sensitive Wound Dressing. Anal. Chem. 90, 6660–6665. doi:10.1021/acs.analchem.8b00471
 Sun, M., Gu, Y., Pei, X., Wang, J., Liu, J., Ma, C., et al. (2021a). A Flexible and Wearable Epidermal Ethanol Biofuel Cell for On-Body and Real-Time Bioenergy Harvesting from Human Sweat. Nano Energy 86, 106061. doi:10.1016/j.nanoen.2021.106061
 Sun, M., Xin, T., Ran, Z., Pei, X., Ma, C., Liu, J., et al. (2021b). A Bendable Biofuel Cell-Based Fully Integrated Biomedical Nanodevice for point-of-care Diagnosis of Scurvy. ACS Sens. 6, 275–284. doi:10.1021/acssensors.0c02335
 Syu, Y.-C., Hsu, W.-E., and Lin, C.-T. (2018). Review-field-effect Transistor Biosensing: Devices and Clinical Applications. ECS J. Solid State. Sci. Technol. 7, Q3196–Q3207. doi:10.1149/2.0291807jss
 Talary, M. S., Dewarrat, F., Huber, D., and Caduff, A. (2007). In Vivo life Sign Application of Dielectric Spectroscopy and Non-invasive Glucose Monitoring. J. Non-Crystalline Sol. 353, 4515–4517. doi:10.1016/j.jnoncrysol.2007.03.038
 Tian, M., Qiao, M., Shen, C., Meng, F., Frank, L. A., Krasitskaya, V. V., et al. (2020). Highly-sensitive Graphene Field Effect Transistor Biosensor Using Pna and DNA Probes for Rna Detection. Appl. Surf. Sci. 527, 146839. doi:10.1016/j.apsusc.2020.146839
 Tran, B. Q., Miller, P. R., Taylor, R. M., Boyd, G., Mach, P. M., Rosenzweig, C. N., et al. (2018). Proteomic Characterization of Dermal Interstitial Fluid Extracted Using a Novel Microneedle-Assisted Technique. J. Proteome Res. 17, 479–485. doi:10.1021/acs.jproteome.7b00642
 Tseng, R., Chen, C.-C., Hsu, S.-M., and Chuang, H.-S. (2018). Contact-lens Biosensors. Sensors 18, 2651. doi:10.3390/s18082651
 Tur-García, E. L., Davis, F., Collyer, S. D., Holmes, J. L., Barr, H., and Higson, S. P. J. (2017). Novel Flexible Enzyme Laminate-Based Sensor for Analysis of Lactate in Sweat. Sensors Actuators B: Chem. 242, 502–510. doi:10.1016/j.snb.2016.11.040
 Valdés-Ramírez, G., Li, Y.-C., Kim, J., Jia, W., Bandodkar, A. J., Nuñez-Flores, R., et al. (2014). Microneedle-based Self-Powered Glucose Sensor. Electrochemistry Commun. 47, 58–62. doi:10.1016/j.elecom.2014.07.014
 Ventrelli, L., Marsilio Strambini, L., and Barillaro, G. (2015). Microneedles for Transdermal Biosensing: Current Picture and Future Direction. Adv. Healthc. Mater. 4, 2606–2640. doi:10.1002/adhm.201500450
 Vig, K., Chaudhari, A., Tripathi, S., Dixit, S., Sahu, R., Pillai, S., et al. (2017). Advances in Skin Regeneration Using Tissue Engineering. Ijms 18, 789. doi:10.3390/ijms18040789
 von Thun und Hohenstein-Blaul, N., Funke, S., and Grus, F. H. (2013). Tears as a Source of Biomarkers for Ocular and Systemic Diseases. Exp. Eye Res. 117, 126–137. doi:10.1016/j.exer.2013.07.015
 Wang, C., Li, X., Hu, H., Zhang, L., Huang, Z., Lin, M., et al. (2018a). Monitoring of the central Blood Pressure Waveform via a Conformal Ultrasonic Device. Nat. Biomed. Eng. 2, 687–695. doi:10.1038/s41551-018-0287-x
 Wang, J., Jeevarathinam, A. S., Jhunjhunwala, A., Ren, H., Lemaster, J., Luo, Y., et al. (2018b). A Wearable Colorimetric Dosimeter to Monitor Sunlight Exposure. Adv. Mater. Technol. 3, 1800037. doi:10.1002/admt.201800037
 Wang, Q., Yan, J., and Fan, Z. (2016). Carbon Materials for High Volumetric Performance Supercapacitors: Design, Progress, Challenges and Opportunities. Energ. Environ. Sci. 9, 729–762. doi:10.1039/C5EE03109E
 Wei, Y., Gadaria-Rathod, N., Epstein, S., and Asbell, P. (2013). Tear Cytokine Profile as a Noninvasive Biomarker of Inflammation for Ocular Surface Diseases: Standard Operating Procedures. Invest. Ophthalmol. Vis. Sci. 54, 8327–8336. doi:10.1167/iovs.13-12132
 Wiig, H., and Swartz, M. A. (2012). Interstitial Fluid and Lymph Formation and Transport: Physiological Regulation and Roles in Inflammation and Cancer. Physiol. Rev. 92, 1005–1060. doi:10.1152/physrev.00037.2011
 Wu, S., Liu, P., Zhang, Y., Zhang, H., and Qin, X. (2017). Flexible and Conductive Nanofiber-Structured Single Yarn Sensor for Smart Wearable Devices. Sensors Actuators B: Chem. 252, 697–705. doi:10.1016/j.snb.2017.06.062
 Xiao, J., Liu, Y., Su, L., Zhao, D., Zhao, L., and Zhang, X. (2019). Microfluidic Chip-Based Wearable Colorimetric Sensor for Simple and Facile Detection of Sweat Glucose. Anal. Chem. 91, 14803–14807. doi:10.1021/acs.analchem.9b03110
 Xu, G., Lu, Y., Cheng, C., Li, X., Xu, J., Liu, Z., et al. (2021). Battery‐Free and Wireless Smart Wound Dressing for Wound Infection Monitoring and Electrically Controlled On‐Demand Drug Delivery. Adv. Funct. Mater. , 2100852. doi:10.1002/adfm.202100852
 Yang, K., Peretz-Soroka, H., Liu, Y., and Lin, F. (2016). Novel Developments in mobile Sensing Based on the Integration of Microfluidic Devices and Smartphones. Lab. Chip 16, 943–958. doi:10.1039/c5lc01524c
 Yu, H., Li, D., Roberts, R. C., Xu, K., and Tien, N. C. (2012). An Interstitial Fluid Transdermal Extraction System for Continuous Glucose Monitoring. J. Microelectromech. Syst. 21, 917–925. doi:10.1109/JMEMS.2012.2192910
 Yu, Y., Nassar, J., Xu, C., Min, J., Yang, Y., Dai, A., et al. (2020). Biofuel-powered Soft Electronic Skin with Multiplexed and Wireless Sensing for Human-Machine Interfaces. Sci. Robot. 5, eaaz7946. doi:10.1126/scirobotics.aaz7946
 Zahedi, P., Rezaeian, I., Ranaei-Siadat, S.-O., Jafari, S.-H., and Supaphol, P. (2010). A Review on Wound Dressings with an Emphasis on Electrospun Nanofibrous Polymeric Bandages. Polym. Adv. Technol. 21, 77–95. doi:10.1002/pat.1625
 Zamarayeva, A. M., Ostfeld, A. E., Wang, M., Duey, J. K., Deckman, I., Lechêne, B. P., et al. (2017). Flexible and Stretchable Power Sources for Wearable Electronics. Sci. Adv. 3, e1602051. doi:10.1126/sciadv.1602051
 Zeng, W., Shu, L., Li, Q., Chen, S., Wang, F., and Tao, X.-M. (2014). Fiber-Based Wearable Electronics: A Review of Materials, Fabrication, Devices, and Applications. Adv. Mater. 26, 5310–5336. doi:10.1002/adma.201400633
 Zhang, Y., Castro, D. C., Han, Y., Wu, Y., Guo, H., Weng, Z., et al. (2019). Battery-free, Lightweight, Injectable Microsystem for In Vivo Wireless Pharmacology and Optogenetics. Proc. Natl. Acad. Sci. USA. 116, 21427–21437. doi:10.1073/pnas.1909850116
 Zhang, Y., Lin, B., Huang, R., Lin, Z., Li, Y., Li, J., et al. (2021). Flexible Integrated Sensing Platform for Monitoring Wound Temperature and Predicting Infection. Microb. Biotechnol. 14, 1566–1579. doi:10.1111/1751-7915.13821
 Zhao, Y., Li, Z., Song, S., Yang, K., Liu, H., Yang, Z., et al. (2019). Skin‐Inspired Antibacterial Conductive Hydrogels for Epidermal Sensors and Diabetic Foot Wound Dressings. Adv. Funct. Mater. 29, 1901474. doi:10.1002/adfm.201901474
 Zheng, T., Pierre-Pierre, N., Yan, X., Huo, Q., Almodovar, A. J. O., Valerio, F., et al. (2015). Gold Nanoparticle-Enabled Blood Test for Early Stage Cancer Detection and Risk Assessment. ACS Appl. Mater. Inter. 7, 6819–6827. doi:10.1021/acsami.5b00371
 Zhu, D., Liu, B., and Wei, G. (2021). Two-Dimensional Material-Based Colorimetric Biosensors: A Review. Biosensors 11, 259. doi:10.3390/bios11080259
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.The Reviewer A.C declared a shared affiliation with the Author (Z.Z) to the Handling Editor at the time of review.
Copyright © 2021 Cheng, Gu, Zhou, Hao, An, Song, Wu, Zhang, Zhao, Dong and Wen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-09-765987-t001.jpg
Hemostatic stage

Inflammatory stage

Proliferation stage

Remodeling stage

Interconnection between blood vessels slows blood flow to the injured tissue and minimizes bleeding caused by the wound
(Furie and Furie, 2008; Rodrigues et al., 2019). Platelets can activate and release transforming growth factor (TGF- a, TGF-
B). platelet derived growth factor, and other important active factors, which aid subsequent healing stages (Pool, 1977)
Neutrophils are the first cells to arive at the wound. Their phagocytic abilty can effectively remove damaged matrix material,
dead cells, and other foreign bodies. Monocytes are recruited subsequently. They differentiate into macrophages and
denditic cells in various tissues. The differentiated cels induce the release of signal factors, which can initiate apoptosis or
infection protection, and then effectively remove tissue debris and coagulum (FrykbergRobert and Banks, 2015; Kratofi
etal, 2017)

The release of Interleukin-1 (IL-1) and tumor necrosis factor-a (TNF-a) can stimulate fibroblast secretion (Kiwanuka et al.
2012). Keratinocytes migrate to the wound surface after replacing dead cells. Granulation tissue formation not only can
promote the maturation of keratinocytes, but also can stimulate the release of signal transforming factors, transform
fibroblasts into muscle fibroblasts, and complete cell epithelialization (Gonzalez et al., 2016)

Type ll collagen can be transformed into more stable type-l collagen gradually under the action of matrix metalloproteinases
(MMPs). Fibroblasts also migrate to the wound site, deposit new type-I collagen, and eventually complete epidermal tissue
replacement or scar tissue repair (Gurtner et al., 2008; Guo and Dipietro, 2010)
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