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Abstract

:

Organs-on-chips are considered next generation in vitro tools capable of recreating in vivo like, physiological-relevant microenvironments needed to cultivate 3D tissue-engineered constructs (e.g., hydrogel-based organoids and spheroids) as well as tissue barriers. These microphysiological systems are ideally suited to (a) reduce animal testing by generating human organ models, (b) facilitate drug development and (c) perform personalized medicine by integrating patient-derived cells and patient-derived induced pluripotent stem cells (iPSCs) into microfluidic devices. An important aspect of any diagnostic device and cell analysis platform, however, is the integration and application of a variety of sensing strategies to provide reliable, high-content information on the health status of the in vitro model of choice. To overcome the analytical limitations of organs-on-a-chip systems a variety of biosensors have been integrated to provide continuous data on organ-specific reactions and dynamic tissue responses. Here, we review the latest trends in biosensors fit for monitoring human physiology in organs-on-a-chip systems including optical and electrochemical biosensors.
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1. Introduction


After decades of progress in biomedical research, tissue engineering and pharmacology including combinatorial biochemical approaches and therapeutic strategies overall drug failure rates remain unchanged and regulatory approval rates for new drugs and therapies are still declining. It is well known that state-of-the-art in vivo animal tests often fail to predict human outcome and possible side effects during clinical trials [1,2,3], which has resulted in a renewed effort to develop more predictable and physiological relevant in vitro human three-dimensional (3D) tissue models. Among others, the establishment of microphysiological systems, often also referred to as “organ-on-a-chip technology”, is considered an emerging technology capable of engineering complex 3D tissue models exhibiting organ-like physiology or pathophysiological tissue level responses [4]. In these miniaturized systems the biophysical and biochemical microenvironment accounting for the respective native tissue architecture has been recapitulated for a range of organs including lung [5], liver [6], gut [7], kidney [8], blood-brain-barrier [9], vasculature [10,11], heart [12,13], skeletal muscle [14], placenta [15], as well as neuronal systems [16]. While cell barrier models are predominantly used in combination with two-dimensional (2D) polymeric or proteinaceous porous membranes to investigate the physiology, integrity and function of human cell barriers [17], 3D scaffolds including natural and synthetic hydrogels and polymers or scaffold-free cellular self-assembly strategies are exploited to generate tissue-level architecture [18,19]. More recently, organs-on-a-chip systems incorporate biophysical force to stimulate and trigger physiological phenotypes and functions [9,20,21]. A range of biomechanical forces including shear, strain, stretch and compression have been applied using either integrated mechanical actuators and flexible membranes or elevated fluid flow [22,23,24,25,26]. It is important to note that fluid mechanical forces can also influence material uptake and toxicology [27], which needs to be considered and evaluated during on-chip cell culture handling. The most prominent examples of recreating organotypic biomechanics involve a breathing lung and moving gut tissue using lateral vacuum to exert strain on a thin flexible porous membrane and in turn stimulate epithelial cell barriers to be tighter and more in vivo like [5,28]. In addition, control over spatio-temporal biochemical cues is a hallmark of any microfluidic cell-based 3D system due to the natural establishment of gradients of growth factors, waste products and oxygen supply within the 3D cell model [11,29]. In other words, 3D cell cultures can experience not only constant media and growth factor supply as well as waste removal but are also exposed to internal cues such as hypoxia, growth factor secretion, cell-cell interaction etc. Another major benefit of microfluidic technology is that several protocols for rapid prototyping and function integration of microdevices are available that allow fast and inexpensive design and fabrication of custom-made integrated platforms based on industrial polymers [30,31,32,33]. This inherent design flexibility of microfluidic devices including size, geometry, biointerface, flow conditions and integration of microfluidic components such as mixer, actuators, heaters and micropumps as well as embedded microsensors have severely advanced the performance of organs-on-a-chip systems by providing controlled near-native biochemical environments and reproducible measurement conditions [34]. Aside from obvious microscopy and off-chip analysis schemes, a range of electrical, magnetic and optical biosensing approaches have been reported over the years for monitoring of cell populations within microfabricated systems [35,36,37]. Despite recent advances, organs-on-a-chip systems predominantly rely on microscopical and off-chip analysis techniques for data acquisition, due to familiarity of cell biologist with cell-culture stains and ELISA technology.



To provide an overview on available and potential biosensing strategies, this review addresses recent advances in embedded microsensors in organ-on-a-chip devices, thus providing an outlook on future trends in organ-on-a-chip technology. Literature for this review was selected based on the following selection criteria: (i) up to date (< 3 years), (ii) organ- or microphysiolgical model excluding reports on cells placed on top of a biosensor, (iii) no microscopic/fluorescent imaging, (iv) no off-chip analysis, and (v) biosensor must be part of the microdevice platform. It has to be noted that aside from the classical definition of the term “biosensor”, this review also mentions cell-based microsensors that use a living cell as biorecognition element.




2. Biosensors for Organs-on-a-Chip Systems with Single Tissue Models


In the following section integrated biosensors are reviewed that have been applied for single tissue or organ type/function including metabolism, barrier models, muscular systems and neuronal models.



2.1. Biosensors for Analysis of Organ & Cancer Tissue Metabolism


Non-invasive analysis of cell metabolism in organs-on-a-chips can be used to gain information on the health status of the tissue model. In order to analyze metabolism often small molecules, e.g., oxygen or glucose, are measured, thus providing additional information to standard end-point assays such as ELISA and PCR [38]. Especially in cancer research, information of cancer cell metabolism can shed light on tumor development and help to evaluate the efficacy of anti-cancer drugs [39]. For instance, Perrier et al. presented an automated microfluidic system containing MEA technology for on-line and real-time monitoring of glucose-dependent electrical activity of pancreatic islets. The described non-invasive sensing detected slow membrane potential shifts reflecting glucose concentration-dependent (3–15 mM) micro-organ activation. This setup was used to automatically identify and rank small increases of glucose levels in real time exhibiting a sensor response time of 40 µs (e.g., physiological glucose range). The authors envision this approach to facilitate monitoring of islets-on-chip systems in diabetes disease models, as well as performing maturation quality control during the production of stem-cell derived pancreatic islets [40]. Additionally, Bavli et al. reported a device capable of maintaining and monitoring liver organoids (consisting of HepG2/C3A cells) on-chip for a period of 28 days (Figure 1) using immobilized phosphorescence particles containing an oxygen sensitive ruthenium dye [41]. Additionally, embedded electrochemical glucose and lactate sensors based on platinum electrodes were used to assess the impact of various drugs on mitochondrial function and cell viability. Since even minute metabolic changes in the presence of drugs can be detected, real-time monitoring of mitochondrial dysfunction can serve as sensitive indicator of chemical toxicity even before cell necrosis or apoptosis occurs.



More multiplexed approaches in microtiter-plate format were reported by Misun et al. who adapted their well-established hanging drop spheroid multi-array by further implementing enzyme-based multi-analyte amperometric biosensors based on four electrode set-up (2xPt and 2xAg/AgCl) into a multiplexed cancer microtissue culture platform (see Figure 2) [42]. The integrated biosensors exhibited high sensitivity of 322 ± 41 nA mM−1 mm−2 for glucose and 443 ± 37 nA mM −1 mm −2 for lactate and demonstrated tissue-size-dependent, real-time detection of lactate secretion from human HCT116 colon cancer microtissues cultured in the hanging drops. Furthermore, glucose consumption and lactate secretion were monitored in parallel, and the impact of different culture conditions such as flow profiles and media compositions on cancer microtissue metabolism was recorded in real-time.




2.2. Monitoring in Endothelial & Epithelial Barrier-on-a-Chip Models


From a simplistic viewpoint, the human body mainly consist of a variety of interconnected compartments, each separated by cellular barriers. Among these, tissue barriers between endothelial cells on one side and epithelial cells on the other side are of great interest, as they play a key role in transport between vasculature and organs, such as lung, skin, gastrointestinal tract etc. [43]. Understanding barrier function is key in drug screening efforts since biological barriers have to be considered as they affect drug uptake and transmission, bioaccumulation and therefore are key for successful drug development [44]. Another important aspect includes the determination of gas and nutrient gradients across tissue barriers, which are needed to recapitulate in vivo tissue conditions. For instance, Zirath et al. applied an opto-chemical sensing principle for investigation of 2D and 3D microfluidic cell models based on immobilized polystyrene beads pre-treated with an oxygen indicator solution (including a platinum-based dye (PtTPTBPF)) for non-invasive measurement of oxygen levels across the cultivation chamber (Figure 3). The authors showed how oxygen gradients within a cell-laden vascular barrier model based on a co-culture of human adipose-derived stem cells and HUVEC endothelial cells within a 3D fibrin scaffold can be tuned by selection of chip material as well as flow profiles [29].



In another report, Mermoud et al. employed a microimpedance tomography (MITO) sensing approach based on printed circuit board (PCB)-technology integrated in a flexible breathing lung-on-a-chip that impedance biosensors can be used for tracking of membrane deflection during breathing motion of the actuator membrane (Figure 4) [45]. The authors also demonstrated that due to the inherent sensitivity to the z-dimension of the electric field, relative impedance changes can also be linked to lung epithelial barrier break-down, thus cell membrane permeabilization can in principle be monitored at the alveolar membrane using the same biosensor.



Another example by Henry et al. used micro-structured electrodes manufactured on bottom and top polycarbonate chip layers that allow continuous and non-invasive measurements of epithelial barrier function on porous membranes based on industrial polymers [46]. Using this organ-on-a-chip platform the authors reported a gut and airway models allowing for Air-Liquid-Interface culture conditions and real-time readout to study transport of drugs across cellular barriers. Results of this study showed how intestinal epithelial barriers regenerate after exposure to 5 mM EGTA, a chelating agent that disrupts tight junctions and thus barrier integrity. Similarly, Ramadan and Ting reported a multi-layered membrane system integrated in a 3 × 1 array chip as human skin model using immune competent cells to advance allergic contact dermatitis and irritant contact dermatitis research. In brief, the immune competent in vitro skin model shown in Figure 5 is comprised of a 3D co-culture of immortalized human HaCat keratinocytes as epidermis barrier in combination with human leukemic U937 monocytes as human dendritic cell model. The dynamic perfusion of culture media significantly improved the tight junction formation measuring higher TEER values compared to static or air-liquid interface cultures up to 17 days. The inline TEER biosensor was also used to investigate the toxic effect of chemical stimulation as well as UV irradiation on the skin barrier integrity [47].



Another sensor-integrated biochip was reported by Shah et al. to investigate the gastrointestinal interface between human and microbes. Their approach incorporated three separated microchambers including medium perfusion, human epithelial cell (Caco-2) culture and microbial culture each equipped with inlet and outlet allowing individual control of physiochemical parameters and downstream analysis. Optical on-chip sensors were used for monitoring oxygen levels in real-time and transepithelial electrical resistance was measured to monitor cell growth and differentiation. Due to separated microchambers oxygen content in medium supply could be set individually and enabled establishment of in vivo like oxygen gradients. In a direct comparison to existing in vivo studies the authors were able to appropriately model the gastrointestinal human-microbe interface inside the microfluidic device [48]. A more engineering focused approach was presented by Pitsalidis et al. demonstrating in a recent proof-of-principle study how conducting polymers can not only be used as alternative electrode material but can also serve as electrochemical transistor configuration while simultaneously function as 3D cellular scaffold. The authors demonstrate how such an engineered tube-like system can be used to create a 3D cell culture compartment that can be used for barrier integrity studies of 2D kidney barriers under flow conditions [49].




2.3. Cardiac and Skeletal Muscle-on-a-Chip Systems with Integrated Biosensors


Muscles in the human body can be characterized by their organotypic function into two types: skeletal muscle or cardiac muscle tissue. The latter is of special interest for drug screening studies to screen for unwanted side effects and conversion of drugs to cardiotoxic metabolites. Here, analysis of contractile forces and electrical signal propagation allow analysis of the muscle-on-a-chip models in situ [44]. Skeletal muscles-on-a-chip are mostly fabricated using cell-laden and differentiated hydrogel constructs, whereas cardiac microfluidic models can be either categorized as cell-laden hydrogel-based or embryoid body (EB)-derived cardiac bodies (CB). In turn, an in vitro model of skeletal muscles was embedded into a photopatterned polyacrylamide hydrogel-loaded microfluidic device by Agrawal et al. to evaluate muscle tissue morphogenesis, maturation, as well as drug cardiotoxicity. Using hydrogel anchoring pillars, the uniaxially-aligned, densely-packed cylindrical structure of native skeletal muscle was simulated. The deformation of anchoring pillars is used to determine the strain patterns of the embedded skeletal muscle cells in real time while they differentiate and form a multinucleated tissue bundle. Using finite element modeling prediction of toxin-induced changes in tissue architecture and passive muscle tension was demonstrated with cardiotoxin (CTX) exposure over several days [14]. Ortega et al. presented a microfluidic platform for electro-chemical online detection of myokine secretion after stimulation of skeletal muscle tissue in vitro (see Figure 6). In brief, murine C2C12 skeletal myoblasts were seeded within metacryliate-based GelMA-CMCMA hydrogels on chip and stimulated either electrically via indium tin oxide-interdigitated array electrodes or by a bacterial lipopolysaccharide solution. TNF-α and IL-6 concentrations were measured in an inline biosensor chamber array by antibody detection using functionalized gold electrodes. The measurement of these cytokines released by muscle tissue is envisioned to advance investigation of muscular disease onset and progression [50].



Additionally, Huebsch et al. developed a heart-on-a-chip device for metabolically-driven maturation of human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CM). By combining hiPSC-CM in a microfabricated PDMS device to build up a 3D cardiac microphysiological system (MPS) it was possible to improve immediate microtissue alignment and tissue specific extracellular matrix production. Through the 3D structure cells showed changes in behavior in regard to electrophysiology and pharmacology of MPS exposed to maturation media which wasn’t observed in 2D monolayers of the same cell type. Cell contraction was measured via PDMS micropillar deformation and linked to gene expression to observe the systematic combination of biophysical stimuli and metabolic cues to improve the electrophysiological maturation of hiPSC-derived cardiomyocytes [51]. Furthermore, Caluori et al. have combined an electrochemical multielectrode array (MEA) with AFM measurements to record the beating rate of cardiomyocyte organoids as well as the deformation of the cardiac cluster during contraction [52]. This setup not only allows to couple electrical and mechanical measurements, but by synchronizing the acquisition also the delay between electrical activity and mechanical reaction can be measured. Cardiac bodies were either differentiated from human pluripotent stem cell line CCTL14 or an induced dystrophin-deficient cell line reprogrammed from fibroblasts of a patient affected by Duchenne Muscular Dystrophy (DMD). The β-adrenergic stimulation by isoproterenol and antagonist verapamil addressed ionotropic and chronotropic cell line-dependent differences and for the first time, a distinctive beating-force relation for DMD was measured in a 3D in vitro organ-on-a-chip model. Instead of using conventional gold electrodes which are usually fabricated using photolithographic methods, Inácio et al. [53] reported on PEDOT:PSS polymer electrodes, which can be easily ink-jet printed using a material printer onto many different substrates such as glass, silicon or polymers. Instead of small area electrodes, which are commonly used on multi-electrode arrays, the authors used large area electrodes to record the beating rate from whole embryoid bodies with enhanced signal quality. Another benefit of PEDOT:PSS electrodes is the reduced thermal noise as the large interfacial capacitance decreases, because of the lower polymer cell culture media interface [53]. Also, PEDOT:PSS electrodes can be printed onto flexible and conformal substrates with improved performance that show lower noise and increased impedance in contrast to conventional MEAs with gold or titanium nitride electrodes as reported by Koutsouras et al. [54] Shin et al. presented single-use as well as upgraded multi-use electrochemical biosensors for time-resolved monitoring of secreted cardiac and hepatic biomarkers. [55] For automation of the microfluidic bead-based electrochemical immunosensor microvalves were integrated on-chip to allow for programmable operations of the immunoassay including immobilization of biorecognition elements, antigen binding, washing, and electrochemical sensing. Doxorubicin induced increase in cardiac creatine kinase (CK-MB) levels in organoids were monitored inline using the presented automated and miniaturized electrochemical biosensing approach for heart-on-a-chip models (see Figure 7) [56,57].




2.4. In Situ Analysis of Human Microfluidic Nervous Systems and Blood Brain Barrier Models


The nervous system is the central routing organization for various types of signals in the human body and relays information from the brain to the rest of the body and vice versa. Closely connected to this system is the blood brain barrier, a functional membrane separating the blood stream from brain interstitial fluid yet still allow signal transmission [58]. Animal models for these structures have shown their limitations and therefore in vitro (microfluidic) models have been increasingly used in recent years [59]. These include disease models for Parkinson’s and Alzheimer’s disease [60], the two most common neurodegenerative disorders, and the ability to transfer compounds through the blood brain barrier is of great interest for drug development concerning these diseases. For instance, a microfluidic device for the formation of optically excitable, 3D, compartmentalized motor units (neuro-muscular interfaces) was reported by Uzel et al. (see Figure 8). This in vitro platform enhanced the physiology of a motor unit by 3D co-culturing and compart-mentalization of mouse embryonic stem cell derived motor neurons and skeletal muscle cells within an extra cellular matrix scaffold. Passive force transducers (e.g., PDMS pillars deformation) are used for quantification of the muscle contraction similarly to previously published reports by Huebsch et al. The quantification is used to gain a better understanding culture of functional differentiated motor neurons and myofibers, the observation of 3D axonal outgrowth with the hydrogel, and the formation of functional neuromuscular junctions. The platform is envisioned to be used for drug screening to understand the influence of different substances on the muscle contraction by a defined optical stimulus of the neuronal cell structure [61].



Alternatively, Sticker et al. introduced a microfluidic stroke-on-a-chip model with an oxygen scavenging biochip material in combination with integrated opto-chemical oxygen sensing microbeads, which can be used to recreate desired reduced oxygen concentrations mimicking in vivo conditions during stroke (see Figure 9). Precise control over oxygen levels was achieved by variations in microfluidic layout, flow rate and material curing protocols. Biomedical relevance of the chip material was demonstrated by showing a disease model consisting of blood brain barrier cerebEND cells for ischemic stroke. Cytoskeletal morphology changes indicating this disruption, due to oxygen-glucose deprivation (OGD) were presented in combination with the decreased partial oxygen-pressure and upregulation of vascular endothelial growth factor (VEGF) and glucose transporter GLUT-1 [62].





3. Bio Multi Organ and Human-on-a-Chip Systems


Multi-organs-on-a-chip systems advance single organ systems by enabling the analysis of organ-organ interactions as well as investigating ADME (absorption, distribution, metabolism and elimination) processes for drug evaluation. Especially in pharmaceutical studies early identification of interactions between different tissues and organs is of high interest to avoid waste of time and monetary assets. Despite this interest in multi-organs-on-a-chip systems there is still room for improvement, particularly in long-term testing and automation [63]. As an example, Maoz et al. presented a combinatorial approach joining TEER biosensors with a Multi-Electrode array (so-called “TEER-MEA”) to measure the influence of cardiac targeted drugs like Isoproterenol across inflamed endothelial cell barriers with higher vascular permeability (see Figure 10) [64]. The multi-layered device comprised of two culture chambers separated via a porous membrane. The cardiomyocytes were grown on a multi electrode array which forms the lower chamber. The top TEER Electrode was integrated into the cover of the upper chamber, while the bottom TEER electrode was integrated next to the Multi-Electrode Array chip. By adding isoproterenol to the top chamber and challenging the epithelial layer with tumor necrosis factor alpha (TNF-α) the microdevice recorded an increase of beating rate of the cardiomyocytes due to the presence of inflammatory cytokines.



A more complex and multiplexed vascular model was reported by Lai et al. shown in Figure 11 combining printed 3D organ structures with built-in perfusable vascular structures for investigating cancer metastasis. A combined blood vessel, liver, heart and solid tumor model in a 96-well plate structure was taken to study cancer metastasis by non-invasive analysis of permeability, metabolism, biomechanics and migration. For biosensing of cardiac tissue compartment flexible cantilever-based read-out of cardiac tissue contraction was incorporated into the micro structures and beta-adrenergic agonist, epinephrine, perfused through the internal vasculature, lead to an immediate increase in tissue contraction frequency [65]. In addition, cancer cell invasion assays as well as drug screening applications were demonstrated using this microtiter plate sized platform.



Another approach reported by Zhang et al. describes a multi-sensor organ-on-a-chip platform for online measurements based on multiple sensors along the heart–liver axis. This modular platform was used to investigate organoid behavior on-chip and included monitoring capabilities for environmental parameters like pH, oxygen and temperature. Environmental sensors were based on light absorption due to phenol red (pH), quenching effects of an oxygen sensitive ruthenium dye and a simple probe for temperature measurement. Organoid investigation was performed by miniature microscopes and label-free electrochemical immunosensing, which was achieved by electrodes that could be functionalized and regenerated. High adaptability and relevance of their system was shown as it was not only capable of running fully automated for at least 5 days but could also be used for investigation of drug induced (e.g., acetaminophen) organ toxicity in healthy and cancer heart (derived from iPSC-CMs) and liver (derived from primary hepatocytes or HepG2/C3A hepatocellular carcinoma cells) models [66]. To study the effects of the hepatic metabolism on off-target cardiotoxicity Oleaga et al. built a gravity driven microfluidic device with incorporated multielectrode and cantilever arrays to study primary aspects of the in vivo crosstalk between heart and liver and for pharmacological studies. The system was used to screen cardiotoxicity induced by drugs and their metabolites produced primarily from hepatic cytochrome P450 (CYP) metabolism. Two different drugs were applied for the validation of the system: cyclophosphamide and terfenadine. Cyclophosphamide is a non-cardiotoxic parent drug which that metabolite upon liver generates a cardiotoxic substance, whereas terfenadine is a cardiotoxic parent drug which leads to a non-cardiotoxic metabolite after hepatic metabolism. Those interconnections of each drug can be observed within the two-organ-device and quantified through cantilever read out of the beating cardiac tissue [67]. Skardal et al. advanced the heart and liver organ-on-a-chip system by implementing a lung model in the same system (see Figure 12). The individual organ models were bioprinted and consisted of primary human hepatocytes, stellate cells and Kupffer cells for liver organoids, induced pluripotent stem cells for heart organoids and lung fibroblasts, epithelial and endothelial cells for lung membranes. Analysis of the system was performed by measurement of cardiac beat rates by real-time imaging, antibody-binding by impedance change and barrier function monitoring by trans endothelial electrical resistance (as an addition to traditional supernatant analysis). When investigating potentially toxic effects of bleomycin on the lung organ model, adverse effects on the cardiac organoid was observed, which did not occur when treating the cardiac model alone with the same compound. This indicates the importance of multi-organ models to reveal interactions between multiple tissues and organs [68].



Next, Oleaga et al. reported an advanced and functional human serum-free four-organ platform including cardiac, muscle, neuronal and liver modules to evaluate multi-organ toxicity of five drugs under continuous flow conditions utilizing a pumpless platform for two weeks (see Figure 13) [69].



The pharmacological relevance was evaluated for five drugs with known side effects after a 48 h drug treatment all drug treatments were in general agreement with published toxicity results from human and animal data for doxorubicin, atorvastatin, acetaminophen, N-acetyl-m-aminophenol as well as valproic acid. Nonetheless, aside from the impressive off-chip analysis schemes only a single biosensor based on silicon cantilever technology was integrated for spontaneous or induced cardiomyocyte contraction force measurements as a function of deflection of the microfabricated cantilevers. This obvious lack in continuous monitoring was improved 2018 by integration of a non-invasive electrical functional multielectrode array (MEA)-based readout strategy for the motoneuron and cardiomyocyte compartments [70]. Cultivation time of heart, liver, skeletal muscle, and nervous system modules was also improved to 28 days in serum-free conditions again using a pumpless reservoir tilting system, which allows the monitoring of cellular function for chronic toxicity studies in a two-sensor body-on-a-chip system.



In contrast to normally fixed microfluidic designs for multi-organs-on-a-chip and body-on-a-chip systems, modular microfluidic platforms have been introduced over the years to increase the potential application of multi-organ chips by creating more flexible plug & play designs. Recently Gaio et al. present a modular “Cytostretch” platform with membrane variants including porous, stretchable micro-electrode array-integrated, micro-patterned and titanium thin-film strain membranes. The authors showed how state-of-the-art silicon-based micro-fabrication techniques allows generation of a versatile yet easily scalable toolkit for organ-on-a-chip devices and show very rudimentary proof-of-principle studies on immune cell chemotaxis, field potential/impedance recordings of human induced pluripotent stem cell (hiPSCs) and more physiological phenotype of hiPSC-derived cardiomyocytes on patterned membranes compared to flat membrane. In a more recent effort, the same authors presented protocols on how to mold and assemble these modular “cytostrech” modules in a 2 × 2 array suitable for multi-organ- or body-on-a-chip applications [71].




4. Conclusions


Here, the latest progress of biosensing strategies integrated within organs-on-a-chip models were reviewed including microphysiological models for (i) individual as well as (ii) interconnected multi-organs-on-a-chip (“Body/human-on-a-chip”) as summarized in Table 1. Integration of biosensors is a promising strategy to enhance the impact of organ-on-a-chip technology for drug screening especially when single functional organ units are interconnected to become a body-/human-on-a-chip system, where the monitoring of individual organ function may require a combination of different sensing principles (e.g., barrier integrity of an endothelial or epithelial compartment, beating frequency of a muscle/cardiac model, tumor metabolism and/or cytokine release of a target tissue upon inflammatory stimulation). Interestingly, electrochemical and optical biosensors are the only types of biosensors that are used nowadays for organs-on-a-chip systems including analysis of barrier integrity (TEER), neuronal activity (MEAs), cytokine release (electrochemical cytokine biosensors) and/or optical biosensors based on deflection of flexible structure (Pillar deformation/cantilever deflection). It has to be noted here that there is a huge palette of other than the already mentioned bio- and microsensors ready to be integrated within organ- and body-on-a-chip devices. This technological gap cannot be simply explained by lack of expertise and/or interdisciplinarity since even commercially available sensor types based on field-effect transistors or nanowires are still to be integrated in the near future. Among organs that can be tested using such biosensors obviously cardiac and skeletal muscle-on-a-chip are predominant type of organs monitored using cantilever-based deflection readout for muscle contraction or spontaneous beating of cardiac bodies. The other predominant biosensor application involves human in vitro barriers including skin, intestine, BBB, vasculature, lung and kidney which can be tested non-invasively in situ using tetra- or bipolar electrochemical biosensor (TEER, impedance). These types of biosensors are well established in trans-well technology and familiar to cell biologists. Additionally, these microsensors can be easily integrated into microfluidic biochips using either lift-off of shadow masking metal thin-film deposition. This means that they can easily replace invasive fluorescent dye leakage assays, where the fluorescent probe can interfere with the actual molecule/drug transport. To our surprise, no recent studies were reported on the application of MEA technology for 3D neuronal organ-on-a-chip models, which could be interesting to probe neuronal activity not only for disease models such as Parkinson’s or Alzheimers but can be used also for neurotoxicological screening of novel therapeutic strategies. In particular, multiplexed electrochemical biosensors can be used to monitor either neuronal activity using MEAs complementary to calcium imaging using fluorescent probes (e.g., FURA-2, etc.) Also, neurotransmitter release can be potentially monitored in situ using state-of-the-art amperometry on-chip in the vicinity of the 3D neuronal model to reduce analyte oxidation, which is a frequent challenge in neurotransmitter research. The next decade of research on establishment of organs-on-a-chip systems needs to focus on how to actually probe and monitor relevant key organ functions, which is even more challenging when considering multi-organs-on-a-chip and body-on-a-chip devices, where each tissue and organ type may demand a specific biosensing strategy. Here, the current state-of-the-art heavily relies on off-chip analysis and live-cell microscopy techniques with fluorescently labelled/transfected cell lines. The reason behind this off-chip analysis trend can be simply answered as follows: (i) off-chip analysis schemes are often already established protocols used in most bio-labs worldwide (e.g., PCR, ELISA, Colorimetric assays, FACS, Histology etc.); (ii) implementation and integration of bio- and microsensors demands more specialized and expensive infrastructure in comparison to microfluidic technology that is rather cheap; (iii) the more interdisciplinary the organ-on-a-chip approach the harder it is to find employees that can operate these complex microsystems; (iv) The majority of researchers in life sciences can operate a fluorescent microscope. Fortunately, again the palette of established bio- and microsensors is huge and recently very promising new types of sensors are published that could potentially be integrated within organ-and body-on-a-chip system to make the read-out of human physiology in vitro more accurate, reliable and scalable. The overall challenge is to motivate engineers and biologists to leave the comfort zone and give in to the high interdisciplinarity of sensor-integrated organs- and body-on-a-chip systems.
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Figure 1. (a) Liver-on-a-chip for multiplexed culture of nine HepG2/C3A liver organoids with organoid integrated 400 µm oxygen sensing microprobes. (b) Correlation of oxygen uptake, glucose uptake and lactate production in healthy cells, dead cells and cells with mitochondrial dysfunction. (c) Influence of rotenone and troglitazone exposure on oxygen uptake, glucose uptake and lactate production of HepG2/C3A organoids. [41] Copyright 2016 National Academy of Science. 
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Figure 2. (a) Schematic view of hanging-drop chip for cancer organoids with an attached biosensor. (b) Measurement of glucose consumption and lactate secretion. (Adapted from [42] with permission from Nature Publishing Group 2019). 
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Figure 3. Microfluidic chip with 4 optical sensors for oxygen measurement in 3D vascular networks: (a) chip layout. (b) Simultaneous partial oxygen pressure measurement at 4 points in the chip. (c) Vascular network morphology (GFP-HUVEC cells are depicted green) at day 6 post-seeding with a medium perfusion speed of 5 μL/min. Scale bar 50 μm. (Reproduced from [29]). 
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Figure 4. (a) Microimpedance tomography (MITO) system within lung-on-a-chip including sensing electrodes (SE) and working electrodes (WE). (b) Changes in impedance resulting from the respiratory movements of the cell culture membrane. The relative impedance changes result from the permeabilization of the epithelial monolayer. (c) Time-lapse relative impedance magnitude at a frequency of 1 kHz. (Adapted from [45] with permission from Elsevier). 
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Figure 5. (a) Schematic cross-sectional sketch of the cell culture device with the perfusion setup as well as 3D schematic view of three parallel cell culture chambers including electrodes for TEER measurements and image of the fabricated chip. (b) TEER significantly decreases after 24 h of incubation with nickel sulfate while no obvious change is detectable after treatment with LPS, cobalt sulfate, or glycerol (* p < 0.05, ** p < 0.1). (c) The TEER value decreased to 82% of its original value upon UV irradiation. (Adapted from [47] with permission from The Royal Society of Chemistry). 
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Figure 6. (a) Microfluidic setup for in vitro culture and stimulation of muscle tissue (murine C2C12 skeletal myoblasts) and subsequent analysis of IL-6 (Interleukin-6) and TNF-α (Tumor necrosis factor alpha) content. High-sensitivity screen-printed gold electrodes (SPGEs); indium tin oxide (ITO)- interdigitated array (IDA) electrodes (b) Increase in cytokine concentration was detected in the relaxation periods after electrical stimulation and also during stimulation with lipopolysaccharide (LPS). (Adapted from [50] with permission from The Royal Society of Chemistry). 
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Figure 7. Immunosensing principle with the EC sensor for detection of target biomarkers and fabricated microfluidic sensing chip, (i) photograph (ii) microelectrodes, (iii) reaction chamber with oxidized TMB, (iv) transfer of oxidized TMB to the detection chamber and microfluidic sensing system. Bovine serum albumin (BSA); Horseradish peroxidase (HRP); Tetramethylbenzidine (TMB) (Reproduced from [57]). 
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Figure 8. (a) Microfluidic device temporarily bonded by vacuum and composed of two layers: (I) Microfluidic layer and (II) PDMS membrane featuring two sets of two capped pillars measuring muscle deflection. (b) Muscle and neurite growth over 16 days and muscle contraction measurement. (Reprinted from [61] with permission from AAAS). 
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Figure 9. (a) Overview of microfluidic chip and oxygen sensing principle, particles have a size of 5 μm. (b) Morphology changes after 4-h period of normoxia conditions and under oxygen-glucose-deprivation (OGD). Arrows indicate ruptures in the cell barrier. (c) Oxygen measurement during normoxia conditions and under OGD. (d) Expression of VEGF and GLUT-1 in blood-brain-barrier model under normoxia (with and without glucose) and under OGD conditions. Reproduced with permission from [62] Copyright 2019 American Chemical Society. 
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Figure 10. (a) TEER–MEA chip—endothelial cell layer on top of the PET membrane and cardiomyocytes on top of MEA—measuring TEER of both cell layers. (b) Influence of TNF-α on TEER and capacitance of the endothelial cell layer. (Adapted from [65] with permission from The Royal Society of Chemistry). 
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Figure 11. Heart model with integrated cantilever for continuous electrical measurement of cardiomyocyte activity. (Reproduced from [65] with permission from John Wiley & Sons, Inc., Hoboken, USA). 
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Figure 12. “plug-and-play” 3-tissue-representative organ-on-a-chip system. Liver and cardiac modules are created by bioprinting spherical organoids within customized bioinks, resulting in 3D hydrogel constructs that are placed into the microreactor devices. Lung modules are formed by creating layers of cells over porous membranes within microfluidic devices. Introduction of TEER sensors allows monitoring of tissue barrier function integrity over time. (Reproduced from [68]). 
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Figure 13. Non-invasive monitoring of cellular function in a 4-organ system measuring the mechanical and electrical functional activity of cardiomyocytes and motoneurons as well as secretion of hepatocytes. (Reproduced from [69]). 
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Table 1. Overview of organs-on-a-chip and microphysiological systems with integrated biosensors.
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	Organ
	Simulated Organ Function
	Cell Type (+Primary, -Cancer, * Stem Cell)
	Tissue Architecture
	Sensing Principle
	References





	Skeletal muscle
	Tissue morphogenesis and maturation and effects to cardiotoxins
	C2C12 mouse murine myoblast (-)
	3D cell-laden hydrogel structures
	Pillar deformation (fluorescence microscopy) and finite element method
	[14]



	Vascular network
	Oxygen gradients in vascular networks
	HUVEC (human umbilical vein endothelial cells) (+) and ASC (adipose-derived stem cells) (+)
	3D cell-laden hydrogel structures
	Oxygen sensing by fluorescence measurements of oxygen sensitive platinum-based dye (PtTPTBPF)
	[29]



	Pancreatic islets
	Glucose concentration-dependent micro-organ activity
	Β-cells of pancreatic islets adult male C57BL/6 mice (+)
	3D islets
	Electrical activity sensing of pancreatic islets by multielectrode array
	[40]



	Liver
	Mitochondrial respiration
	HepG2/C3A (-)
	3D cell-laden hydrogel structures
	Oxygen sensing by phosphorescence of a ruthenium dye and glucose and lactate sensing by oxidation of platinum electrodes
	[41]



	Cancer (colon) microtissue
	Glucose and lactate metabolism
	Fluorescent human colon carcinoma cell line HCT116 eGFP (-)
	3D spheroid
	Glucose and lactate sensing by using electrodes functionalized with oxidase enzymes and amperometry
	[42]



	Lung
	Mechanical strain of alveolar barrier during breathing
	Human type II alveolar epithelial-like A549 cells (-)
	Barrier model
	Barrier movement and membrane permeabilization sensing by real-time measurement of resistivity changes in three impedimetric coplanar electrodes.
	[45]



	Lung and gut
	Barrier function formation (by stem cell differentiation)
	Primary human airway epithelial cells (hAECs) (+) and human Caco2 intestinal epithelial cells (-)
	Barrier model
	Barrier integrity sensing by TEER measurements
	[46]



	Skin
	Allergic und irritant contact dermatitis
	Immortalized human keratinocytes (HaCaT) (-) and human leukemic monocyte lymphoma cell line (U937) (-)
	Barrier model
	Barrier integrity and tight junction formation sensing by TEER measurements
	[47]



	Gastrointestinal human-microbe interface
	Transcriptional, metabolic and immunological response
	Caco-2 (-), CCD-18Co (+) and CD4+T cells (+)
	Barrier model
	Optodes for oxygen sensing and TEER measurements for cell growth and differentiation
	[48]



	Kidney
	Barrier function
	Canine epithelial kidney cells (MDCKII) (-) and human telomerase-immortalized fibroblasts (-)
	3D barrier model
	Barrier integrity sensing by transconductance measurements
	[49]



	Skeletal muscle
	Myokine secretion
	Murine C2C12 skeletal myoblasts (-)
	3D cell-laden hydrogel structures
	Myokine concentration measurement by functionalized gold electrodes
	[50]



	Heart
	Formation of 3D cardiac microphysiological system
	Human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) (*)
	3D cell-laden PDMS structure
	Cardiac cell contraction sensing by micropillar deformation
	[51]



	Heart
	Cardiac beat rate
	Human embryoid stem cell line CCTL14 (*) and human induced pluripotent stem cells (*)
	3D organoid
	Cardiomyocyte beating force sensing by multielectrode array and atomic force microscopy measurements
	[52]



	Embryoid body (cardiac cells)
	Autonomous beat rate of embryoid bodies
	Mouse embryonic stem cells (mESC) differentiated cardiomyocytes (*)
	3D embryoid body
	Cardiac beat rate sensing by voltage and displacement current measurement by large area electrodes
	[53]



	Pancreatic Islets
	Electrical Activity of single cells and islets
	Pancreatic islets of mice and human (+)
	3D islets
	Action potential local field potential measurement by multielectrode array
	[54]



	Heart
	Cardiac biomarker secretion
	Human embryonic stem cell-derived cardiomyocytes (ESC-CMs) (*)
	3D cell-laden hydrogel structures
	Creatine kinase (CK)-MB sensing by impedance measurements using an aptamer functionalized microelectrode
	[55]



	Liver
	Hepatic biomarker secretion
	Human primary hepatocytes (+)
	3D cell-laden hydrogel structures
	Biomarker sensing by impedance measurements regeneratable gold electrodes
	[56]



	Liver
	Hepatic biomarker secretion
	HepG2 (-) and primary human hepatocytes (+)
	3D cell-laden hydrogel structures
	Immobilization of recognition molecules by magnetic microbeads and subsequent electrochemical measurement
	[57]



	Skeletal muscle and lower motor neurons
	Neuromuscular junction
	Mouse embryonic stem cell (mESC) line HBG3 (Hb9-GFP) (*) and mouse myoblasts

C2C12 (-)
	3D cell-laden hydrogel structures
	Muscle contraction sensing by passive force transducers (pillar deformation)
	[61]



	Blood brain barrier
	Disease model of ischemic stroke
	Murine brain endothelial cells (cerebEND) (-)
	Barrier model
	Oxygen sensing by fluorescence measurements of palladium-based dyes (PdTPTBFP)
	[62]



	Heart
	Barrier function and electrical activity of endothelialized myocardium
	Human umbilical cord vascular endothelial cells (HUVECs) (+) and human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) (*)
	Barrier model
	Barrier integrity and electrical activity sensing by TEER-multielectrode array measurements
	[64]



	Blood vessel, heart, liver
	Cancer metastasis
	Human umbilical vein endothelial cells (HUVEC) and human hepatocellular carcinoma (HepG2) (-) and human cardiomyocytes differentiation of human pluripotent stem cell (hPSC) line BJ1D (*)
	3D cell-laden hydrogel structures
	Cardiac beat frequency sensing by fluorescence microscopy and computational analysis of microcantilevers.
	[65]



	Heart and liver
	Organ toxicity
	Human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) (*), primary hepatocytes (+) and HepG2/C3A hepatocellular carcinoma cells (-)
	3D organoids
	pH sensing by light absorption of phenol red, oxygen sensing by fluorescence measurements of quenching effects of oxygen sensitive ruthenium dye and immunosensing by functionable electrodes
	[66]



	Heart and liver
	Cardiotoxicity (primarily from hepatic cytochrome P450 (CYP) metabolism)
	Human induced pluripotent stem cell (iPSc) derived cardiomyocytes (*) and human primary hepatocytes (+)
	2D monolayers
	Multielectrode array for electrical activity sensing and cantilever array for sensing of cardiac mechanical function
	[67]



	Heart, liver and lung
	Organ toxicity
	Hepatic stellate cells (HSCs) (+), primary human hepatocytes (+), Kupffer cells (+), induced pluripotent stem cell-derived cardiomyocytes (iPSC CMs) (*), human primary cardiac fibroblasts (+), lung microvasculature endothelial cells (+), airway stromal mesenchymal cells (+), bronchial epithelial cells (+)
	3D organoids
	Cardiac beat rate measurement by real-time imaging and computational analysis, antibody-binding by impedance measurement and barrier function by TEER measurement
	[68]



	Heart, liver, skeletal muscle and neuronal network
	Organ toxicity
	Human hepatocellular carcinoma HepG2/C3A (-), human induced pluripotent stem cell (iPSc) differentiated cardiomyocytes (*), human skeletal myofibers (+), human motoneurons differentiated from human spinal cord stem cell line (hSCSC) (*) and human iPSc differentiated cortical-like neurons (*)
	2D monolayers
	Cardiomyocyte contraction (force) sensing by cantilever deflection (laser beam reflection) (69, 70) and electrical activity of cardiomyocytes or motoneurons by a multielectrode array (70)
	[69,70]



	Heart
	Immune cell chemotaxis, stretching characteristics
	Human induced pluripotent stem cells (hiPSCs) (*) and human induced pluripotent stem cell (hiPSCs)-derived cardiomyocytes (*)
	2D monolayers
	Electrical field potential sensing of cardiomyocytes under membrane stretch by multielectrode array and membrane stretching sensing by measurement of electrical resistance change in strain gauges
	[71]











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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