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Recent advancements in electronic materials and subsequent surface modifications have facilitated

real-time measurements of cellular processes far beyond traditional passive recordings of neurons

and muscle cells. Specifically, the functionalization of conductive materials with ligand-binding ap-

tamers has permitted the utilization of traditional electronic materials for bioelectronic sensing.

Further, microfabrication techniques have better allowed microfluidic devices to recapitulate the

physiological and pathological conditions of complex tissues and organs in vitro or microphysiological

systems (MPS). The convergence of these models with advances in biological/biomedical microelec-

tromechanical systems (BioMEMS) instrumentation has rapidly bolstered awide array of bioelectronic

platforms for real-time cellular analytics. In this review, we provide an overview of the sensing tech-

niques that are relevant to MPS development and highlight the different organ systems to integrate

instrumentation for measurement and manipulation of cellular function. Special attention is given to

how instrumented MPS can disrupt the drug development and fundamental mechanistic discovery

processes.

INTRODUCTION

Electrical observations of cellular function have been reported as early as the late 18th century with Luigi

Galvani demonstrating the link between electricity, the nervous system, and muscle contractions (Bresa-

dola, 1998). However, it was over 200 years later that electrical recordings of muscle cells were collected

in vitro. In 1972, Thomas et al. were the first to report electrical activity recorded from contracting heart cells

isolated from chick embryos on a microelectrode array (MEA) (Thomas et al., 1972). Erwin Neher and Bert

Sakmann then devised the first patch clamp system and recorded single ion channels in the membrane of

frog skeletal muscle cells (Neher and Sakmann, 1976). Following these seminal demonstrations, great

progress in understanding cellular bioelectronics in culture have been made. Yet, a major void remains

in our understanding of how individual cellular processes extrapolate into contributions to network, tissue,

and organ function in vivo. Traditionally, bioelectronic observations in vitro have utilized a destructive

approach, investigating dissociated cell cultures. Leveraging the developments in microfluidics, tissue en-

gineering, and electronics, a shift to an additive approach to develop three-dimensional (3D), instrumented

tissue structures has provided a new path to fully understand bioelectronics from ion channels to organ

function (Figure 1).

These engineered cell culture models are frequently termed ‘‘organs-on-chips’’ or ‘‘microphysiological sys-

tems’’ (MPS) and are geared toward supplementing drug discovery by predicting in vivo efficacy and

toxicity (Huh et al., 2012) more accurately compared with static 2D cell cultures. Further, integrated elec-

trical components with real-time outputs offer dynamic measures of cell function through matriculation

and environmental or pharmacological interrogation. Whereas MPS technology has yet to be adopted

into the pharmaceutical pipeline, microfluidic devices have shown promise with a number of chip designs

available from several commercial vendors that provide more uniform nutrient delivery to maintain homeo-

stasis or drive specific chemotactic gradients. A detailed summary of MPS start-ups and their products can

be found here (Zhang and Radisic, 2017). However, the majority of commercial products require micro-

scopy to monitor cell function, which limits functional testing. Beyond passive, differential (primary elec-

trode – reference) recordings of muscle and nervous tissues, a number of on-chip sensors have been devel-

oped to investigate cell function via bioelectronic properties (Figure 2). Even cells not traditionally

considered electrically active can be probed using active, bioelectronic techniques, whereby electric po-

tentials are applied, and current densities aremeasured (or vice versa) to explore the resistivity and conduc-

tance of cell monolayers. These measures can provide real-time insight into cell-cell interactions and
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Figure 1. Overview of MPSs across the Body and Modes of Electric-Based Sensing
morphology. This review outlines a number of organ systems that have been recapitulated as MPS as well

as the bioelectronic interrogation methods for real-time measures of tissue health, function, and response

to exogenous stimuli.

CNS-ON-CHIP

The central nervous system (CNS) is comprised of neurons that communicate via depolarizations of their

cell membrane and are responsible for rapidly relaying information throughout the body via the spinal

cord and all mental functions in the brain. Eight years after the first recordings of beating cardiomyocytes

(CMs) on MEAs, Jerome Pine altered the electrode design to improve signal-to-noise ratio and record

extracellular action potentials (APs; Figure 2) of dissociated neuron cultures from superior cervical ganglia

of the neonatal rat (Pine, 1980). The adaption of lithographic techniques to manipulate surface chemistry

has paved the way for patterning 2D neural structures in vitro (Kleinfeld et al., 1988). Patterning of surface

coatings with microcontact-printing has been utilized to create simple neural circuits (Jang et al., 2016;

Jungblut et al., 2009; Marconi et al., 2012). However, both adhesive and repellant surface coatings, espe-

cially finer features (<10 mm), are unstable in culture, often degrading within one week (Wheeler and

Brewer, 2010). Additionally, patterning neurons on flat 2D substrates can be influenced by cell migration

and motility from tension exerted by neurites, leading to increasing distance between cell bodies and

patterned electrodes and thus signal loss (Anava et al., 2009). To overcome these challenges and restrict

motility, caging and physical barriers have been implemented to maintain the location of neuron somas

in reference to recording electrodes (Zeck and Fromherz, 2001).

In order to further introduce stability, a higher degree of complexity, and 3D culture, microfluidics have

been implemented to constrict cell bodies and control axonal growth (Gladkov et al., 2017; Moutaux

et al., 2018; Osaki et al., 2018; Pan et al., 2015). Specifically, Kanagasabapathi et al. demonstrated changes

in spontaneous extracellular activity of rat cortical neurons constrained along microchannels between two
522 iScience 21, 521–548, November 22, 2019



Figure 2. Overview of Types of Passive and Active Electric-Based Sensing Integrated in MPSs
microfluidic compartments (Figure 3A) (Kanagasabapathi et al., 2011). Microchannels were fabricated in

polydimethylsiloxane (PDMS) and adhered to commercially available MEAs. Demonstrating an advantage

of electrode arrays over patch clamp recordings toward understanding network dynamics, Kanagasabapa-

thi et al. investigated cross-correlations of neural activity spatially (across 60 electrodes, equally spaced;

Figure 2) and temporally (binned at 0.1 ms). Further, this team has used this platform for investigating

co-cultures of cortical and thalamic neurons (Kanagasabapathi et al., 2012) as well as selective pharmaco-

logic manipulation with tetrodotoxin (Kanagasabapathi et al., 2013). An alternative design with user-

friendly, macroscale wells for cell seeding has also been utilized for constraining cortical neuron growth

on commercially available MEAs (Figure 3B) (Pan et al., 2015). As computational and cost barriers are over-

come, high-density microelectrode arrays are becoming more common with 2D neuron cultures. Lewan-

dowska et al. utilized a >11,000 MEA to study signal propagation along constrained rat cortical neurites

in PDMS microchannels (Lewandowska et al., 2015). This platform allowed for the recording of discrete ac-

tion potentials propagating from the soma to individual neurites or the axonal terminus.

A major hurdle to recording 3D cell cultures is the requirement of electrode-cell intimacy to ensure proper

signal-to-noise ratio. Toward 3D hippocampal networks in vitro, Rowe et al. demonstrated a tower design

of SU-8 pillars to incorporate electrodes and perfusion in an 83 8 3D scaffold (Figure 3C) (Rowe et al., 2007).

Although recordings for this design were not demonstrated, a similar 3D fluidic and electrode culture plat-

form was implemented for recording spontaneous and evoked activity from cortical neurons for up to

28 days (Figure 3D) (Musick et al., 2009).

Although extracellular, differential recordings are a proven means for recording spontaneous and evoked

activity in vitro, adding additional functionalities to MPS of the CNS are advantageous for elucidating un-

derlying cellular communication. A thorough review of recording technologies including the use of field

effect transistors can be found here (Hong and Lieber, 2019). On chip, electrical impedance measurements

between interdigitated electrodes can provide real-time indications of cell adhesion or cytotoxicity (Fig-

ures 2 and 3E) (Koester et al., 2010b). Additionally, sensors for respiration (Clark-type oxygen electrodes),

acidification (pH-ISFETs), and cell adhesion (interdigitated electrode structures, IDES) have been demon-

strated in vitro with cortical neurons (Buehler et al., 2011).

PNS-ON-CHIP

MPS of the peripheral nervous system (PNS) have been developed to investigate the underlying mecha-

nisms of regeneration following trauma or the treatment of pain. Focusing on efferents, the PNS is often

investigated in the context of motor and cardiac neuroeffector units with muscle contraction as the sole

functional output. Pulsatile electrical stimulation (Oiwa et al., 2016), pharmacological stimulation (Smith

et al., 2013), and light stimulation of transgenic neurons (Uzel et al., 2016) have been used to evoke neural

firing and confirm functional synapsing onto muscle cells. The displacement of passive force transducers

(Morimoto et al., 2013; Smith et al., 2013; Uzel et al., 2016), relative fluorescent intensity of Ca2+ gradients

(Ionescu et al., 2016; Zahavi et al., 2015), and myocyte electrophysiology (Oiwa et al., 2016; Takeuchi et al.,

2011) have all been used as quantitative measures of muscle contraction frequency and/or strength in
iScience 21, 521–548, November 22, 2019 523



Figure 3. Examples of Instrumented Organ-on-chip Models of the Peripheral and Central Nervous System

(A and B) Extracellular activity and connectivity of compartmentalized cortical neurons via an MEA.

(C and D) Extracellular recordings of neural activity and 3D connectivity via a 3D MEA.

(E) Extracellular recordings and impedance detection to quantify firing frequency and cell adhesion of neuronal cells

exposed to sodium valproic acid via an MEA and an interdigitated electrode structure.

(F) Extracellular recordings of spontaneous and stimulated autonomic neuron activity for regulating cardiac beating via an

MEA.

(G) CV of myelinated and nonmyelinated sensory neurons via a microchannel-electrode approach.

(H) Single-unit action potentials and CV of intact sciatic nerves exposed to ultrasound stimuli via a multi-wire electrode

array.

(I) CAP and CV of intact sciatic nerves via a microchannel-electrode approach.

(J, K, and L) (J) CAP recording in 3D rodent sensory neuron, (K) 3D myelinated rodent sensory neurons, and (L) 3D human

stem cell-derived sensory neuron models via stimulating and recording wire electrodes.

Reprinted and adapted with permission from: A (Kanagasabapathi et al., 2011); B (Pan et al., 2015); C (Rowe et al., 2007); D

(Musick et al., 2009); E (Koester et al., 2010a); F (Oiwa et al., 2016); G (Sakai et al., 2017); H (Chen et al., 2017); I (Gribi et al.,

2018); J (Huval et al., 2015); K (Khoshakhlagh et al., 2018); and L (Sharma et al., 2019). MEA, multielectrode array; CV,

conduction velocity; CAP, compound action potential.
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response to spontaneous and/or evoke neurogenic control. Further, in addition to contractile properties,

myoblasts function as endocrine organs and release cytokines following physical exertion (Pedersen and

Febbraio, 2008). Using electrical stimulation Ortega et al. established a skeletal muscle MPS for in situ

monitoring of secreted interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a) via amperometric mea-

surements from immunofunctionalized electrodes (Ortega et al., 2019).

Although measuring the activity of the target muscle to get at the neuromuscular unit can be accomplished

by visual and electrical means, disorders such as multiple sclerosis and Guillain–Barré syndrome primarily

affect neuron signal transduction and neural-glia interactions (Joy et al., 2001; Winer, 2014). Oiwa et al. es-

tablished anMPSmodel of the CNS in which both neural and cardiac electrophysiology was recorded via an

integrated MEA (Figure 3F) (Oiwa et al., 2016). Cardiac and neural populations were physically constrained

into separate compartments for independent assessment. Similar to the microchannels utilized for study-

ing brain networks, Sakai et al. engineered a microfluidic device with microtunnels positioned atop elec-

trodes to evaluate the contribution of unmyelinating and myelinating Schwann cells (SCs) to regulate

axonal conduction (Figure 3G) (Sakai et al., 2017). Using this microtunnel-electrode approach to coculture

neurons and SCs, SC coculture was found to increase conduction velocity in a density-dependent manner.

However, due to the homologous immature SC populations used in vitro, the mature non-myelinating SCs

that are important for maintaining axonal conduction velocity in vivo were not present within this model

(Taveggia et al., 2005).

To overcome the limitations of insufficient cellular heterogenicity, while maintaining the highly controlled

environment characteristic of microfluidic-based cell culture techniques, sciatic nerve explants can be in-

tegrated in situ (Chen et al., 2017; Gribi et al., 2018). Multiple variations of in vitro systems for simultaneous

recording from multiple axons within a sciatic nerve explant from mice (Figure 3H) (Chen et al., 2017) and

from rats (Figure 3I) (Gribi et al., 2018). Chen et al. utilized their platform to demonstrate that ultrasonic

stimulation resulted in a temporary increase in nerve conduction velocity following stimuli. Similarly, Gribi

et al. demonstrated multiple modes of simulation and electrical recording along the length of the sciatic

nerve explant to enable the systematic monitoring and quantification of neural activity from heterogeneous

groups of nerve fibers. By investigating both multi-unit and compound action potentials (MUAPs and

CAPs), in addition to conduction velocities, the researchers were able to demonstrate the selective

heat-induced neuro-inhabitation upon local illumination of an optoelectronic organic semiconductor

film. Together, such nerve explant systems represent robust MPS platforms to elucidate the underlying

mechanisms of neuromodulation in a dish.

However, despite the potential for using nerve explants within instrumented microfluidic devices for mech-

anistic studies and preclinical drug screening, there is a limited supply of healthy human donor nerves.

Further, removal andmaintenance of an intact sciatic nerve is technically challenging and requires sufficient

time and resources, thereby limiting experimental throughput. Using primary rodent cell sources, Huval

et al. microengineered a biomimetic sensory neural fiber tract model capable of electrophysiological

and histopathological assessment (Figure 3J) (Huval et al., 2015). Rat embryonic dorsal root ganglia

(DRGs) were encapsulated in a PuraMatrix hydrogel and spatially confined in a growth resistance polyeth-

ylene glycol (PEG) hydrogel with a geometry resembling nerve fiber tracts. The neural response to known

Na+ channel and glutamate blockers were then observed via recording electrodes at the nerve bulb and

along neurite outgrowth to measure CAP. Beneficially, the dual hydrogel system allows the culture to be

fixed and sectioned for transmission electron microscopy (TEM) of neural culture cross-sections to investi-

gate myelination. To further explore myelination in vitro, the platform was modified to incorporate exog-

enous SCs (Figure 3K) (Khoshakhlagh et al., 2018). Using a growth-restrictive PEG hydrogel to confine nerve

tracts, rat neonatal SCs were encapsulated along with rat embryonic DRGs in a glycidyl methacrylate-

dextran hydrogel. Using TEM, the ratio of myelin to bIII-tubulin was significantly greater with longer

exposure to ascorbic acid and addition of endogenous cells, indicating the formation of SCs from the pro-

liferative to the myelinating phenotype. However, due to the opacity of the dextran-based hydrogel, elec-

trode positioning was a major challenge in chips containing exogenous SCs. Nevertheless, the addition of

ascorbic acid alone to DRGs containing endogenous SCs increased the signal amplitude and nerve con-

duction velocity.

Despite these current advances in in vitro models of the PNS, there are underlying biological differences

between rodent and human cells that need to be studied for improving the predictivity of preclinical
iScience 21, 521–548, November 22, 2019 525



drug screening (van der Worp et al., 2010). Sharma et al. developed a human sensory neural fiber tract

model using the same growth-restrictive approach previously described (Figure 3L) (Sharma et al., 2019).

Spheroids of human motor neurons and human SCs were developed and cultured in a Matrigel hydrogel

that was spatially confined by a polyethylene glycol dimethacrylate 1000 hydrogel. Ascorbic acid was

shown to increase myelination within SC/neuron coculture, but contradictory to results described in vivo,

nerve conduction velocity was found to be slower than unmyelinated neurons. Although there are several

theories to examine this surprising finding, continued effort is required to fully mimic the PNS in vitro.
HEART-ON-CHIP

CMsmaintain their phenotype in culture, spontaneously contracting with large ion fluxes across their mem-

branes. For this reason, CM biophysics have been robustly characterized and used as test beds for engi-

neering developments in electrophysiology (e.g., first demonstration of MEA recording). Further, cardio-

vascular disease is the leading cause of death worldwide, driving a breadth of ongoing research (Bank

et al., 2015). To improve the in vitro to in vivo translatability of cardiac models, it is critical to reconstitute

the vasculature-like perfusion, cell-tissue interactions, and electroactive function of the heart (Bhatia and

Ingber, 2014; Ingber, 2016). Consequently, advancements in microfabrication and the advent of human-

induced pluripotent stem cell (iPSC)-derived CMs have pushed the field to engineer instrumented heart-

on-chip models that better mimic human physiology and quantify real-time outputs of cardiac function (Kit-

sara et al., 2019).

Extracellular measurements of cardiac electrophysiology in vitro can be directly related to the human

heart’s electrical cycle (Braam et al., 2010; Caspi et al., 2009). MEAs remain as the gold standard for assess-

ment of CM electrophysiology in vitro (Spira and Hai, 2013). Using an MEA, firing frequency or beat rate,

field potential amplitude and its duration, as well as population measures, including conduction velocity

(Figure 2), can be recorded and monitored in real-time (Denning et al., 2016). Kujala et al. micromolded

gelatin atop a commercially available MEA to pattern human iPSC-derived CMs to improve biocompati-

bility via a more mechano-physiological substrate (Figure 4A) (Kujala et al., 2016). Despite this hydrogel

layer (�86 mm), signal-to-noise ratios remained sufficient to carry out dosage assays with isoproterenol (Ku-

jala et al., 2016). In this work, to mimic vasculature-like perfusion, chemically and biologically inert poly-

ether-ether-ketone (PEEK) microfluidics were employed.

Although previous models clearly demonstrated the importance of both vasculature-like flow and inte-

grating MEAs on-chip for assessing the efficacy or toxicity of pharmacological compounds, accurate

pharmacodynamic in vitro modeling requires vasculature-like perfusion through endothelium-lined mi-

crochannels (Ingber, 2016). To that end, Maoz et al. engineered a vascularized, bilayer heart-on-chip

model with endothelial cell monolayers cultured on a transmembrane above human iPSC-derived

CMs (Figure 4B) (Maoz et al., 2017). The custom dual channel design integrated both an MEA substrate

and platinum black-coated gold electrodes for transepithelial electrical resistance (TEER) measure-

ments (Figure 2) to simultaneously evaluate both cardiac electrophysiology and endothelial barrier

function. TEER is a direct measure of bioimpedance, typically utilized on a tightly formed monolayer

resistant to the passive flow of ions in cell media. These measurements are critical for understanding

kinetics and dynamics of pharmaceuticals and help to quantify the ionic conductance of the paracellular

junctions through a cell monolayer and reflect the integrity of epithelial barrier (Hickman, 2016). Maoz

et al. validated the efficacy and resolution of this multifunctional platform by simultaneously disrupting

the endothelial barrier integrity with an inflammatory cytokine (TNFa) and administering isoproterenol

to increase beat rate and field potential duration, as confirmed with TEER and an MEA, respectively

(Maoz et al., 2017).

The electrodes of standard, 60-channel, MEAs can be individually addressed with a function generator or

potentiostat, allowing for electrical stimulation (Cheng et al., 2010; Ma et al., 2011), electrochemical detec-

tion of cardiac biomarkers (Cheng et al., 2010; Shin et al., 2016; Zhang et al., 2017), and application of direct

and alternating electric fields on-chip (Tandon et al., 2010; Yang and Zhang, 2007). Exogenous pacing of

CMs is a critical assessment of the contractile and intracellular connectivity (Tandon et al., 2009), and

therefore needs to be considered when developing cardiac MPS models (Cimetta et al., 2013). Ma et al.

established an MEA-based biochip for stimulating cells found within the myocardium to investigate signal

propagation (Ma et al., 2011).
526 iScience 21, 521–548, November 22, 2019



Figure 4. Examples of Instrumented Organ-on-chip Models of the Heart

(A) Extracellular recordings of micropatterned stem-cell-derived CMs to study cardiac beating, field potentials, and conduction velocity via an MEA under

vascular-like perfusion.

(B) Extracellular field potential duration and beat rate measurements from a CM/endothelial cell bilayer coculture model to assess the pharmacodynamics of

altered vascular permeability via an MEA.

(C) Concurrent assessment of cardiac electrophysiology, beat rate, contractility, and viability via an MEA and IDEs with interpenetrating geometries for

measuring field potentials and impedance, respectively.

(D) Parallel quantification of cardiac contraction force and electrophysiology of patterned stem-cell-derived CMs via independent cantilever system and

MEA, respectively.

(E) Real-time cardiac tissue force quantification via the change in resistance caused by the deformation of piezoelectric MTF chips.

Reprinted and adapted with permission from: A (Kujala et al., 2016); B (Maoz et al., 2017); C (Qian et al., 2017); D (Oleaga et al., 2019); and E (Agarwal et al.,

2013; Grosberg et al., 2011; Lind et al., 2017). CMs, cardiomyocytes; MEA, multielectrode array; IDEs, interdigitated electrodes; MTF, muscle thin films.
To garner a deeper understanding of ischemic heart damage, Cheng et al. fabricated a custom five elec-

trode MEA, containing two platinum pacing (20 mm wide and 200 mm apart), one platinum counter (30 mm

wide), and one Ag/AgCl reference (20 mmwide) electrode, in addition to a lactate electrochemical working

electrode (50 mm wide), to manipulate and monitor single adult rabbit CMs (Cheng et al., 2010). The refer-

ence electrode was positioned away from the CMs, as AG can be toxic to cells. To establish the lactate

biosensor as a metabolic indicator of cardiac ischemia, lactate oxidase was trapped onto the electrode

surface with a poly(o-phenylenediamine) film so that in the presence of lactate the electroactive species

would easily diffuse to the electrochemical interface. As an alternative to a polymer entrapped enzyme,

Shin et al. and Zhang et al. both report on the development and use of an aptamer- and antibody-based

(Figure 2) creatine kinase (CK)-MB biosensor within an MPS to investigate human cardiotoxicity (ESC and

iPSC derived) to pharmacological compounds, respectively (Shin et al., 2016; Zhang et al., 2017). Yang et al.

demonstrated that by applying an electric field within a microfluidic device, adult rat CMs were aligned

along the field’s direction and formed a biomimetic tissue-like structure (Yang and Zhang, 2007). Similarly,

Tandon et al. showed that with electrical simulation, neonatal rat CMs exhibited enhanced alignment
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and elongation within a custom PDMS-based bioreactor mounted to an optically clear indium tin oxide

MEA (Tandon et al., 2010).

Larger interdigitated electrodes (IDEs) have been used to assess CM mechanical function via high-resolu-

tion ECIS, measuring changes in bioimpedance across confluent, contracting cell monolayers. Beat rate

and cell viability can also be noninvasively monitored with this technique (Nguemo et al., 2012; Zhang

et al., 2016), both of which are powerful predictive tools for preclinical pharmaceutical efficacy and safety

(Abassi et al., 2012). Toward developing heart-on-chip technologies to assess the cardiotoxicity during the

drug discovery process, Zhang et al. fabricated a microfluidic device to culture neonatal rat CMs on IDEs

(Zhang et al., 2016). Proof-of-concept studies confirmed that the verapamil decreased both beat rate and

contractility (lower signal amplitude) while not affecting cell viability and that doxorubicin decreased beat

rate, contractility, and viability. Qian et al. integrated an MEA and an IDE with interpenetrating geometries

to assess cardiac electrophysiology, in addition to quantifying beat rate, contractility, and viability from

impedance readouts (Figure 4C) (Qian et al., 2017). Further, due to the overlapping MEA/IDE geometries,

this platform was used to electrically stimulate human iPSC-derived CMs and generate field potential maps

under physiological conditions and pharmacological stimuli in real-time. Using this cardiac model with

interdigitated MEAs and IDEs, the addition of norephedrine, a clinical drug used to treat low blood pres-

sure and heart failure, demonstrated several physiological effects on CM outputs only observable with

simultaneous readouts from combinational electrode arrays.

Although impedance offers an indirect measure of cardiac contractile force, the signal measured may be

influenced by protein adsorption or electrode degradation over time and/or when introducing drugs as

well as relying on a confluent monolayer (Qian et al., 2017). Specifically, ECIS is influenced by the osmotic

concentration of the medium, erroneous bioimpedance signals from noncontractile cells and extracellular

proteins/molecules, and the total adhesion to the IDE, all of which are highly variable (Heileman et al.,

2013). Therefore, as an alternative to impedance spectroscopy, researchers have directly measured con-

tractile force with microfabricated pillars/cantilevers (Boudou et al., 2012; Zhao and Zhang, 2006), videomi-

croscopy of flexible film substrates (Feinberg et al., 2007), calcium imaging (Huebsch et al., 2015), and visual

tracking of either magnetic or fluorescent beads in materials of known moduli (Aung et al., 2015; Yin et al.,

2005). In combination with an MEA, Oleaga et al. developed an MPS that incorporates an independent

cantilever system for monitoring mechanical and electrophysiological function in the heart (Figure 4D)

(Oleaga et al., 2018, 2019). This platform was used to both evaluate the long-term cardiotoxicity in a multi-

organ system (Oleaga et al., 2019) and better predict the pharmacokinetics/pharmacodynamics (PK/PD) of

preclinical drug molecules (Oleaga et al., 2018). The combination of electrical readouts and contractile

force has a high predictive value for parameters associated with drug-induced cardiotoxicity: spontaneous

beating rate, conduction velocity, QT interval, minimal inter-spike interval, peak contractile force, speed of

contraction, and rate of relaxation (Stancescu et al., 2015).

Despite the need for laborious optical analysis and dedicated microscopy setups, often visual deformation

of materials to measure contraction force is still used within microfluidic devices for real-time readouts of

cardiac contractility (Aung et al., 2015; Lind et al., 2016). For example, Agarwal et al. incorporated muscle

thin films (MTFs) into a microdevice with fluidic fittings and a heated base for maintaining vasculature-like

flow and physiological temperatures, respectively (Figure 4E) (Agarwal et al., 2013). In addition, to optically

record deformation of the MTFs, which is associated with the contractility of the cardiac tissue, the devices

were fabricated with a transparent top. Lastly, imbedded electrodes enabled the electrical field stimulation

of the cardiac tissue constructs. However, to remove the need for microscopy-based force measurements,

piezoresistive, high-conductance, and flexible biocompatible inks were printed onto MTFs (Lind et al.,

2016). These embedded sensors provided non-invasive, real-time, continuous electrical readouts of car-

diac contractile stresses within an MPS. Although this device allows for a function output across a battery

of testing parameters, indications on cellular electrophysiology and population signal propagation are

limited.
ADRENAL-ON-CHIP

The adrenal glands function as the effector organ, preparing the body to respond to stress (Olson et al.,

2011). Part of a sympathetic division, adrenal chromaffin cells located in the medulla release glucocorti-

coids, epinephrine (EP), and norepinephrine (NEP) into the periphery to initiate the ‘‘flight-or-fight’’

response. The fast release of these glucocorticoids relies on membrane depolarizations similar to the
528 iScience 21, 521–548, November 22, 2019



Figure 5. Examples of Instrumented Organ-on-chip Models of the Adrenal Gland

(A) Amperometric detection of catecholamines released from immobilized PC12 cells after calcium/potassium stimulation via platinum/indium tin oxide

electrodes.

(B) Fluorescent detection of dopamine release from immobilized PC12 cells via electrophoretic-based separation of catecholamines.

(C) Simultaneous electrochemical detection of dopamine and norepinephrine from immobilized PC12 cells via microchip electrophoresis and carbon ink

microelectrodes.

(D) Electrochemical detection of single-cell catecholamine exocytosis from cytophobically/fluidically trapped bovine chromaffin cells via a multielectrode

array.

(E) Electrochemical detection of catecholamines from multiple individual bovine chromaffin cells via a 10 3 10 potentiostat electrode array.

(F) Spatiotemporal amperometric spike detection from bovine chromaffin cell clusters in repose to physiologically relevant secretagogues to assess the

kinetics of adrenal catecholamine exocytosis via interdigitated electrodes.

Reprinted and adapted with permission from: A (Li et al., 2005; Sun and Gillis, 2006); B (Li and Martin, 2008); C (Bowen and Martin, 2010); D (Barizuddin et al.,

2010; Liu et al., 2011); E (Kim et al., 2013); and F (Ges et al., 2013).
APs of neurons and muscle (de Diego, 2010). Chromaffin cells exhibit a resting potential of ��50 mV and

APs (�65 mV) in a frequency range between 0.2 and 3 Hz, a similar range to the resting (0.2 Hz) and stressed

discharge from the sympathetic-splanchnic nerve (de Diego et al., 2008). From measuring glucocorticoid

production to monitoring exocytosis events, the adrenal medulla possesses a number of attributes that

make it amenable to bioelectronic interrogation.

To effectively distribute these catecholamines systemically, the adrenal glands require a large blood supply

and extensive vascularization (Megha and Leslie, 2019). Once in circulation, EP and NEP bind to the adren-

ergic receptors expressed throughout the body to elicit a physiological response (Byku and Mann, 2016;

Ripplinger et al., 2016). Microfluidic-based cell culture techniques are well suited to recapitulate the highly

vascularized adrenal microenvironment and mimic tissue perfusion. Moreover, quantal catecholamine

release can be readily measured by integrating electrochemical sensors on-chip to detect oxidization

(Ges et al., 2012). Li et al. designed a microchannel device for amperometric monitoring of catecholamine

transient exocytosis under a continuous flow rate (Figure 5A) (Li et al., 2005). In this study, adrenal chro-

maffin cells, from rat pheochromocytoma (PC12), were immobilized within a microchannel and repeatedly

stimulated with calcium solution to release catecholamines. Similarly, Sun et al. fabricated an instrumented

microchannel-based device to investigate quantal catecholamine release from bovine adrenal chromaffin

cells in response to perfusion with a potassium solution (Sun and Gillis, 2006). Lastly, as an alternative to
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ionic or pharmacological secretagogues, which are often time delayed due to flow and diffusion limita-

tions, a 5 s voltage pulse elicited quantal exocytosis from chromaffin cells within microchannel-based de-

vices (Dittami and Rabbitt, 2009).

NEP and EP concentrations can be differentiated from one another by detecting the second oxidation peak

in EP that is not present in NEP, using background-subtracted cyclic voltammetry (Figure 2) (Pihel et al.,

1994). Catecholamine concentrations may then be calculated by defining current- and voltage-based cali-

bration parameters from a standard solutions (Wolf et al., 2016). However, in the case of complex tissue

systems, it is not possible to distinguish between dopamine and NEP with electrochemical detection of

oxidation (Michael and Wightman, 1999). Using a variant of their previously designed chip to immobilize

PC12 cells in a microchannel (Li et al., 2005), Li et al. reports that by integrating an electrophoresis channel,

dopamine can be separated by mass and charge from NEP and then fluorescently detected (Figure 5B) (Li

and Martin, 2008). Further, incorporating peristaltic pumps into a modified microfluidic design enables

continuously electrochemical detection of both dopamine and NEP from immobilized PC12 cells (Fig-

ure 5C) (Bowen and Martin, 2010).

Despite providing measures of adrenal neurosecretions in the culture medium, systems with only one elec-

trochemical catecholamine detector lack temporal resolution information and often require large cell pop-

ulations (Ges et al., 2013). Consequently, the Gillis group designed custom MEAs for single cell capture to

improve the temporal resolution of quantal exocytosis events (Figure 5D) (Barizuddin et al., 2010; Gao et al.,

2013; Liu et al., 2011). In this work, cell-sizedmicrowells were established onMEAs by regulating cell attach-

ment with either Teflon (Barizuddin et al., 2010) or polyethylene glycol (Liu et al., 2011) or by manipulating

fluidic flow within a layered device (Gao et al., 2013). Cell trapping efficiency and stability of each device

were assessed, and single-cell catecholamine exocytosis was investigated with a potassium secretagogue.

Although these techniques provide exquisite sensitivity and temporal resolution of quantal exocytosis, sin-

gle-cell analysis fails to mimic the packing density of chromaffin cells in the adrenal gland.

In vivo, chromaffin cells rely on autocrine/paracrine communication to regulate catecholamine secretion in

response to various stressors (Currie, 2010). Kim et al. established a 100-electrode CMOS-based electrode

array for the electrochemical detection of catecholamines from multiple individual chromaffin cells (Fig-

ure 5E) (Kim et al., 2013). Single-cell amperometric spikes were detected and corelated to provide spatio-

temporal dynamics. To incorporate both autocrine/paracrine communication and vascular-like flow, Ges

et al. established amicrofluidic culture model with U-shaped cell traps and large, thin film platinum electro-

chemical electrodes to enable continuous fluidic flow and higher resolution of catecholamine secretion

(Figure 5F) (Ges et al., 2013). Using this system, the need for a recovery period between simulations

confirmed the impact of repetitive stimulation on kinetic parameters. Lastly, to assess the potential of

this system as a sympathoadrenal module to investigate endocrine control of cardiac myocytes and other

relevant targets downstream within the device, stimulation of catecholamine exocytosis was investigated

using a variety of physiologically relevant secretagogues.
VASCULAR-ON-CHIP

Due to the critical role blood perfusion has in maintaining tissue functions, several MPS that recapitulate

vascular physiology have been developed (Lee et al., 2018). A prime example, the blood brain barrier

(BBB) is complex multicellular multilayer endothelium that protects and maintains the CNS. The BBB is

selectively permeable to essential compounds such as selected sugar, amino acids, electrolytes, hor-

mones, and water, while excluding most other exogenous compounds present in the blood such as select

pharmaceuticals and pathogens (Hawkins and Davis, 2005). Toward understanding the underlying mecha-

nisms and developing compounds to cross this barrier, biomimetic BBB models have been developed to

investigate the pharmacodynamics of various drug compounds. Conventionally, BBB permeability has

been assessed using Transwell inserts, but by establishing flow-based systems with more realistic dimen-

sions and geometries, barrier integrity can be improved to better mimic physiology (van der Helm et al.,

2016).

Douville et al. reports on the first microfluidic device with integrated TEER electrodes for real-time assess-

ment of BBB permeability in vitro (Figure 6A) (Douville et al., 2010). Mouse-brain-derived endothelial cells

(bEnd.3) were cultured on the membrane of a dual-layer PDMS microfluidic chip and were confirmed to

establish tight junctions via an increase in TEER results. To further validate use the resolution of this system,
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Figure 6. Examples of Instrumented Organ-on-chip Models of the Vasculature System

(A) Permeability study of a mouse-brain-derived endothelial cell (bEnd.3) monolayer cultured on the membrane of a bilayer chip via TEER electrodes.

(B) Barrier integrity assessment of bEnd3 cell monolayer cocultured with a murine astrocytic cell line (C8D1A) in a multilayer chip under flow via TEER.

(C) Human brain endothelial cell line (hCMEC/D3) tight junction integrity investigated within a bilayer chip with vasculature-like flow via TEER electrodes.

(D) BBB integrity assessed within a perfusable trilayer chip, containing brain endothelial cells, astrocytes, and pericytes, in response to physiological stresses

via TEER electrodes.

(E and F) (E) BBB permeability quantified in using a 2D and (F) 3D side-by-side orientated vascular channel and the brain compartment microfluidic device via

TEER electrodes.

(G) Electrochemical assessment of red blood cell nitric oxide production via an integrated amperometric detector.

Reprinted and adapted with permission from: A (Douville et al., 2010); B (Booth and Kim, 2012); C (Walter et al., 2016); D (Brown et al., 2015); E (Deosarkar

et al., 2015); F (Xu et al., 2016); and G (Selimovic et al., 2014). TEER, transepithelial electrical resistance; BBB, blood brain barrier; IDEs, interdigitated

electrodes.
TEER values were reduced with the addition of TritonX-100. Endothelial cells are greatly affected by the

forces exerted by fluid flow, and Booth et al. established the first instrumented, flow-based, co-culture

BBB system (Figure 6B) (Booth and Kim, 2012). A co-culture of bEnd3 cells with a murine astrocytic cell

line (C8D1A) under flow exhibited TEER values exceeding 250 U.cm2, compared with 25 U.cm2 in Transwell

co-cultures. Shear stress as well as coculturing astrocytes and endothelial cells resulted in higher TEER

values. Using the same chip design, Booth et al. further confirmed the predicative potential of their dy-

namic microfluidic BBB model for investigating the permeability of neuroactive drug molecules (Booth

and Kim, 2014). In this study, inclusion criteria for TEER values was established for seeded MPS to decrease

sample variability prior to pharmacological interrogation. Jeong et al. iterates on this proven bilayer chip

design to expand the throughput of each device for preclinical andmechanistic investigations (Jeong et al.,

2018). In this work, a 4 3 4 array of intersecting microchannels forming 16 independent testing areas be-

tween the electrodes of two MEAs is used to measure TEER. Leveraging this increased capacity, this plat-

form was used to evaluate a broad experimental range of the extracellular matrix compositions and flow

rates or shear stress.
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To improve the relevance to human physiology, Griep et al. established a dual-layer PDMS chip with

immortalized human brain endothelial cell line hCMEC/D3 cultured on a membrane (Griep et al., 2013).

As reported previously in rodent system, high shear stress positively influenced barrier tightness and

increased TEER values of a hCMEC/D3 cell monolayer (Griep et al., 2013), whereas low shear stress led

to no changes in TEER (Figure 6C) (Walter et al., 2016). As a proof-of-concept, stimulation with tumor ne-

crosis factor alpha (TNF-a) adversely affected barrier integrity and decreased TEER values (Griep et al.,

2013). Similarly, Brown et al. developed a human BBB model to assess barrier integrity in response to a

cytokine cocktail (Figure 6D) (Brown et al., 2015, 2016). However, to better recapitulate the neurovascular

unit, Brown et al. established cell-to-cell communication between endothelial cells, astrocytes, and

pericytes. Using an instrumented trilayer PDMS chip, primary human brain–derivedmicrovascular endothe-

lial cells (hBMVEC), primary pericytes and astrocytes, and human iPSC-derived neurons were cultured

together to study BBB permeability in response to stress. In this study, cold shock, reduced nutrient perfu-

sion, and neuroinflammation all resulted in a decrease in TEER values, thereby demonstrating the suscep-

tibility of BBB.

Although these multi-layer PDMS chip designs have been invaluable for studying pharmacodynamics and

biological mechanisms, their stacked design limits visual monitoring of cellular process. To overcome this

limitation, Deosarkar et al. developed a side-by-side orientation of the vascular channel and the brain

compartment (Figure 6E) (Deosarkar et al., 2015). However, due to the differences in surface area and

pore density, TEER values cannot be directly compared with values obtained from Transwells or multi-

layered devices. Nevertheless, TEER increased for primary neonatal rat brain capillary endothelial cells

when cocultured with primary rat astrocytes, demonstrating comparable results using a side-by-side

model. Using a similarly designed system, Xu et al. demonstrated that the coculture of primary adult rat

brain microvascular endothelial cells (BMECs) and primary neonatal rat cerebral astrocytes under flow

had the highest TEER values compared with iterations of static and monoculture (Figure 6F) (Xu et al.,

2016). Using the dynamic coculture model, researchers were then able to study metastases and lipophilic,

hydrophilic, or prodrug transport across the BBB.

Besides a limited capacity to monitor cellular processes in multi-layer PDMS chip, the use of PDMS can

adversely affect pharmacological studies by absorbing charged small drug molecules and proteins

(Toepke and Beebe, 2006; van Meer et al., 2017). Consequently, Falanga et al. developed an

poly(methyl methacrylate) (PMMA) microfluidic device to investigate the effectiveness of a membrano-

tropic peptide to shuttle cargo across the BBB layer under flow conditions that mimic circulation

(Falanga et al., 2017). PMMA was milled into microchannels with holes to integrate the Pt electrodes

for TEER measurement. TEER was used to assess bEnd.3 cell monolayer integrity before and after

dosing to confirm that barrier function was not disrupted as a result of the nanocarrier. As an alternative

to micromilling, Wang et al. 3D printed an acrylic-based microfluidic device with integrated electrodes

to support and assess the coculture of human iPSC-derived BMECs and rat primary astrocytes (Wang

et al., 2017). The printed device was coated with a thin layer of parylene-C to ensure chemical resistance

and biocompatibility, and 0.8 mm diameter Ag/AgCl pellet electrodes were embedded in the both the

bottom and lid layers. Using this model, Wang et al. demonstrated sustained TEER >2000 U cm2 for up

to 10 days.

In addition to models of the BBB, TEER has been used for real-time monitoring barrier integrity within

peripheral, microtube-inspired blood vessel models (Vogel et al., 2011). Vogel et al. established an in-

strumented MPS to support bovine pulmonary artery endothelial cells for studying interactions with a

flowing stream of red blood cells (RBCs). In this work, TEER was used to assess both confluency and bar-

rier integrity prior to investigating the response to RBC adenosine triphosphate (ATP) secretion. Criti-

cally, by monitoring TEER values, decoupling of cell barrier integrity and cell proliferation on endothelial

nitric oxide (NO) production was achieved. To study NO production electrochemically, Selimovic et al.

established an on-chip blood vessel model with an integrated amperometric detector (Figure 6G)

(Selimovic et al., 2014). Using this planar, pillar array device, researchers demonstrated that NO release

from hypoxic RBCs was detected on glassy carbon/Pt-black/0.05% Nafion electrodes in a cell-free

region of the microchip. Such a design prevents the electrode from being coated or passivated by

cell adhesion and may be combined with TEER systems so that NO production can be monitored without

the need for fluorescence detection.
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Although paracrine signaling plays an essential role in the vascular system, cell-cell interactions are just as

important to study to recapitulate vascular physiology. Recently, Rothbauer et al. incorporated an imped-

ance spectroscopy-based system to assess cell-cell interactions between smooth muscle cells and endo-

thelial cells in response to an allergen (Rothbauer et al., 2019). Using a dual compartment microfluidic

device, an endothelial cell monolayer was cultured atop a layer of smooth muscle cells to establish a bio-

mimetic vascular coculture downstream an immune cell culture. Nitride-coated silicon IDEs were used to

monitor impedance (highest resolution observed: 80–100 kHz), both basophil degranulation and vascular

coculture interactions. Both the dosing of immune cells with an antigen and the direct administration of

histamine to the vascular coculture resulted in cell relaxation and reduction in impedance.
GUT-ON-CHIP

The gut as a system functions to absorb nutrients while acting as a barrier to protect the body from path-

ogens and is a common and desirable site for drug delivery (Koziolek et al., 2016). As such, significant work

has been carried out to understand absorption of orally dosed pharmaceutical interventions through the

epithelial lining of the gut into the body (Bein et al., 2018; Kim et al., 2012, 2016b). More recently, the

role of the gut’s microbiome in tandem with the host’s own local cells (i.e. epithelial, immunological,

neuronal, muscular, etc.) has been implicated in playing a role in a growing number of health conditions

ranging from obesity and heart disease to depression and Alzheimer disease (Butler et al., 2019; Shah

et al., 2016). Both drug absorption and basic biological research have found limitations from complete

reliance on in vivomodels to study these phenomena, which has motivated development of more relevant,

3D in vitromodels, including various geometries of microfluidic chips comprised of primary and immortal-

ized epithelial cells from human biopsies and animal samples (Bein et al., 2018; Kim et al., 2016b; Shah et al.,

2016).

Similar to vascular tissue, impedance spectroscopy has been the most extensively implemented biosensor

in gut microfluidic chips. Kim et al. first developed a gut microfluidic device whereby TEER was measured

every 1–3 days by inserting Ag/AgCl electrode wires (Figure 7A) (Kim et al., 2012). Barrier function was

measured in response to the addition of an intestinal microbe (Lactobacillus rhamnosus GG) and applica-

tion of flow. This work was continued whereby a more robust combination of factors (microbe, lipopolysac-

charide, E. coli) were evaluated for their influence on monolayer integrity (Kim et al., 2016b). Finally, the

method of fabrication and operation was detailed in a JoVE article (Kim et al., 2016a). Shah et al. developed

amodular, spiraled co-laminar microchanneled device and dubbed the HuMiX to evaluate TEER by directly

inserting commercially available chopstick electrodes (STX2; Millipore) commonly utilized for Transwell

cultures (Figure 7B) (Shah et al., 2016). Further, the incorporation of 5-mm oxygen sensors (pst3 optodes;

PreSens) permitted the application of an oxygen gradient found in the body, which enabled the system to

approach anaerobic conditions (<1% O2) and co-colonize the bacteria Lactobacillus rhamnosus GG and

Bacteroides caccae (an obligate anaerobe). Throughout culturing, TEER was utilized to evaluate barrier

function in response to the presence of bacteria.

Toward integrating TEER electrodes into the MPS platform, Henry et al. developed a PDMS chip that

included four gold electrodes patterned on polycarbonate (2 sets of 1 mm wide; 1 mm separation) (Fig-

ure 7C) (Henry et al., 2017). Impedance spectra were collected for a broad range of frequencies (10 Hz–

100 kHz) to better define cell function and the influence of the resistance of the ionic solution measured

at frequencies >10 kHz. From this data, TEER and cell capacitance were calculated from a modified cell

equivalent circuit. Cell capacitance directly correlates to the surface area of the cell monolayer and can

be utilized to normalize TEER data for influences of variable geometries. Digging deeper into the utilization

of impedance spectroscopy, van der Helm et al. developed a method of combining impedance measure-

ments to measure TEER in a fashion that could be compared between systems, which they confirmed by

developing integrated 6-electrodes into a layered gut chip to mitigate the influence of double-layer capac-

itance at the electrode-electrolyte interface (Merrill et al., 2005) as well as resistances within the contacts

or lead wires (Figure 7D) (van der Helm et al., 2019). Additionally, the group established electrical simula-

tions of the gut chip as a 2D electrical network in MATLAB to better inform electrode placement as well as

indications of barrier function and degree of maturation (i.e., villi formation). Traditional TEER measure-

ments (10 mA at 12.5 Hz) are susceptible to heterogeneity in monolayers, membrane geometry, and elec-

trode placement. Although standard values have been established for Transwell cultures, substantial work

remains to equate data across custom MPS.
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Figure 7. Examples of Instrumented Organ-on-chip Models of the Gut

(A) TEER measurements from a human Caco-2 intestinal epithelial cell monolayer exposed to microbial flora and intestinal peristalsis-like motions and flow

via insertable wire electrodes.

(B) Gastrointestinal barrier integrity quantified in response to bacterial colonization in an anaerobic environment via chopstick style TEER electrodes.

(C and D) Intestinal monolayer barrier formation and villi differentiation assessed by measuring TEER and cell layer capacitance via integrated four-point

impedance electrodes.

Reprinted and adapted with permission from: A (Kim et al., 2012); B (Shah et al., 2016); C (Henry et al., 2017); and D (van der Helm et al., 2019). TEER,

transepithelial electrical resistance.
LUNG-ON-CHIP

Selective barrier function of airway epithelial cells in the lungs ensures the transport of oxygen from the air

into the blood and prevents unwanted pathogens from entering the blood stream. Moreover, this tissue

layer has and can be exploited as a route of administration for aerosolized drug compounds (Hittinger

et al., 2017). Consequently, to develop these pharmacological screening platforms, it is critical to recapit-

ulate the lung epithelial barrier integrity that is characteristic of the respiratory system. Walter et al. estab-

lished an on-chip bilayer culture model with ports to insert commercial TEER electrodes to assess epithelial

permeability (Figure 8A) (Walter et al., 2016). To confirm the feasibility of this model, lung epithelial A549

cells were cultured on a membrane within the device and exposed to a continuous fluidic flow for nutrient

delivery. However, despite successful culture of a confluent cell monolayer and TEER values (46.4 G 17.0

U.cm2) in concordance with data obtained from A549 cultures on Transwell inserts (27.8 G 2.2 U.cm2), a

respiratory air-liquid interface was not established. Toward better mimicking human physiology,

Henry et al. cultured primary human airway epithelial cells in a microfluidic device with integrated gold

electrodes for TEER and cell layer capacitance using 4-electrode impedance measurements, similar to de-

signs discussed for gut chips above (Figure 8B) (Henry et al., 2017).

Although maintaining the air-liquid interface is critical for promoting differentiation and increasing barrier

integrity, a coculture of airway epithelial cells with endothelial cells is needed to fully recapitulate the res-

piratory microenvironment (Sellgren et al., 2014). Skardal et al. established an air-liquid interface culture

model on which layers of airway epithelial cells, airway stromal cells, and lung vascular endothelial cells

were cultured on a semi-permeable membrane (Figure 8C) (Skardal et al., 2017). Barrier integrity and ion
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Figure 8. Examples of Instrumented Organ-on-chip Models of the Lungs and Skin

(A) Lung epithelial A549 cell tight junction integrity investigated within a bilayer chip with vasculature-like flow via TEER electrodes.

(B) Human airway epithelial cell mucociliary differentiation and barrier functionality quantified using capacitance and TEER measurements recorded

overtime after establishing an air-liquid interface via integrated four-point impedance electrodes.

(C) Barrier integrity and chloride ion channel activity was assessed within an airway epithelial, stromal, and vascular endothelial cell coculture system via

integrated TEER and short circuit current electrodes.

(D) Airway epithelial barrier permeability under physiological cyclic strain quantified via integrated TEER electrodes.

(E) Cell-substrate interactions, cell viability, and metabolic activity of foreskin-derived dermal fibroblasts in response to stimulation with circulating

proinflammatory molecules quantified via interdigitated electrodes.

(F) Epidermal barrier functionality measured in response to skin allergens or physical stresses in a keratinocytes/immune cells coculture model via TEER electrodes.

(G) Barrier integrity of a full-thickness 3D human skin equivalent assessed via TEER electrodes.

(H) Capacitance of a vascularized 3D skin model measured via two electrodes was placed on either the dermal or the epidermal layers.

(I) Barrier stability, metabolic activity, and tissue breakdown measured simultaneously via TEER and extracellular acidification rate of L929 fibroblasts.

Reprinted and adapted with permission from: A (Walter et al., 2016); B (Henry et al., 2017); C (Skardal et al., 2017); D (Stucki et al., 2018); E (Charwat et al.,

2014); F (Ramadan and Ting, 2016); G (Sriram et al., 2018); H (Mori et al., 2017); and I (Alexander et al., 2018). TEER, transepithelial electrical resistance.
channel activity was assessed using integrated TEER and short circuit current electrodes, respectively.

Although TEER measures the overall permeability of a cell monolayer, short circuit current will exclusively

measure ion transport through the cells in the monolayer by measuring the voltage with two electrodes

placed near the epithelium and by injecting current with two separate electrodes placed in solution.

Notably, the cystic fibrosis transmembrane conductance regulator (CFTR) chloride ion channel function-

ality is essential to regulate epithelial fluid transport. Therefore, electrophysiological sensing of the layered
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lung model via short circuit current confirmed functionality of these chloride ion channels in response to

CFTR agonist and antagonist. In addition to the physiological responses, cellular composition, and the

air-liquid interface, mimicking the dynamic mechanical stimuli within lungs has been demonstrated to pro-

mote a biomimetic like phenotype in vitro (Huh et al., 2010). Stucki et al. developed a breathing on-chip

lung model with integrated TEER electrodes and showed that epithelial barrier permeability was signifi-

cantly affected by physiological cyclic strain (Figure 8D) (Stucki et al., 2018).
SKIN-ON-CHIP

The skin is the largest organ in the body containing several different cell types and organized into multiple

layers, creating a strong barrier to the external environment (Van Gele et al., 2011). The epidermis, the

outermost layer of the skin, is characterized by differentiated keratinocytes and the presence of an

ortho-keratinized stratum corneum. Beneath the epidermis, the dermis contains hair follicles, sebaceous

glands, nerve endings, and blood vessels and the subcutaneous layer, consisting of fat and connective

tissues (Sung et al., 2019). To improve clinical dermatology and provide alternatives to animal cosmetic

testing, in vitro skin equivalent models have been developed by coculturing heterogeneous populations.

Charwat et al. established a non-invasive method to assess the health status of primary foreskin-derived

dermal fibroblasts within a microfluidic cell culture device (Figure 8E) (Charwat et al., 2014). By integrating

gold IDES, passivated with 300 nm Si3N4, onto chip for high-frequency (500 Hz–20 MHz) contactless

spectroscopy, impedance changes in connective tissue corresponded to the application of circulating

proinflammatory molecules. These higher testing frequencies were necessary to negate the influence of

the passivation layer.

In addition to evaluating dermal health within these skin equivalent in vitro models, it is essential to reca-

pitulate and quantify the critical role the skin plays in isolating the body from the external environment.

Ramadan et al. developed a biomimetic organ-chip model to investigate how the immune system affects

epidermal barrier integrity when exposed to skin allergens or physical stress (Figure 8F) (Ramadan and

Ting, 2016). To mimic the immune component in the skin, a monolayer of immortalized human keratino-

cytes was established atop a porous membrane in the apical chamber on a bilayer chip and U937 immune

cells cultured in the basolateral chamber of the same device. Further, an air-liquid interface was established

while maintaining a continuous flow of nutrients to promote the keratinocyte differentiation and the devel-

opment of a biomimetic stratum corneum. To confirm the integrity of this epidermal barrier, Ag/AgCl

wire (0.5 mm) electrodes were inserted into predefined ports integrated into each device for measuring

TEER with a Millicell ERS-2 Volt-Ohm Meter. As predicted, exposure to inert substances (lipopolysaccha-

rides, cobalt sulfate, and glycerol) had no effect on TEER measurements, whereas skin allergens (nickel sul-

fate and dinitrochlorobenzene) and UV irradiation caused a decrease in TEER values.

In addition to the immune component in the skin, Sriram et al. developed a full-thickness 3D human

skin equivalent by incorporating the dermal fibroblasts on-chip to recapitulate the connective tissues

and vascular-like flow of dermal layers (Figure 8G) (Sriram et al., 2018). A human primary foreskin-derived

dermal fibroblast laden poly(ethylene) glycol (PEG)-fibrinogen hydrogel was cross-linked atop amembrane

to facilitate nutrient delivery from the basolateral channel. Immortalized human N/TERT-1 keratinocytes

were then cultured atop this cell-laden hydrogel and allowed to differentiate to form a stratum corneum

at the air-gel interface. To assess barrier functionality, Ag/AgCl TEER electrodes were inserted into the

microfluidic device through designated ports. An increase in TEER values, in addition to a decrease in

small molecule permeability, confirmed that barrier integrity was significantly higher under perfusion, indi-

cating the importance of dermal vasculature. Therefore, to better recapitulate the dermal microenviron-

ment, Mori et al. developed a vascularized in vitro model of the skin by coculturing human epidermal

keratinocytes monolayer atop a human dermal fibroblast-laden collagen-based hydrogel with a perfusable

vascular channel containing human umbilical vein endothelial cells (Figure 8H) (Mori et al., 2017). In this

work, capacitance was measured with a Sanwa Electric LCR meter (calculated from impedance) to demon-

strate the barrier function of the perfused skin equivalent. To measure capacitance within the microfluidic

model, two electrodes were carefully placed either on the dermal or on the epidermal layers at the air-

liquid interface. Using this method, capacitance of the epidermal layer was found to significantly lower

than that of the dermal layer.

Although epidermal barrier integrity is a critical metric for understanding the skin, dermal toxicity is also

affected by the acidification of the extracellular microenvironment. Alexander et al. developed an
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integrated MPS for automated monitoring and TEER acquisition based on an intelligent mobile laboratory

for in vitro diagnostics to quantify extracellular acidification rate (Figure 8I) (Alexander et al., 2018). This

automated system was capable of fluid handling for maintaining an air-liquid interface and perfusing

PBS for TEER measurements. The simultaneous TEER and acidification rate measurement of L929 fibro-

blasts in response to sodium dodecyl sulfate medium on-chip demonstrated the ability to both monitor

barrier stability, metabolic activity, and tissue breakdown over time.
LIVER-ON-CHIP

The liver is a vital organ for filtering toxins from the blood. Its inclusion in models is crucial for pharmaceu-

tical screening to determine both drug metabolism and toxicity (Hughes et al., 2017). As such, in vitro

models which aim to better recapitulate the human liver system offer potential gains toward therapeutic

development in both the liver and systemic homeostasis. Improvements in fundamental biology, materials,

and techniques aim to enable 3D systems such as liver-on-chips to more successfully recapitulate the sys-

tem. Given the importance of the liver as well as the breadth of functions, several types of sensor technol-

ogies (e.g. aptameric, fluorescent, electrochemical, and luminescence sensors; Figure 2) have emerged

and been demonstrated in liver microfluidic chips. Utilizing surface modifications and bio polymers in

conjunction with common electrode testing configurations (i.e., cyclic voltammetry [CV], EIS), real-time

measures of analyte concentration can be achieved. With the breadth of the field, one example of several

types of sensors are summarized below.

Aptamer-based electrochemical sensors function by serving as high-affinity protein ligands for the detec-

tion of adsorption of an analyte via a change in redox properties of an electrode (Kirby et al., 2004; Zhou

et al., 2015). For the liver, Zhou et al. developed an aptamer sensor for transforming growth factor

(TGF)-b1 (Figure 9A). The device comprised of a 3 3 4 gold, individually addressable electrode array

(475 mm 3 150 mm) and was connected to a potentiostat to run square wave voltammetry. The device

was utilized to measure the concentration via percent signal suppression hourly in a liver-chip containing

both hepatocytes and stellate cells, allowing a better understanding of the cross-talk between the two cell

types in response to alcohol exposure. With COMSOL numerical modeling software, a diffusion-reaction

model was utilized to validate the concentration measurements. This work was continued by using a fluo-

rescent-bead-based optical sensors instead to again measure TGF-b1 on chip, which now included specific

sensing channels separated from culture chambers by a hydrogel (Figure 9B) (Son et al., 2017). The sensor

system operated by the desired protein(s) diffusing from amicrofluidic culture chamber (1.5 mmwidth) con-

taining cultured hepatocytes into the adjacent sensing channel (0.25 mm width) via a PEG hydrogel barrier

formed by two columns of PDMS posts (80 mmeach), which prevented cells from entering the sensing chan-

nel. The sensing channel contained antibody (ab)-coated capture (non-fluorescent, streptavidin-coated

polystyrene particles 5–5.9 mm diameter) and detection beads (fluorescent, streptavidin-coated polysty-

rene particles 5–5.9 mm diameter). The introduction of the protein(s) of interest caused aggregation of

the fluorescent particles, which could be measured with a fluorescent microscope. Following detection

of fluorescence above a standard threshold, the intensity was quantified. Discrete sensing channels

enabled the flexibility to replenish and replace the beads as desired prior to saturation. In addition, the

group was able to demonstrate a multiplexing capability with both TGF-b1 and hepatocyte growth factor

simultaneously using multiple sets of beads with different fluorescent markers.

Immune-based electrochemical sensing in a liver microfluidic chip has been demonstrated using both

bead- (Figure 9C) (Riahi et al., 2016) and electrode-based (Shin et al., 2017) platforms. Shin et al., measuring

once daily, developed a set of three antibody-coated electrodes (Au working and counter electrodes and

Ag reference electrode) for detecting human albumin and glutathione-S-transferase-alpha (GST-a). Elec-

trochemical impedance spectroscopy (EIS) was utilized to measure the changes in impedance upon bind-

ing of the protein(s). This approach was validated with ELISA. Following saturation, the group demon-

strated a cleaning procedure that was conducted 25 times without significant loss in sensitivity. With the

use of on-chip microfluidic valves, they were able to enable their semi-batch sensor to be used

continuously.

Bavli et al. developed a holistic determination of mitochondrial function in a liver chip system using a com-

bination of a luminescence and enzyme-based sensors to measure oxygen and glucose/lactose (Figure 9D)

(Bavli et al., 2016). The lifetime-based luminescence-quenching sensor measured oxygen by observing the

change in phosphorescence decay time of ruthenium-phenanthroline-based phosphorescence dye in the
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Figure 9. Examples of Instrumented Organ-on-chip Models of the Liver and Kidneys

(A) Detection of TGF-b1 within a reconfigurable device to allow communication between injured hepatocytes and stellate cells via an aptamer-based

electrochemical sensor.

(B) On-chip detection of the hepatocyte growth factor and TGF-b1 secreted by primary hepatocytes via a fluorescent-bead-based optical sensor.

(C) Transferrin and albumin production from human primary hepatocytes cultured in the bioreactor quantified via a bead-based electrochemical

immunosensor.

(D) Continuous real-time monitoring of hepatocyte metabolic function via a glucose/lactate enzyme-based electrochemical sensors and oxygen sensing

phosphorescent microprobes.

(E) Hepatocyte oxygen consumption rate assessed via inkjet-printed electrochemical dissolved oxygen sensors and commercial Clark-type sensors.

(F) Permeability study of an MDCK-2 cell monolayer cultured on the membrane of a bilayer chip via TEER electrodes.

(G) Assessment of renal epithelial cell growth and tight junction integrity quantified within a continuous fluid shear stress model via integrated TEER

electrodes.

(H) TEER measurements from a human renal epithelial cell monolayer cultured in a multi-use microfluidic device with integrated electrodes.
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Figure 9. Continued

(I) Electrical cell–substrate impedance monitoring of MDCK-2 cells to investigate wound healing and barrier integrity via an organic electrochemical

transistor.

(J) Electrochemical measurement of dissolved oxygen, Na+ and K+ ion concentration, and pH in kidney exactments via potentiometric and amperometric

electrodes.

Reprinted and adapted with permission from: A (Zhou et al., 2015); B (Son et al., 2017); C (Riahi et al., 2016); D (Bavli et al., 2016); E (Moya et al., 2018b); F

(Douville et al., 2010); G (Ferrell et al., 2010); H (Brakeman et al., 2016); I (Curto et al., 2017); and J (Moya et al., 2018a). TGF-b1, transforming growth factor;

MDCK-2, Madin Darby canine kidney-2; TEER, transepithelial electrical resistance.
presence of varying amounts of oxygen. Lactose and glucose were measured using glucose oxidase and

lactose oxidase, which both released a proportional level of hydrogen peroxide that could be detected

by polarized platinum electrodes as part of a commercially available amperometric systemmeasured using

a potentiostat. Combined, these metrics indicated the transition of the mitochondria from aerobic to

anaerobic metabolism, which preceded cell death from exposure to rotenone and troglitazone. Critically,

the team demonstrated that per theWarburg effect, all threemeasurements (oxygen, glucose, and lactose)

were required to witness changes in mitochondrial function.

Using an inkjet printer, Moya et al. demonstrated the capability to print a set of three electrodes (Au: work-

ing and counter electrodes; Ag/AgCl: reference electrode) as a dissolved oxygen sensor directly into a mi-

crofluidic chip’s membrane (Figure 9E) (Moya et al., 2018b). The sensors were validated using commercial

Clark-type sensors and oriented to measure a gradient across the cell culture (via cyclic voltammetry) that

was demonstrated in both human and rodent hepatocytes.
KIDNEY-ON-CHIP

The kidneys are responsible for removing waste, maintaining water and salt homeostasis, and clearing

spent drug compounds. Therefore, electrochemical sensors offer great potential for monitoring renal func-

tion. However, certain chemotherapeutic and antiviral pharmacotherapies can cause nephrotoxicity, which

significantly reduces their efficacy (Wilmer et al., 2016). To understand the molecular mechanisms of

drug-induced kidney toxicity and better predict drug efficacy during the drug discovery process, re-

searchers have developed in vitro models that recapitulate critical aspects of kidney architecture. The kid-

neys are a highly vascularized organ that contains more than 10 district types of renal cells that are orga-

nized within a complex 3D ECM environment (Wilmer et al., 2016). Although the complex 3D

architecture of a nephron has not yet been replicated in vitro, kidney-on-chip models that mimic the vascu-

lature-like flow have a positive effect on renal cell phenotype (Huang et al., 2014; Peloso et al., 2015). Spe-

cifically, the organization of cytoskeleton and the integrity of junctional complexes, in addition to gene,

protein, and receptor expression, are affected by fluidic flow (Essig et al., 2001; Jang et al., 2013).

Conventional analytical methods used to validate the kidney-on-chip models and assess nephrotoxicity of

pharmacological compounds require manual sample collection and laborious post-process analysis. To

overcome these analytical challenges, Douville et al. developed a two-layer PDMS-based microfluidic

device with integrated Ag/AgCl electrodes for real-time TEER measurements in the absence of fluid

flow (Figure 9F) (Douville et al., 2010). TEER can be used to assess tight junctions needed to maintain

volume balance and fluid composition in the body (Massry and Glassock, 2001). Confirming that TEER

can be used to assess renal barrier integrity, Douville et al. demonstrated that Madin Darby Canine Kidney

(MDCK-2) cells grown in static conditions exhibited higher TEER values than cells not expected to form

tight junctions (C2C12) on-chip (Douville et al., 2010). Further, the disruption of barrier integrity with

TritonX-100 also resulted in a significant decrease in paracellular resistance. That same year, Ferrell

et al. demonstrated that TEER can also be used to assess cell growth and cell-cell junction integrity of hu-

man renal epithelial cells in addition to MDCK cells (Figure 9G) (Ferrell et al., 2010). In conjunction with

TEER quantification, shear-dependent changes (�1 dyn/cm2) on cytoskeletal F-actin expression were as-

sessed on-chip via immunofluorescent staining. As a proof-of-concept, TEER was confirmed with a Ca2+

switch technique to increase insulin transport and decrease in TEER. Brakeman et al. later improved

upon these continuous fluid shear stress models with integrated electrodes for TEER by fabricating a

device that could be used by multiple iterations (Figure 9H) (Brakeman et al., 2016). In contrast to conven-

tional designs, a multi-use device enables increased throughput with minimal fabrication requirements.

Moreover, establishing a confluent renal epithelium commonly takes several days, which limits experi-

ment turn-around time. Therefore, this modular microfluidic system that uses commercially available
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Transwell inserts can increase the total number of experimental trials, in addition to being used to assess

physiological flow conditions.

In addition to barrier integrity, receptor expression and cell volume and its regulation are key factors in kid-

ney cell function and pathogenesis (Cho et al., 2016; Vala et al., 2013). Fluorescence microscopy can be

used to non-destructively monitor nephrotoxicity within organ-chip models. Cho et al. established a kid-

ney-on-chip model with real-time quantification of immunocaptured nanoparticles with light scatting to

assess the toxicity of a known nephrotoxicant, cisplatin (Cho et al., 2016). In response to kidney toxicants,

g-glutamyl transpeptidase (GGT) is released into the tubular lumen and therefore provides a target to

assess toxicity. Consequently, it was confirmed that dosing renal adenocarcinoma cells with cisplatin re-

sults in the immonoagglutination of anti-GGT conjugated fluorescent nanoparticles. The increased signal

caused by the clumping of these fluorescent nanoparticles was detectable in real-time with any readily

available smartphone camera.

Toward understanding the ability of these in vitro kidney models to regulate the transport of ions and

various organic molecules, in-line sensors must be developed and integrated on-chip. Curto et al. de-

signed an organic electrochemical transistor (three terminal devices made of PEDOT:PSS) to monitor

wound-healing and toxicity in a microfluidic system with canine kidney cells (Figure 9I) (Curto et al.,

2017). To establish a wound-healing assay, MDCK-2 cells grown on the sensors were wounded by shorting

the transistor. The injury resulted in a complete loss of cell-related impedance that continuously increased

to 1.5-fold higher than the preinjury model as cells recovered. To demonstrate the added benefit of using

an organic electrochemical transistor for drug toxicity monitoring, cells were treated with Cyt D to disrupt

their actin filaments. Unlike more traditional metallic electrodes, organic electrodes are easily processed,

chemically tunable, and biocompatible (Khodagholy et al., 2012; Strakosas et al., 2014, 2016). Using their

instrumentedmodel, Cyt D resulted in a decrease in cell-related impedance and could then recover barrier

integrity by perfusing the device with fresh medium, thereby further demonstrating the utility of an in-line

monitoring system (Curto et al., 2017).

Although not yet integrated into an organ-chip model, Moya et al. developed highly sensitive, low-volume

electrochemical sensors for measuring the dissolved oxygen, Na+ and K+ ion concentration, and pH in kid-

ney exactments (Figure 9J) (Moya et al., 2018a). Dissolved oxygen was measured amperometrically with

three electrodes, ion concentrations were measured potentiometrically with ion-sensitive electrodes,

and pH was measured potentiometrically with iridium oxide–coated electrodes. As a proof-of-concept

for using electrochemical sensors within in vitro kidney models, the urine of mice on different diets was as-

sessed. Although dissolved oxygen in urine is not a relevant physiological parameter, oxygen control is

essential for cell cultures systems. Further, despite urine often being available in large volumes, electro-

chemical sensors only required 0.83mL for high sensitivity, making them well suited for integration within

microfluidic culture models.

Surface plasmon resonance (SPR) sensors are efficient tools for real-time and label-free quantification of

changes in cell volume and shape (Robelek and Wegener, 2010). Vala et al. reports that changes in normal

rat kidney epithelial cell size in response to osmotic stress may be assessed using SPR (Vala et al., 2013).

However, SPR has not yet been implemented within a kidney-on-chip model and therefore represents a

future approach for improved on-chip quantitation of kidney toxicity.
CANCER-ON-CHIP

Despite improved surgical and pharmacological treatments targeting the primary tumor, metastasis re-

mains responsible for more than 90% of cancer-associated mortality (Chaffer and Weinberg, 2011). Due

to discrepancies between cell behavior in vitro and in vivo, engineered 3D culture models may offer means

to better mimic the extracellular matrix (ECM) (Even-Ram and Yamada, 2005). Consequently, organ-chip

models have been developed to recapitulate the 3D in vivo tumor microenvironment in vitro to investigate

the metastatic processes (Portillo-Lara and Annabi, 2016). Most commonly, these cell migration assays are

based on the Boyden chamber assay, in which cancerous cells are cultured atop an ECM-coated mem-

brane, and cell invasion is visually quantified as cells move through the matrix (Chen, 2005). However, con-

ventional methodologies for evaluating cell migration within these assays often rely on endpoint and label-

based microscopy.
540 iScience 21, 521–548, November 22, 2019



Figure 10. Examples of Instrumented Organ-on-chip Models of Cancer

(A) Electrical cell–substrate impedance sensing to monitor cancer cell metastasis via an electrode array.

(B) Malignant cell invasion quantified in response to biomimetic cytokine stimulation via interdigitated electrodes.

(C) Oxygen concentration, biochemical profiles, temperature, and pH changes resulting from cancer and its treatment quantified by plumbing together

biochemical, physical, and chemical sensing modules.

(D) Monitoring T98G human brain cancer cells metabolism within a single device via miniaturized pH and oxygen electrodes and amperometric biosensors

for glucose, lactate, and peroxide.

Reprinted and adapted with permission from: A (Nguyen et al., 2013); B (Lei et al., 2016); C (Zhang et al., 2017); D (Weltin et al., 2013).
Although microscopy may provide a semiquantitative analysis of metastasis, the process is almost always

labor intensive, prone to inconsistent results, and often fails to capture the onset and rate of invasion and

migration (Bird and Kirstein, 2009). To overcome these limitations, the use of impedance-based technol-

ogies has allowed the development of kinetic-cell response profiles using the Boyden chamber assay

(Bird and Kirstein, 2009). Despite the advantages of electrical cell–substrate impedance sensing (ECIS)

within this model, the Boyden chamber assay has inherent limitations. Both the pore size of the mem-

brane and the effects of gravity may highly influence the number and rate at which cells invade (Lei

et al., 2016). To overcome these limitations while incorporating the benefits of impedance spectroscopy

for monitoring cell migration, Nguyen et al. reports on the development and characterization of an MPS

with integrated ECIS (Figure 10A) (Nguyen et al., 2013). Moreover, in addition to a microelectrode array

(MEA) and microfluidic channel, these sensor chips contained a cell capture array layer for single-cell

analysis, which may provide unique insights into heterogeneous cell behavior (Levsky and Singer,

2003). In this study, migration of single metastatic MDA-MB-231 cells was demonstrated in real-time

with a rapid change (�10 U/s) in impedance magnitude, with no prominent impedance change for

less-metastatic MCF-7 cells (Nguyen et al., 2013). This combinatorial approach integrating ECIS within

an MPS enables a more rapid, higher-resolution, and real-time quantification of cell migration kinetics

compared with previous methodologies to quantify metastasis (Bird and Kirstein, 2009; Chaw et al.,

2007; Chen, 2005; Nguyen et al., 2013). Utilizing a similar ECIS-based MPS, Lei et al. investigated the ef-

fects of biomimetic cytokine stimulation and cell invasion (Figure 10B) (Lei et al., 2016). Specifically, by

fabricating an MPS with eight 100 mm electrodes spaced 100 mm apart, Lei et al. was able to calculate

the rate of cell migration and demonstrated that with increasing concentrations of IL-6, the rate at which

malignant BPC-BM1 cells migrate increased.
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Similarly, while cytokine stimulation from neighboring cells increases the rate of malignancy (Johnson et al.,

2012), the extracellular manipulation of the tumor microenvironment by cancer cell populations may also

promote cancer metastasis (Jiang, 2017; Kato et al., 2013; Muz et al., 2015). Toward understanding these

modified environments and their effect on cellular metabolism and metastatic processes, changes in

oxygen concentration, biochemical profiles, temperature, and pH levels have been analyzed using micro-

fluidic devices. For example, Zhang et al. engineered a multi-organ, multi-sensor MPS to investigate how

liver cancer and its treatment affects cardiovascular health (Figure 10C) (Zhang et al., 2017). By plumbing

together sensors for pH, temperature, oxygen, and cardiac and liver biomarkers, the authors confirmed

their cancer-on-chip model accurately mimicked the anticancer efficacy of doxorubicin. As an alternative

to plumbing multiple systems together, which is both technically challenging and increases the risk of

failure, miniaturized biosensors were integrated into a single device to monitor T98G human brain cancer

cell metabolism (Figure 10D) (Weltin et al., 2013). More importantly, this multiparametric microfluidic

device maintained a highly effective medium change at low flow rates (2 mL/min) and low-volume

(15 mL), thereby enabling finely controlled drug exposure with limited sample availability, while also limiting

shear stress.
CONCLUSIONS AND FUTURE DIRECTIONS

Advances in bioengineering and microfabrication technologies have made it possible to significantly

improve traditional 2D culture models and study cells alongside physiologically relevant factors such as

heterogeneous cell interfaces (Kim et al., 2012), chemical gradients (Kim et al., 2011), and mechanical

cues (Douville et al., 2011; Jang et al., 2011; Kim et al., 2012), or in heterogeneous 3D organoids (Sato

and Clevers, 2013). Recent work has demonstrated the presence of spontaneous neural activity of human

midbrain organoids recorded on a 16-channel microelectrode array (Monzel et al., 2017). The further devel-

opment of high-density MEAs (Lonardoni et al., 2019) will improve the resolution of cell activity measure-

ment, possibly down to individual ion channels, thus providing a larger footprint of recording area to eval-

uate network dynamics and enable further multiplexing of sensor types. Specifically, for understanding

cognitive function, the increased recording area could be used for coculturing different neuronal popula-

tions (e.g., thalamus–cortex; hippocampus–cortex) and studying interaction between the two segregated

sub-networks. Additionally, while individual cells can be identified by discrete AP waveforms with conven-

tional techniques, understanding the network dynamics of heterogeneous cultures on chip, such as in

heterogeneous and hierarchical neural tissue, will require new multiplexed sensor designs to distinguish

excitatory vs inhibitory neurons as well as unique phenotypes via neurotransmitter profiling.

Multiplexing different sensor modalities into chip platforms will be crucial for developing multi-organMPS.

To date, a handful of instrumented multi-organ MPS have been demonstrated. The ‘physiome-on-a-chip’

utilizes interconnected Transwells to recapitulate up to 10 different organ systems, while monitoring gut

TEER values (Edington et al., 2018). Further, this platform has been leveraged to study the role of inflam-

mation and products of the microbiome in gut-liver-related diseases such as ulcerative colitis (Trapecar

et al., 2019). Miller and Shuler have developed a pumpless, non PDMS MPS that recapitulates 13 organs

(Miller and Shuler, 2016). However, the system relies on microscopy or endpoint measures of cell function.

At the forefront of MPS andmultiplexed sensing technologies, Oleaga et al. has engineered a human, four-

organ MPS with a pair of MEAs and laser-deflection cantilever systems to monitor motor neuron, CM, skel-

etal muscle, and liver interactions (Oleaga et al., 2018, 2019).

On potential future direction, endogenous electric fields play an important role in development and wound

repair of endothelial and epithelial tissues, providing guidance cues for progenitor cells. MPS platforms are

amenable to the applications of DC electric fields while utilizingmeasures of bioimpedance to assess tissue

maturation and therefore may be beneficial in establishing fundamental principles of development and

wound healing in peripheral nerve, skin, and vasculature.

A key advantage beyond the use of human tissue from iPSC sourcing is the opportunity to incorporate

electronic-based sensors and stimulation tools for real-time interrogation of cell function. As part of this

review, we have highlighted some of the work on the forefront of these technologies, covering both active

and passive sensor technologies to measure cell activity frommembrane depolarization to analyte concen-

trations (Figure 2). The incorporation of new innovations in organic electronics, aptamer/immune ligands,

microfluidics, and sensing protocols (i.e., high frequency impedance spectroscopy) will drive the use of

these platforms from the academic laboratory to commercial use. Further, the complexity of organ-chips
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will be greatly improved by the convergence of MPS and additive fabrication techniques including 3D

tissue printing with cell-laden bioinks. Although fabrication methods are outside the scope of this review,

a detailed prospective has been written by Parrish et al. (Parrish et al., 2019).

Altogether, MPS research has produced systems capable of recapitulating aspects of disease and tissue

models. Continued integration of these models with electrical sensors offers the ability to elucidate

changes to cellular function and signaling with finite control of the environment. Further study utilizing

these systems offers scientists a potentially high-throughput tool to ask basic biological questions toward

understanding life and its diseases. Therefore, instrumented benchtop models of human tissue that

recapitulate the heterogeneity and architecture of organ tissue offer great potential for disrupting the

pharmaceutical pipeline and fundamental research.
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