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Abstract

:

Biosensors constitute selective, sensitive, and rapid tools for disease diagnosis in tissue engineering applications. Compared to standard enzyme-linked immunosorbent assay (ELISA) analytical technology, biosensors provide a strategy to real-time and on-site monitor micro biophysiological signals via a combination of biological, chemical, and physical technologies. This review summarizes the recent and significant advances made in various biosensor technologies for different applications of biological and biomedical interest, especially on tissue engineering applications. Different fabrication techniques utilized for tissue engineering purposes, such as computer numeric control (CNC), photolithographic, casting, and 3D printing technologies are also discussed. Key developments in the cell/tissue-based biosensors, biomolecular sensing strategies, and the expansion of several biochip approaches such as organs-on-chips, paper based-biochips, and flexible biosensors are available. Cell polarity and cell behaviors such as proliferation, differentiation, stimulation response, and metabolism detection are included. Biosensors for diagnosing tissue disease modes such as brain, heart, lung, and liver systems and for bioimaging are discussed. Finally, we discuss the challenges faced by current biosensing techniques and highlight future prospects of biosensors for tissue engineering applications.
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1. Introduction


Biosensors encompassing a wide range of knowledge and technologies, including chemistry, physics, and biology, are emerging as the next-generation detection technology. By combining the disciplinary technologies, biosensors offer a versatile platform for analytical applications in food, environmental, microbiology, public health, and biomedical science. In general, a biosensor system consists of receptors of biological samples, transducers, and display systems to detect the results through electrical, chemical, or optical components and then convert the recognition event into a measurable signal [1]. Through these components, biosensors aim to measure minuscule signals from a small number of samples, providing a useful procedure with stability and high sensitivity for rapid analysis without the need of specialized laboratory training and skills. The first biosensor was designed by Clark and Lyons in the early 1960s. Their design utilized glucose measurement by detecting electrochemical properties through an electrode with immobilized glucose oxidase [2]. Since then, incredible progress has been made [3] in both fabrication techniques and tissue engineering applications of biosensors with innovative approaches involving electrochemistry, photolithography, and nanotechnology to impedance [4]. Currently, bioreceptor parts in biosensors have been widely designed with various functions for detection of toxicants, proteins/genes, cells or tissue behaviors [5,6]. In clinical applications, molecule-based biosensor is a fundamental type of biosensors to detect the cytokines, proteins, or genes from patients.



The molecule-labeled biosensors use specific biochemical reactions mediated by isolated enzymes, receptors, antigens and antibodies, DNA and ion channels as the recognition elements [7]. In particularly, sensing cellular secretions in microfluidic biochips involves immobilizing bio-recognition elements such as antibodies or aptamers in close to cells [8,9]. The coupling of biological components with high-affinity biomolecules allows the high sensitivity and selectivity of a range of analytes which provide the main superiority of molecular-based biosensors [10]. To analyze targeting molecules, enzymes, antibodies, or specific genomic probes such as nucleic acids are bound on the sensor surface by using chemical graft or physical adsorption methods. Then, the change of electrochemical, optical, calorimetric, or piezoelectric signals from transducers could be transferred as electrical signals for display in short times [11]. For example, Arya and co-workers fabricated an interleukin-2 (IL-2) biosensor by using a 4-fluoro-3-nitrophenyl (FNP) as a linker to graft the IL-2 antibody on a gold electrode surface. Via the interactions between the antibody and the antigen, the results of cyclic voltammetry (CV) confirmed the sensing function of this anti-IL-2 immobilized gold electrode [12]. Furthermore, Chen et al. developed aptamer-based mesoporous silica nanoparticles (MSN) as a biosensor to execute a control release system [13]. They conjugated double strain DNA in the pore of MSN through a click chemistry method to cap FITC fluorescent dyes encapsulated in MSN. After thrombin specifically recognizing DNA aptamers on the MSN, the encapsulated FITC fluorescent dyes could be released from the pore of MSN to enhance the fluorescent intensity, indicating that biosensors also enable to be used as a stimuli-responsive control release system. Moreover, physical properties of material surfaces also provide a strategy as a biosensor to recognize different molecules. Previous study has been reported that Au/Ag-graphene quantum dots as an adsorption agent to modify the surface of a glassy carbon electrode enable to adsorb prostate-specific antigen (PSA) through the high affinity between proteins and Au/Ag [14]. This immunosensor offers an ultra-sensitivity to quantitate the level of PSA in serum, facilitating the early diagnosis of prostate cancer disease.



In addition to molecule-based biosensors, cell- or tissue-based biosensors provide an opening for the development of in situ monitoring cell techniques in the past decade [15,16,17]. These types of label-free biosensors provide the advantages to observe cellular and tissue responses from cellular systems by measuring phenotypic responses with temporal resolutions [18]. Basically, cell-based biosensors contain living cells, bioactive substrates, and transducers. Through the bioactivity of substrates, cells cultured on the biosensors could express their specific cellular polarity or biomarkers. After treatment of biochemical or pharmaceutical agents, the effects of these agents on cells could be recorded via the change of cellular polarity or physiological parameters such as permeability of cell membrane or ligand expression of cells on biosensors [15]. Compared with cell-based biosensors, although molecule-based biosensors provide a high selectivity for detection, short useable lifetime, and expensive isolation cost of bioactive identifying molecules limit the applications of this type of biosensor. Therefore, the concept of cell-based biosensors offers a real-time strategy to develop a rapid and biomimetic system for diagnosis of diseases. To obtain more precise diagnosis results, biosensors are moved forward from cell level to tissue level. In term of tissue-based biosensors, multi-cellular culture and organoids are usually used as biomimetic constructs towards native tissues. Via the use of multi-cellular culture or organoids, it enables the engineering of complex 3D tissue-like constructs which recapture the features and functions of native tissues in a 3D physiological environment. Thus, state-of-the-art in vitro 3D biomimetic constructs endow the tissue-based biosensors with potential biosensing strategies for predicting, monitoring, and diagnosing pharmaceutical effects on human outcomes. Currently, the biomimetic properties of in vitro 3D constructs make them attractive for use as a novel tissue-based biosensor system, called an organ-on-a-chip platform. Through connection with a dynamic control system, the integrated system could mimic physiological environments such as dynamic fluid flow or force in human body. For example, Bavli and co-workers developed a tissue-based biosensor by using a liver organoid and particle-type oxygen sensors [19]. This system provides a real-time liver-like response to track the mitochondrial dysfunction after the treatment of drugs.



Here, we examine current trends of biosensors in biomedical science field, including the fabrication technologies, types, and versatile applications in different tissues of biosensors, to highlight how biosensors are utilized in tissue engineering studies. With the review, we expect to contribute a general view which could allow scientists to understand the needs and principle of biosensors for the advanced biomedical applications, further combine their techniques to develop biosensors with potentially novel functions for the evaluation, prediction, diagnosis, and discovery of human diseases.




2. Current Technology for Fabrication of Biosensors


As above mention, biosensors are generally divided into two main categories, label-based or label-free biosensors which include biochips, paper-based biosensors, nanoparticles, and flexible biosensors. In the past decade, many techniques, such as photolithography, computer numerical control (CNC), and casting, have been well defined to fabricate these two types of biosensors. In general, biosensors are fabricated through not only one of these methods but also combination of two more methods, indicating the current techniques offer a versatile strategy to design simple or complex sensing systems.



Photolithography is a technique widely used for patterning cells and proteins in tissue engineering and biosensor applications. Photolithography is the process of transferring the geometric shapes on a mask to a silicon or a glass surface through UV exposure [20]. The steps involved in the photolithographic process are pattern designing, surface cleaning, pattern printing on a photomask, pattern transferring from the mask to the substrate, soft baking, polymer pouring, exposure, and hard-baking [21]. For biosensors applications, microelectrodes with different sizes and shapes can also be patterned on surface of biochips with by photolithography techniques, allowing for the production of transducer components with very small dimensions [22].



A CNC machining technique has been developed from 1940s. Until now, CNC machining is a technique fully developed and widely used for making various sensors. A CNC maneuverable platform consists of controlling multiple axes (i.e., xyz axes) and different cutting tools such as drills, waterjet, and saws etc. Furthermore, scientists could generate a desired design of their biosensors by using graphical computer-aided design (CAD). Afterwards, a combination of CAD and a CNC platform provides a maneuverable tool to rapid machine the substrates with patterns or shapes following the user’s design. For example, Pires and co-workers fabricated a nitrite biosensor by using the CNC technique to mill microchannels on a PMMA chip. The photoactive organic compounds, polythieno[3,4-b]thiophene/benzodithiophene and (6,6)-phenyl-C71-butyric-acid methyl-ester, as a thin layer were integrated with the PMMA chip. Then, the nitrite existed in the samples could be assayed by detecting the change of signal-to-noise ratio of fluorometric intensity when the sample fluid were conducted through the CNC-milled channels [23]. This CNC-machined biosensor shows its potential applications for preventing the brown blood disease in fish. Today, some CNC platforms at the factory level have been augmented with four to six axes compared with traditional three-axes type CNC platforms, enabling the production of detecting systems with 3D fine structures. Usually, in biosensor systems, the CNC technique is used to machine poly(methyl methacrylate) (PMMA) substrates to fabricate large scale biosensing systems.



Biochips with biosensors require pattern cells in specific locations to create biomimetic structures. The size, shape, and surface topology of pattern and the surface modification are the factors to affect the cell attachment and cell behaviors. Sometimes, the abovementioned photolithographic technology is combined with the CNC technique to integrate a biochip offering a microfluidic flow as a dynamic biosensing system. In previous literature, several bio-recognition elements have been patterned on biochips with interdigitated electrode arrays to perform as DNA sensors, immune-sensors or enzymatic sensors [24,25].



Photolithography and CNC techniques endow biosensor systems with a versatile of small or large scale to detect the targeting physiological parameters. However, the existing issues restrict their applications from being suitable for all situations [26]. For example, the cleaning, exposing, and other manufacturing steps of the photolithographic process need the rush substrates as accessories such as organic solvents or high temperature [27], while the drill of the CNC machine also generates a high temperature during the working procedure. These issues easily destroy or change the polarity, roughness, and other surface properties of materials and cause the occurrence of unexpected and uncontrol side effects so that the quality of electrodes at the following patterning process may be affected [28]. In addition, some of substrates such as silicone or PMMA used in photolithography and CNC techniques may not be suitable for ligand/protein adsorption, modification, even in living cell culture, that restrict the feasibility of use of bioactive materials. To overcome these issues, an alternative strategy, casting, is developed for fabrication of biosensors. Soft lithography and casting technologies, provide a simple process to pattern the surface morphology of materials. Scientists could make a reverse mold through photolithography and CNC machining processes; then by casting the user-desired materials on the reverse mold enables to generate the desired patterns on casting materials after crosslink of the casting materials. A microneedle array electrode fabricated through the casting technique has been reported for continuous measurement in the dermal layers with minimal pain. For example, the metal microneedle array electrodes are functionalized by entrapping glucose oxidase in the electropolymerized polyphenol films for invasiveness, continuous monitoring and sensing [29]. Additionally, Kim and co-workers developed a PDMS band-based microneedle sensor by using two molds with negative needles and positive structures [30]. Then, this flexible microneedle sensor with a curved shape (Figure 1a) as a surface electromyography not only maintains the stable skin contact, but also enhances the intensity of signal measurement.



Soft or flexible biosensors attract significant interest as a new type of sensors. To make soft or flexible types of biosensors, many strategies have been developed in the past ten years. For example, Shin and co-worker used carbon nanotube (CNT), DNA, and Gelatin methacrylol (GelMA) as a conductive ink [31]. This CNT-based ink enables to pattern a 2D circuit on a cellulose paper. Interesting, the LED light could remain its brightness even the circuit bent under various curvature angles. In addition to the 2D paper-based sensor, they further immersed the CNT-based conductive fibers into hydrogels as a 3D conductive electronic to stimulate the electrophysiological signals of cardiac cells (Figure 1b). These techniques indicate directly patterning a conductive ink on a paper or in a hydrogel with a potential as a flexible biosensor for biomedical applications. In addition, transfer-printing technology and kirigami technology are widely used to fabricate biosensors [35,36]. The transfer-printing technology is a technique that the designed pattern is directly written on a donor substrate by using an ink. Consequently, a flexible stamp will pick up the pattern from donor substrate to a receiver. The advantage of this technique is that the designed pattern could be easily printed on the substrates with various shape or mechanical properties [35]. Sim et al. have reported a paper-based sensor which is fabricated by using the transfer-printing technology. They further confirm that this flexible paper-based sensor could fit curvilinear skin surface well and precisely measure the electromyography signal from skin [37]. The kirigami technology is usually a strategy to design flexible sensors by using laser or CNC machining processes to cut the substrates with a close-shape, planar, and rotational symmetric structure. This feature provides a way to make soft and flexible sensors with 3D mesostructures [38]. Therefore, Evke et al. designed a kirgami sheet with integrated strain gauges as a strain sensor [39]. This strain sensor could transform into a 3D mesostructured spring which could fit on joint well and represent the movement and position of body skeletons. These studies provide a novel concept to develop a soft, flexible, and wearable biosensors. Currently, 3D printing has emerged as a versatile technology that allows the fabrication of 3D constructs with high complexity at extremely high spatial precision and reproducibility. To date, a variety of different techniques for bioprinting have been proposed, such as extrusion, [40,41,42,43] injection, [44,45,46,47] magnetic, [48] and laser-based approaches [49,50,51]. To make 3D complex constructs, the additive manufacturing technique of 3D printing provides a rapid process to construct the user-desired structures by layer-by-layer stacking materials. Thus, 3D printing is a suitable candidate for fabricate various types of biosensors [52]. Palenzula and co-workers provide a proof-of-concept to make ring- and disk-shaped electrodes by printing a graphene/poly(lactic acid) ink for electrochemical sensing (Figure 1c) [32]. Through the results, it is confirmed that the printed electrodes maintain high sensitivity to sense ascorbic acid with a wide detection range from 10 to 500 μM. Moreover, Truby and co-workers developed an embedded printing technique to fabricate a somatosensitive actuator consisting of curvature, inflation, and contact sensors which can display the change of resistance during the upward/downward movements and flicks (Figure 1d) [33]. This report further showed that a sensory feedback from a soft robotic gripper assembled by printed somatosensitive actuators possesses the feasibility of 3D printing technique used for fabricating soft robotic biosensors.



Next, nanoparticles have been developed as another novel type of biosensors in therapeutic and diagnostic applications [53]. The nanoscale of nanoparticles endows with them with high surface areas which contribute more contact probability to nanoparticles for capturing the targeting analytes [54]. For example, magnetic nanoparticles are usually modified their surface function groups by grafting antibodies, peptides, nucleus acids [55]. Via the specific binding interactions between antigens and antibodies, the magnetic nanoparticles could rapidly sense the specific targeting analytes in a short time; thus, the nanoparticles could be easily collected under a magnetic field after capturing the analytes [56]. Furthermore, many nanoparticles such as gold- or graphene oxide-based nanoparticles offer stimuli-responsive functions as biosensors which are widely designed as control released systems. For example, silicone-based nanoparticles with poly(methacrylic acid) (PMAA) and poly(N-isopropylacrylamide) (PNIPAM) mixed shell provide dual pH-and thermo trigger properties as a control released cargo for cancer therapy applications (Figure 1e) [34]. The negative charged carboxylic groups on PMAA chains provide an electrostatic attraction to conjugate positively charge DOX under a neutral pH condition. Then, the protonation of carboxylic groups on PMAA occurs following the decrease of pH, results in the decrease of electrostatic interaction, and enhances the release of doxorubicin (DOX). Moreover, through the combination effect of hydrophilic and hydrophobic polymer chain transitions of pNIPAM polymers under different temperatures, nanoparticles with a PMAA/PNIPAM-mixed shell offer a synergistic effect on the release of DOX from cargo and the DOX uptake of cancer cells. This information provides an open view for designing nanoscale biosensors using nanoparticles.




3. The Applications of Biosensors in Tissue Engineering


Tissue engineering involves the principles of biological and engineering sciences toward the development of engineered tissue constructs as biological substitutes to replace, maintain, or repair lost functions of damaged tissues. [57] Tissue engineering strategies require integration of cell-cell interactions and cell-material interactions via incorporation of appropriate cellular and physical signals. Therefore, it is necessary to determine and monitor the cellular signals, cell behaviors, cellular responses, and cell functionalities. Recently, biosensors have been widely used in applications of tissue engineering. In particularly, the development of tissue engineering systems in microfluidic platforms with biosensors for sensing specific biological macromolecules and cellular behaviors with the miniaturized tissue constructs are popular. These miniaturized systems provide the important information for tissue engineering construct evaluation and physiological response prediction in rapidly, real-time, and low dose levels, through optical, electrical, electrochemical, and impedance sensing systems [58]. Here, we further discuss the essential functions of biosensors for various applications in tissue engineering field.



3.1. Biosensors for Cellular Applications


3.1.1. Biosensors for Cell Polarity


Polarity probes or polarity-based biosensors are useful to investigate on biochemical processes which occur at membrane or subcellular levels. As reported, a polarity-sensitive annexin-based biosensor with switchable fluorescence states has been fabricated on the detection of cell apoptosis with live cell images [59]. This biosensor was applied on investigation of both in vitro and in vivo dynamic changes in neuron degeneration process.




3.1.2. Biosensors for Cell Behaviors Such as Metabolism, the Proliferation/Differentiation of Stem Cells


Biosensors for cellular applications focus on the fields of cell behaviors and cellular signals determination, disease modeling, and drug toxicity or bioactive molecular assessment. Thus, several approaches for transduction of cellular signals are performed, such as cell metabolism measurement, intracellular and extracellular potentials determination. Evaluation of electrophysiological properties of neural-related cells and cardiomyocytes is important for tissue engineering and microelectrode arrays (MEAs) is a candidate for measuring electrophysiological properties of cells. Chowdhury et al. considered that the contact electrogram is related with cellular action potential and should change in conjunction with each other during arrhythmogenesis. They developed a novel technique combining MEA recordings with optical mapping to simultaneously record the contact electrograms and action potentials [60]. Also, biomechanical measurements on cardiomyocytes for investigating the pathophysiological electro-mechanical coupling were done by using the stretcher device previously [61]. Further, Caluori et al. combined the MEA technology and atomic force microscope system for recording beating force of the cardiomyocytes cluster and the triggering electric events, as shown in Figure 2a [62].



Zhu et al. have also monitored the increased secretion of pre-loaded norepinephrine on a MEMS device via the expression of G protein coupled receptors from a fibroblast cell line as the basis for a living cell-based biosensor [9]. In another report, fluorescent microbead-based sensors were designed to detect the transforming growth factor-β1 and the hepatocyte growth factor secreted by primary hepatocytes diffuse through the hydrogel barrier into adjacent sensing channels [63]. Furthermore, some other devices are designed to measure the release of other important signaling molecules like hydrogen peroxide (H2O2) or Nitric oxide (NO) [64,65]. H2O2 affects immunity generation, cell migration, and cellular communications, and NO is an important gaseous messenger in the biological system. As shown in Figure 2b, the combination of a microfluidic approach with droplets and Au nanoclusters for sensing H2O2 secreted by a single cell and a poly(toluidine blue)-modified electrode has been constructed for the determination of nitric oxide, respectively. Furthermore, Visser et al. used inkjet printing techniques to print carbon MEAs on the extracellular matrix mimetic materials consisted with PDMS, gelatin, and several kinds of hydrogel to fabricate soft MEAs [66].





3.2. The Methods of Biosensors Detecting Cell-Related Analytes


3.2.1. Label-Free Biosensors


Based on the abovementioned applications, the quantification of cell number, migration, or protein expression is generally used to detect the cellular behaviors under a specific culture condition. Conventionally, the measurement of cell number and viability can be generally realized by directly counting cells, detecting the viability such as the MTT test, or quantifying DNA content. However, these methods are labor-intensive, time-consuming processes, and involve cell sacrifice. Noninvasive and label free detecting methods provide the advantages no require to stain, fix, and fluorescent-labeled which are desirable in stem cell technology and tissue engineering applications.




3.2.2. Surface Plasmon Resonance (SPR) Based Biosensors


SPR biosensors have emerged as a versatile biosensor recently which provides the advantages of high throughput, small sample volumes, and live cell analysis. SPR biosensors also allow for real-time label-free analysis of biomolecule interactions on functionalized surfaces based on their high sensitivity to the change of the tested objects’ refractive index [67]. A novel SPR-based biosensing apparatus allowing the detection of optical properties difference of the cell surface was designed and applied to evaluate the osteogenic differentiation of mesenchymal stem cells [68]. Also, the SPR biosensor has been used on monitoring the release of two clinically decisive cardiac biomarkers, fatty acid binding protein 3 and cardiac troponin T for cardiotoxicity effects evaluation on hESC-derived cardiomyocytes [69]. Further, as shown in Figure 2c, Fathi et al. developed an SPR sensing system with SPR signals rapidly and accurately response cell differentiation by detecting of vascular endothelial-cadherin expression which could sense the early stage of endothelial differentiation on day 3 [70].




3.2.3. Impedance-Based Biosensors


Electric cell-substrate impedance sensing (ECIS) is an in vitro method to quantify the behavior of cells by measuring impedance, providing a real-time, label-free, non-contact, and non-destructive cellular analysis. ECIS provides an alternative or assistive method to conventional biological assays for tissue engineering and diagnostic applications. ECIS measures cells grown on a small area on single electrode surfaces via the high frequency AC impedance, as shown in Figure 2d [71,72,73,74]. The properties of the cultured cells attached onto the interdigitated electrodes can be measured through the change of electrical impedance of electrodes. In this situation, the capacitance depends upon the quality of cell-cell contact rather than that of cell-electrode contact. Measuring cellular impedance allows the automated study of cell attachment, growth, differentiation, and motility. Previous studies have used ECIS measurement to quantify cell behaviors in a confluent layer, involving cell motility, barrier functions, quality of cell-material and cell-cell adhesions, and quantification of cellular responses and wound healing to vasoactive stimuli [74]. An on-line continuous method based on ECIS was also developed to measure the cell growth and cytotoxicity of fibroblasts exposed to mercury chloride and 1,3,5-trinitrobenzene. It is considered that the response function of cells exposed to drug was derived to reflect the resistance variation as a result of cell adhesion, spreading, migration and cytotoxicity effect [75]. Moreover, Koo.Y. et al. used ECIS to create a wound by applying high current, and then real-time monitoring the healing process through the measurement of impedance [76]. Also, ECIS was used on measurement the kinetics of human melanoma cell invasion across human brain endothelium [77]. Moreover, Pierre et al. used ECIS on real-time monitoring stem cells differentiation by measured variations in the complex impedance Z* throughout induction of adipose stem cells differentiated into osteoblasts and adipocytes on multielectrode arrays. The detection parameters of an ECIS Zθ instrument are over a 62.5–64 kHz frequency range and 180 s per time for 17 days. They found that osteoblast and adipocyte lineages have distinct dielectric properties and the differences can be detected by impedance sensing and applied on monitoring adult stem cell differentiation [78]. Fleischer et al. has developed a system to compare the cardiomyopathies from iPSCs on 2D culture and 3D clusters by impedimetric and electrophysiological monitoring [79]. Another novel design using 3D self-rolled biosensor arrays with active field-effect transistors or passive microelectrodes was reported for the electrophysiological properties measurement of human cardiac spheroids in 3D [80].





3.3. Biosensors in Tissue/Organ and Their Derivative Disease Models


3.3.1. Biosensors in Neural Disease Models


Biosensor-based systems contribute a convenient strategy to detect various signals from tissue, implying that biosensor-based systems possess potential applications for diagnosis of diseases. Traditional diagnosis of neurological diseases are time-consuming and inconvenient because it needs a doctor checking the symptoms from patient overcomes and exists a risk that around 40% of people can’t be estimated in some diseases such as Parkinson’s disease (PD) at early stage [81]. Neurological research is another field of investigation where cell-based biosensors have proven to be significant and the MEA technology is also the primary mode of determine neuronal circuits, physiology and abnormalities [82]. The MEA technique provides the advantages of non-invasive monitoring the electrophysiological activity of neurons for a long term culture, multi-site recording, and high-throughput screening [83]. The collective electrophysiological behavior of the neuronal network in terms of burst activity on MEA was applied on pharmaceutical agents testing. In addition, in order to analyze spreading depolarization, Lourenco et al. developed an innovative multimodal approach for metabolic, electric and hemodynamic measurements with neuronal activity [84].



Based on MEA technique, our lab has developed a novel interdigitated microelectrode arrays which combines electric stimulation on the guidance of neurite outgrowth ITO-PEM microfluidic system and the neuronal network development on different patterns by an impedimetric monitoring system, as shown in Figure 3a [85]. The biochip was constructed with a PDMS culture chamber layer, an SU-8 structural layer, and an indium tin oxide (ITO)-glass detector layer, as illustrating in (Figure 3a) [85]. The bottom of each culture well contains an embedded ITO electrode. The second layer, the SU-8 structural layer, consists of a pattern of 3 × 3 arrays of culture wells. The culture wells and the connecting channels were designed to be 300 and 500 μm in diameter, and 400 and 800 μm in length, respectively. Then, the structural layer was treated with oxygen plasma and polyelectrolyte multilayer films (PEMs) to guide neural stem cells differentiation. The electrical connections of two neurospheroids were determined by measuring the impedance across two electrodes. Impedance measurements were conducted using an impedance analyzer. A potential of 0.1 Vrms was applied across the electrodes and the impedance data from 1 Hz to 10 kHz were collected for each measurement. Impedance at 1 kHz quantitatively described the linkage of neurites and was used to analyze the electrical connections of the neural network. Because cell membranes are electrically insulated, impedance measurements have been used to analyze cellular responses [86,87,88]. A significant difference was observed between unconnected and connected neurites. When the neurospheroids attached on the ITO electrodes without connecting neurites, the effective electrode surface area was reduced and led to an increase of the impedance value across the electrodes. In contrast, when the neurospheroids were connected by neurites, electrical connections were constructed and the impedance value across the electrodes was significantly reduced. A threshold of 40 kΩ was defined to determine the electrical connections of the neurospheroids. Neural communication and regeneration were investigated using not only immunocytochemistry but also electrical stimulations and recordings. Impedance measurements were conducted across two neurospheroids to provide quantitative evidence and validate the connections of the neural network. The development of organ on chips provide an alternative on drug discovery, tissue engineering, and biomaterials testing, and disease model. Biosensors combined biochips are promising tools and contribute significantly to these research fields. In particularly, integrated biosensor and biomimetic chip systems can monitor stem cells proliferation, early stage differentiation, neural network formation, electrophysiological properties, and stimulation response.



Furthermore, ultra-flexible and micro-electrocorticography arrays fabricated by glassy carbon electrodes have also been used to stimulate and record brain activity with low background noise [89]. For example, Xie and co-workers designed a microporous nanoelectronic probe to overcome the mechanical mismatch and the instability of traditional silicon- and metal-based microprobes used in brain tissue [90]. They fabricated a 3D microporous device integrated by wire-shape nanoelectrodes; this microporous probe offers an ultra-flexibility and an optimized neuron/probe interface to promote the integration with brain and record the action potential activity from somatosensory cortex in brain. Other applications where live cells-based devices have been applied on monitoring of endothelial barrier functions, live cell secretion, and molecules releasing [91]. Recently, Li et al. developed reversible electrode for rapidly diagnosis of Alzheimer’s disease by using magnetic graphene nanomaterials (Figure 3b) [92]. They conjugated the antibody of Alzheimer’s disease biomarker, Amyloid-beta peptide 1–42 (Aβ42), on a magnetic nitrogen-doped graphene (MNG). Then, an Alzheimer’s disease biosensor could be rapidly constructed by dropping the magnetic MNG immunocarriers on an Au electrode surface which has a tapping permeant magnet at the underside of electrode. Afterward, the used MNG biosensors could be removed and the Au electrode could be reproduced by switching of the tapped permeant magnet. Moreover, another biosensor with rapidly detection of PD has been reported by Yang and co-workers (Figure 3c) [93]. They generated a self-assembled monolayer (SAM) by grafting a DNA aptamer and an SH-spacer on the surface of substrate. After incubation with the PD biomarker (α-synuclein), the DNA aptamer provides a specific binding to capture α-synuclein protein, and the backfilled CH3(CH2)9SH (C10SH) and CH3(CH2)15SH (C16SH) mixture induce an aligned liquid crystal. Furthermore, the changed optical signals caused from the binding of α-synuclein could be easily recognized by using a microscope. Compared with traditional ELSA or Western blot methods, these methods offer novel, rapid, and easy strategies for the detection of neurological diseases.




3.3.2. Biosensors in Cardiac Disease Models


According to the above applications, it clearly indicates that the measurement of physiological electrical signals is one of basic features of biosensors. Noticeably, bioelectrical activity is also an important myocardial function which can respond to the health of heart tissues. In general, the bioelectrical activity could be generated from the cardiomyocytes which are induced the change of action potential of cellular membrane; through the change of action potential, heart could be induced a synchronized pumping behavior via this organized electrical propagation [98]. A previous study reported that the change of oxygen level in tissues significantly interrupts the regular organized duration of action potential [99]. Therefore, a continuous electrocardiogram (ECG) monitoring technique provides a clinical standard method to detect the cardiac rhythm signal for diagnosing cardiac related diseases. To easily monitor cardiac rhythm signals, Lee et al. developed a small wearable flexible cardiac sensor which integrates an electrode, a near-field-communication chip, and a battery in polyurethane substrates [94]. The small cardiac biosensor offers a real-time visible signal that people could directly observe the change of cardiac rhythm signals on their smart phones (Figure 3d). In addition, Feiner and co-worker developed a degradable electronic scaffold as a cardiac patch. The gold electrodes are deposited on an electrospun albumin-fiber scaffold as passivation layer. Through this design, the flexible cardiac patch enables to sense the spontaneous contraction signal of cardiac cells and further provide an external electrical stimulation for regulate the contraction of cardiac cells [100]. The results indicate that the electronic albumin-fiber scaffold have a potential to use as a cardiac patch. Furthermore, a heart-on-a-chip system containing biosensors also contribute to a living heart cell system to mimic heart-related diseases. Liu and co-workers fabricated a Pt nanopillar array on an Au electrode (Figure 3e) [95]. Then, a PDMS microfluid channel was stacked on the Au electrode and cardiac cells were perfused and seeded on that to create a hypoxia-like heart disease environment such as myocardial infraction. Significantly, the biosensor displays narrow action potential signals consistent with a possible mechanism that oxygen-deficits enhance the activity of ATP-K channel and the repolarization of cellular membrane. This heart-on-a-chip type biosensor provides an in vitro disease model for investigating and understanding the effect of hypoxia on the electrophysiological behaviors of heart.




3.3.3. Biosensors in Live/Lung and Immune Systems Disease Models


Similar to brain- and heart-on-a-chip systems, other types tissue models such as liver and lung are also designed with embedded biosensors to detect the functions of tissue-like living constructs. For example, mitochondrial dysfunction involves in the development of chemical or pharmaceutical toxicity. Balvi et al. used HepG2 cell-based liver organoids as a tissue model and cultured the organoids in a microfluidic device [19]. By real-time monitoring the metabolic function of liver organoids, it endows the microdevice as a biosensor with a feature to track the dynamic of mitochondrial dysfunction. Via sensing the oxidative phosphorylation of glycolysis or glutaminolysis, the liver organoid-based system permits to evaluate the safety and effect of drug concentration on mitochondrial damage. Besides, diagnosis or prognosis of immunosystem disease are also another essential topic in biosensor field. The etiology of autoimmune disease is usually related to immunity regulatory genetic factors which are altered their expression through various mechanisms [101]. To widely rapidly sensing the expression of genes, biosensors with DNA or aptamers grafted the surface of substrates are the appropriate candidate for the detection. For example, Guerrero et al. functionalized a carbon-based electrode with carboxylated- or neutravidin-surfaces; thus, anti-cyclic citrullinated peptide as a biomarker are further immobilized on the functionalized electrode to detect rheumatoid arthritis autoimmune diseases [102]. Then, this electrochemical biosensor provides a high sensitivity (0.8–25 IU/mL) for rheumatoid factors. Compared to the ELISA method, this electrochemical biosensor requires only 25 μL of samples (four times smaller), indicating that the immuno-biosensor possesses a feasibility to achieve rapidly micro-detection.




3.3.4. Biosensors in Cancer Detection


Cancer research has been studies from last past several decades. Traditionally, cancer research focuses the therapy of cancer diseases so that many new efficient therapeutic methods are widely developed. But, in some case, patients with cancer diseases are often discovered at last stage, causing that patients missed the best time of therapy [103]. Therefore, how to rapidly and precisely diagnose or prognose cancer diseases is an important and popular topic for cancer research recently. So far, many biomimetic cancer models have been widely developed for investigating the formation, metastasis, mutation and other mechanism of cancer cells. For example, Kamei and co-worker combined a microfluidic chip, heart, and liver cancer cells as a cancer-on-a-chip model [104]. Via this co-culture model, the effects of drugs in blood circulation loop on metabolism and migration of liver cancer cells could be easily observed. For early detection, label-free biosensors are widely used to provide a rapid easy strategy to fabricate versatile cancer biosensors. Pan et al. developed a dual biomarkers-label chip (i.e., VEGF- and PSA-labeled) for prostate cancers and their circulating tumor cells (Figure 3f) [96]. These biomarkers are designed as thiolated biomarkers for immobilization on a gold nanorods (GNR)-deposited silicon chip. Afterward, the targeting analytes secreted from cancer cells in human serum could be bound on the marker-labeled chip and analyzed by using UV-Vis absorbance within one hour. In addition, Hu and co-workers also developed another type visible signal-amplifiable biosensor for detection. They used a nanoparticle-based chip to capture extracellular vesicle (EV)-associated RNA for overcoming the challenge that low expression EV-associated RNA in cancers at early stage are difficult for detection. By the effect of catalyzed hairpin DNA circuit in cationic polymer nanoparticles, it can trigger the binding of glypican-1 mRNA (pancreatic cancer markers) in serum EV and generate multiple signal outputs within 30 min; the technique enables to distinguish patients with pancreatic cancer at early- or late-stage. The abovementioned information shows that label-free biosensors with genomic probes play an indispensable role for rapid early detection of cancer diseases (Figure 3g) [97].





3.4. Biosensors in Bioimaging Applications


Next, in addition to the in vitro diagnosis applications, biosensors offer an in vivo targeting property for enhancing the sensing ability in bioimaging applications because biosensors possess a rapid precise labeling function. Based on this concept, high surface areas, modifiable properties, and small size characterization endow nanomaterials with a versatile type for use which are a candidate for bioimaging [105]. According to types of diagnosis machines such as magnetic resonance imaging (MRI), computer topography imaging (CT imaging), fluorescent microscope images, several types of nanomaterials including silicas, polymers, carbon dots and others have been designed to use for different purposes [105]. Palantavida et al. designed mesoporous silica nanoparticles encapsulated with a near-infrared (NIR) fluorescent dye, LS277, as a breast cancer cell targeting molecule [106]. Compared with the use of only LS277, the mesoporous silica nanoparticle provides the cell labeling bioimages with five times resolution than that in use only LS277 under the short exposure time. Moreover, Bao and co-workers also utilized a NIR-trigger technique to develop carbon dot-based nanoparticles [107]. Via the synthesis of carbon dots with citric acid, urea, and DMSO, a S, N-doped carbon dot with NIR fluorescence could be generated and be excluded from major organs such as liver or kidney quickly after 24-h post intravenous injection. Interestingly, after intravenous injection, the NIR fluorescent images showed that S, N-doped carbon dots significantly accumulate in tumors after three hours, indicating that S, N-doped carbon dots enable the tumor labeling of a compound. However, the absorption and scatter of under subcutaneous tissues and tissue-endogenous fluorescence limit the transmission distance (around 5 mm) of NIR fluorescent molecules. To obtain deeper bioimages, Bao et al. and Dong et al. developed a magnetic iron oxide nanoparticle and a gold nanoparticle for bioimaging in MRI and CT techniques [108,109] respectively. Both results from their studies contribute to an important information that the nanoparticles offer a function as contrast medium for use in MRI and CT techniques. By regulating the size of magnetic iron oxide or gold nanoparticles, the nanoparticle can enhance the image contrast at various organs (Figure 4). For example, the size of magnetic iron oxide and gold nanoparticles around 4 nm could enhance the T1 image contrasts and the images of tissues with the high attenuation change in MRI and CT images, respectively [108,109]. Furthermore, through chemical molecule modification such as folic acid on the surface of nanoparticles endows these nanoparticles with a function as a tumor contrast medium [108]. Therefore, a variety of types of nanoparticles as biosensors offer potential use for bioimaging applications.





4. Challenges and Future Perspectives


Biosensors contribute to selective, sensitive, and rapid tools for the disease diagnosis in tissue engineering applications. Compared to standard ELISA analytical technique, biosensors provide a strategy to real-time and on-site monitor micro biophysiological signals via the combination of biological, chemical, and physical technologies. Although biosensors have well developed in the past decade, there are still some challenges needed to be improved. The major challenges of biosensors are the scale-up process and the long-term stability of commercial products. The current biosensors are usually shown as a prototype in a research laboratory or academic departments. Therefore, as commercial products, the scale-up technology is important to rapidly mass-produce biosensors with good quality from laboratory level to industry level. Exactly precisely translating academic results in a commercially viable industry process is difficult and high-cost so that time-consuming and limited funding source may strict the development of scale-up process in academic research and industrial design. Furthermore, from industry level to retail level, commercial biosensors usually require a long time until they are sold to a user. However, some biosensors are designed by immobilizing antigens of grow factors, proteins, or nucleus acids whose short half-time might cause a short expiration date and require a strict storage environment for preventing to degradation of antigen. Therefore, these types of biosensors face a stability issue for successfully sensing after long-term storage. Additionally, biosensors allow for recording extremely weak signals from tiny samples under a quiet and low noise environment. However, there are many unpredict and complex matrix existing in a real clinical environment, resulting in that strong background noise and interferences are easily generated to decrease precision of results during the detection process. Moreover, biosensors usually need to connect with controllers, displayers, and other equipment. Therefore, the complex operation and un-friendly interfaces may decrease the willingness of user.



To overcome the abovementioned issues, combination of disciplinary technologies is necessary to develop more high-sensitive and high-speed responsive units for the fabrication of biosensors. For example, nanotechnology endows user to develop materials with various nanostructures such as rod, nanoparticle, pillar and others and then enhance the signal of samples and the sensitivity of transducers via incorporation of these nanomaterials into biosensors; it can facilitate to obtain more precise results in the complex sample and environment [110]. Additionally, though several in vitro cell-based biosensors show real-time and continuous monitoring properties, small lightweight biosensors such as paper-based biosensors provide an easy strategy to directly observe the results that dissolve the complex operation issues. At meanwhile, these lightweight biosensors could improve the complex produced processes in industry and further achieve the feasibility of scale-up from laboratory level to industry level. Therefore, the current trend of biosensors in the tissue engineering field is the development of small, lightweight, and flexible biosensors. This type of biosensor brings a new opening view to incorporate biosensors in wearable devices. For example, tear-based biosensing technology has been used to generate contact-lens biosensors. Through the detection of tear, this biosensor could be used for continuous monitoring of diabetes [111]. This information shows that wearable biosensors with a potential as a non-invasive measurement method to directly obtain the health information from human by detecting sweat, saliva, tear, and other body fluids. Furthermore, the wearable biosensors combined with apps and smart phones bring a new sight to develop the next generation biosensors to use for real-time continuous monitoring, diagnosing, or prognosing diseases. Therefore, through the publication of this review, we hope to provide scientists who work in biology, chemistry, and physics with the information to understand how to design the desired biosensors related to diseases for various applications in tissue engineering. Thus, more worthwhile potential functions of biosensors for use in academic research and clinical applications can be discovered.
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Figure 1. (a) Fabrication process of a curved microneedle by using an acupuncture needle as a mater structure to make a negative polydimethylsiloxane (PDMS) model. Then, filling melt poly(lactic acid( (PLA) into the negative PDMS model, a curved PLA microneedle can be obtained through the casting process. (Reprinted with permission from [30] Copyright (2015) MDPI publishing.); (b) The light-emitting diode (LED) light connected with a carbon nanotube (CNT) ink-printed circuit on a paper before and after folding. Moreover, the CNT ink-printed fibers could be encapsulated in a hydrogel and used as a 3D biosensor for the detection of cardiac electroactivity. (Reprinted with permission from [31] Copyright (2016) John Wiley & Sons publishing.); (c) The morphology and dimensions of a 3D printed ring shape graphene-based biosensor. (Reprinted with permission from [32] Copyright (2018) ACS publications.); (d) A 3D printed technique is used to fabricate a somatosensitive biosensor containing a dorsal sensor (layer 1), an actuator features and an inflation sensor (layer 2), and a contact sensor (layer 3). The resistance change could be recorded and be significant distinguished three type of resistance changed behaviors during the upward, downward, flicked movements of somatosensitive biosensor. (Reprinted with permission from [33] Copyright (2018) ACS publications.); (e) The sensing mechanism of silica/poly(methacrylic acid) (PMAA)- poly(N-isopropylacrylamide) (PNIPPAM) core-shell nanoparticles indicate that temperature and pH effects contribute to the nanoparticles with the enhanced release and moderate release behaviors, respectively. (Reprinted with permission from [34] Copyright (2017) ACS publications.). 
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Figure 2. (a)-A: A beating cardiac cluster placed on a microelectrode arrays (MEA) sensing area. (a)-B: Schematic representation of the implemented setup (Reprinted with permission from [62] Copyright (2019) ELSEVIER publishing). (b) Schematic Illustration of Detecting Hydrogen Peroxide in the Single-Cell Encapsulated Droplets in Combination with horseradish peroxidase (HRP)-AuNCs (Reprinted with permission from [64] Copyright (2018) ACS publishing). Real case and schematic of the proposed electromechanical cell-based system. (c) Schematic of surface plasmon resonance (SPR) biosensor for vascular endothelial (VE)-cadherin expression for evaluating of human mesenchymal stem cells trans-differentiation to endothelial lineage (Reprinted with permission from [70] Copyright (2017) ELSEVIER publishing). (d) Schematic of the electric cell-substrate impedance sensing (ECIS) system and representative equivalent circuit for an adherent growing cells layer. Left: Cross section of an ECIS culture well. Right: ECIS measures the sum of all individual contributions to the impedance (Reprinted with permission from [74] Copyright (2014) MyJove Corporation publishing. 
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Figure 3. (a) Schematic illustrating the design and fabrication of a biochip by using the MEA technique. The patterned channels with Indium ion oxide (ITO)-electrodes provide a connected network enabling to guide the neurite outgrowth and measure the neurological signals through impedance signals. (Reprinted with permission from [85] Copyright (2018) ACS publications). (b) Illustrate the preparation of Aβ42-immobilized graphene-based biosensors. The magnetic graphene nanomaterials assembled on an Au electrode provide a re-usable biosensor for rapidly detect the Alzheimer’s disease-related biomarker. (Reprinted with permission from [92] Copyright (2016) Springer Nature Limited.) (c) Schematic illustrating the detection of a Parkinson’s disease (PD) biomarker (α-synuclein) through a liquid crystal biosensor. After the deoxyribonucleic acid (DNA) aptamer on the biosensor surface capturing the α-synuclein, the bright view of liquid crystal could be observed in the polarized microscope. (Reprinted with permission from [93] Copyright (2020) Royal Society of Chemistry) (d) Schematic images of a soft flexible cardiac biosensor. The real-time heart rate and electrocardiogram (ECG) waveforms from this biosensor could be transmitted to smart phone to display a visible signal on an app. Additionally, the flexible polyurethane substrate endows biosensor with an ability to deform under the mechanical twist and bend force. (Reprinted with permission from [94] Copyright (2018) Springer Nature Limited.) (e) A heart-on-a-chip was assembled by an electrode and PDMS channels for culturing cardiac cells. The nanopillars on Au electrodes could be as a transducer to puncture into cellular membrane for the activation ATP-dependent K+ channels and promotion of membrane repolarization. (Reprinted with permission from [95] Copyright (2020) ACS publications) (f) Illustration of a prostate cancer biosensor integrated a microfluidic chip and vascular endothelial growth factor (VEGF)- and prostate-specific antigen (PSA)-immobilized electrodes. The biochip offers a high sensitivity for the detection of prostate cancers and their circulating tumor cells and an easy quick method to analyze by using a UV-Vis absorbance within one hour. (Reprinted with permission from [96] Copyright (2017) Ivy spring International Publisher) (g) Schematic illustrating the principle and operation of the biochip by linking neutravidin with a tether lipid-polymer hybrid nanoparticle (LPHN) and loading extracellular vesicle (EV) on an Au layer. This technique enables to distinguish patients with early- or late-stage pancreatic cancers. (Reprinted with permission from [97] Copyright (2017) Springer Nature Limited.). 
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Figure 4. (a) Schematic illustrating ultra small iron oxide nanoparticles as T1 magnetic resonance imaging (MRI) contrast agents and possible integration with positron emission tomography (PET) and computed tomography (CT). The ultra small iron oxide nanoparticles further modified with folic acid enable to significant enhance the labels in the tumor and kidney regions in dual CT scan/MRI images, confirming that the nanoparticles could be used as contrast agents for both CT scan/MRI imaging. (Reprinted with permission from [108] Copyright (2018) Royal Society of Chemistry.) (b) The TEM images of gold nanoparticles with different particle sizes. Representative 3D CT images displayed at a window level of 1090 HU and window width of 930 HU, indicating that controlling the size of nanoparticles can enhance the image contrast at various organs. (Reprinted with permission from [109] Copyright (2019) Springer Nature Limited.). 
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