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Abstract
The in vitro simulation of organs resolves the accuracy, ethical, and cost challenges accompanying
in vivo experiments. Organoids and organs-on-chips have been developed to model the in vitro,
real-time biological and physiological features of organs. Numerous studies have deployed these
systems to assess the in vitro, real-time responses of an organ to external stimuli. Particularly,
organs-on-chips can be most efficiently employed in pharmaceutical drug development to predict
the responses of organs before approving such drugs. Furthermore, multi-organ-on-a-chip systems
facilitate the close representations of the in vivo environment. In this review, we discuss the
biosensing technology that facilitates the in situ, real-time measurements of organ responses as
readouts on organ-on-a-chip systems, including multi-organ models. Notably, a human-on-a-chip
system integrated with automated multi-sensing will be established by further advancing the
development of chips, as well as their assessment techniques.

1. Introduction

The development of key technologies that mimic
the shape and function of an organ represents the
top priority of regenerative and precision medi-
cine. Transitioning from the simple two-dimensional
(2D) culture comprising organ-derived cells, the
technologies involving three-dimensional (3D) cul-
tures are being developed to mimic the biological
and physiological features of organs, including their
microenvironmental niches and biochemical gradi-
ents (e.g. hormones) [1–5]. Organs-on-chips that are
based on microfluidic systems allow the fine con-
trol of a fluid flow for the transfer of biochemical
factors (e.g. nutrients, growth factors, and oxygen)
and recapitulate the 3D organ microenvironment
[6–9]. Organs-on-chips can be designed to mimic
almost any organ, and the responses of organs to
external stimuli or drugs can be simulated in vitro
[10–14]. Presently, more promising and complex
organ-on-a-chip systems are being developed using
organoids that are generated via the differentiation
of human stem cells and self-organization [15–19].

However, for successful implementation of organ-on-
a-chip technology, the development of suitable bio-
sensing technologies that can precisely detect biolo-
gical signals in these systems is also essential.

Some widely employed characterization meth-
ods for analyzing cells in an organ-on-a-chip system
include biomarker quantification, such as enzyme-
linked immunosorbent assay and quantitative poly-
merase chain reaction, and imaging analyses, such as
immunostaining, which are mostly limited to end-
point assays [20, 21]. Although these methods are
valuable for identifying in vitro organ characterist-
ics and their biological properties, they require the
destruction of the samples, making them inappro-
priate for measuring long-term organ responses to
external stimuli. Additionally, they are inefficient
and arduous. Thus, to resolve the aforementioned
shortcoming, several research groups have focused
on developing integrated biosensors for the in situ,
prolonged, continuous, and noninvasive monitoring
of the parameters of interest [22–25]. In addition to
microscopy and off-chip analysis schemes, a range
of biochemical, optical, and electrical biosensing
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Figure 1. In situ biosensing targets and systems embedded in organ-on-a-chip platforms: from single-organ 3D culture models to
human-on-a-chip platforms with multiple organ modules. Figure 1 was created employing biorender.com.

approaches have been reported for monitoring 3D
cellular constructs within microfluidic systems.
Integrated biosensors in organs-on-chips ensure
rapid, real-time detection, as well as efficient screen-
ing. In a recent breakthrough, multiple organs were
modeled on a single platform.Multi-organs-on-chips
allow the monitoring of the potential interaction
between organs, as well as the systemic modeling of
diseases, by availing cross-organ communication [7,
26, 27]. The techniques that facilitate the simultan-
eousmonitoring ofmultiple-organ systems, both col-
lectively and separately, are even more complicated
because the conventional analysis methods are ineffi-
cient in simultaneously sensing multiple signals and
decoupling each signal for accurate interpretation.

In this review, we first introduce the in situ sens-
ing methods for monitoring the various substances,
permeabilities, and biological signals in organ-on-
a-chip systems (figure 1). Organ-on-a-chip bio-
sensors can be categorized into three main groups,
namely electrochemical, optical, and electrical bio-
sensors, based on their transducer types. We also
review scalable sensing in organ-on-chip employing
high-throughput screening (HTS) and high-content
screening (HCS) technologies or omics analysis.
Finally, we describe themulti-sensing technology and
sensor systems employed in multi-organs-on-chips.

2. Biosensors for the 3D cell-culture model
and the organs-on-chips

2.1. Sensing methods for detecting metabolic
activities
All the cells in the body produce and consume
a variety of substances via metabolism. The
identification of metabolites can signal a functioning

or damaged cell. Cell activity can be monitored by
measuring the pH, as well as the oxygen, glucose, and
lactate levels, which are the most basic substances
that are associated with oxygen metabolism. The
measurement of metabolites can reveal the physiolo-
gical and pathophysiological information about the
living state of organs and their responses to external
stimuli from electrical, chemical, and physical factors.
Further,metabolites can bemeasured in diseasemod-
els to confirm, for example, whether the drugs are
therapeutically effective or cause any side effects or
immune responses. Therefore, in this review, we
discuss the representative electrical, electrochem-
ical, and optical sensing methods for measuring
metabolites from 3D cultures and organs-on-chips
(table 1).

2.1.1. Electrochemical biosensing
Electrochemical sensors transduce biochemical
events into measurable electrochemical signals. In
this type of sensing, an electrode is employed as solid
support for the immobilization of the target biorecog-
nition molecules. The interaction between an analyte
and electrode induces changes in the electrical prop-
erties, which are usually the current flowing between
the electrodes or the potential difference between the
electrodes. The most common metabolic analytes
include oxygen, lactate, glucose, and oxygen species;
pH is the most commonmetabolic indicator [28, 29].
For example, breast cancer spheroids have been cul-
tured on a chip, after which electrochemical sensors
were employed to measure their oxygen, lactate,
and glucose concentrations [30]. Employing chro-
noamperometry, the oxygen sensor measured the
reduction of the molecular oxygen that was dissolved
in the electrolyte. The lactate and glucose sensors
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Figure 2. Organ-on-a-chip systems comprising metabolite-sensing platforms. (A) Schematic and function of the automated
muscle-on-a-chip system that can electrically (using electrodes) or biologically stimulate cells and detect released cytokines via an
electrochemical sensor. Reproduced from [31] with permission from the Royal Society of Chemistry. (B) Metastructured
membrane (MSM)-based organ-on-a-chip device for detecting lactate levels. The membrane comprises ordered microstructures
and nanostructures that exhibit spontaneous liquid transfer and enhances fluorescence intensity. [32] John Wiley & Sons. © 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Modular connected organ-on-a-chip platform equipped with an
electrochemical sensing system to monitor the release of biological substances, such as cytotoxic molecules (e.g. LDH). Reprinted
from [33], Copyright (2019), with permission from Elsevier. (D) Intestine organ-on-a-chip platform equipped with an
oxygen-gradient sensor that monitors oxygen levels while maintaining the oxygen gradient that is perpendicular to the epithelial
barrier. Reproduced from [41] with permission from the Royal Society of Chemistry.

were based on the conversions of lactate or glucose
into hydrogen peroxide employing lactate oxidase or
glucose oxidase, respectively, which was entrapped
in the electrode-embedded hydrogel. The hydrogen
peroxide, which was generated inside the hydrogel,
was electrochemically active and could be oxidized at
a constant voltage to produce a current that is pro-
portional to the metabolite (lactate or glucose) level.
By controlling the medium flow, the decrease in the
oxygen levels, as well as the production of lactate,
could be confirmed according to the cell activity in
the cancer spheroids.Moreover, continuousmeasure-
ment was possible for 1 week without any decrease
in sensitivity. Therefore, built-in electrochemical
sensors for continuously tracking the metabolic state
of the spheroids were successfully developed on a
chip.

Further, electrochemical sensing methods are
generally employed to monitor immune responses
and detect immune-related molecules. Ortega et al
measured the immune substances that were generated
in response to the electrical and physiological stimuli
that were applied to a muscle-on-a-chip in real time
(figure 2(A)) [31]. Furthermore, C2C12 cells were
encapsulated in gelatin methacryloyl and a carboxy-
methyl cellulose methacrylate hydrogel and micro-
patterned via a photo-mold patterning technique to
create 3D skeletal muscle constructs that were similar

to in vivo tissues. The cell-culturemediumwas passed
through a device that couldmeasure interleukin 6 (IL-
6) and tumor necrosis factor alpha (TNF-α) in real
time using a screen-printed gold electrode surface on
which the monoclonal antibodies were immobilized.
IL-6 andTNF-α, which are secreted by skeletalmuscle
cells, play crucial roles in metabolism, angiogenesis,
and muscle regeneration. The secretions of IL-6 and
TNF-α cytokines from the 3D muscle construct, fol-
lowing electrical and biochemical stimulations, were
confirmed employing the described electrochemical
sensor. Electrical stimulation was applied employ-
ing indium–tin–oxide (ITO) interdigitated array elec-
trodes, which were placed beneath the 3D muscle
construct, and biochemical stimulation was applied
by adding lipopolysaccharide (LPS). The integration
of the multiplexed continual measurements of the
two crucial cytokines from the 3D muscle construct
allowed the investigations of inflammatory responses
and regenerative processes, which can be employed
as a drug-screening platform. Gao et al reported the
electrical sensing of lactate and reactive oxygen spe-
cies (ROS) using metastructured membranes that
were fabricated from amicropatterned polydimethyl-
siloxane (PDMS) substrate comprising poly(methyl
methacrylate/butyl acrylate) as the copolymer nan-
oparticles (figure 2(B)) [32]. The metastructured
membranes comprising ordered microstructures and
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nanostructures allowed liquids to flow easily through
the membrane and increased the fluorescence sig-
nal. Thereafter, these membranes were employed to
sense metabolites in combination with different sens-
ing probes on a tumor-on-a-chip. The concentrations
of the ROS and lactate were measured in response
to real-time anticancer drug treatment. Lactate was
detected employing fluorescence-based probes, and
the ROSwas detected via cyclic voltammetry employ-
ing graphene-coated electrodes to impart conduct-
ivity, followed by platinum nanoflowers to increase
its catalytic efficiency. Upon administering anticancer
drug treatment to the breast cancer cell line (MCF-7),
a decrease and increase in the lactate and ROS levels
were observed, respectively, verifying the anticancer
effect of the drug in a tumor-on-a-chip.

Electrochemical biosensors have also been used to
monitor cytotoxicity and disease pathology on organ-
on-a-chip platforms. For example, Shang et al devised
an interconnected organ-on-a-chip system consisting
of a ‘molecular-electronic’ sensor and other modules,
such asmixers and quality-control units (figure 2(C))
[33]. In their study, the prepared sensor for detecting
a specific substance by connecting multiple modules
enabled the evaluation of cytotoxicity in the organ-
on-a-chip containing an intestinal epithelial culture.
Further, a cytotoxicity test was conducted employ-
ing a molecular-electronic-sensor-based chip system.
Following the damage of the cell membrane by a
drug-mimic (Triton X-100) treatment of the human
epithelial colorectal adenocarcinoma cells (Caco-2),
the lactate dehydrogenase (LDH), which was released
from the cell cytosol, was measured as a marker for
cytotoxicity. LDH is rapidly released when a plasma
membrane is damaged; thus, it is generally employed
as a marker for cell damage. The electrochemical
redox capacitor sensor, which stores and exchanges
electrons in catechol-modified chitosan, allows the
real-time measurement of the ion exchange follow-
ing the conversion of lactate and NAD+ to pyruvate
and NADH, respectively, via the catalytic reaction of
LDH that was released from the cell. NADH is an
electron donor that charges the film in the sensing
module, and this sensor measures the concentration
of LDH through a signal that is generated during the
electrochemical discharge of NADH. The concentra-
tion of LDH is proportional to the number of reduced
catechol moieties in the sensing module. Another
study by Lee et al demonstrated the electrochemical
detection of a marker for Parkinson’s disease (PD)
that was modeled by patient-derived brain organoids
[34]. They developed a molecularly imprinted poly-
mer (MIP)-based electrochemical sensing system for
detecting α-synuclein that is released from the brain
organoids of a PD patient. Notably, α-synuclein is
a major component of Lewy bodies and neurites,
which are hallmarks of PD. The conductive polymers

were imprinted with α-synuclein epitopes via elec-
tropolymerization and deposited onto the electrodes.
Thereafter, the MIP-coated electrodes were subjec-
ted to cyclic voltammetry, and their electrochemical
responses to α-synuclein correlated. The concentra-
tion ofα-synuclein accumulating at a specific epitope
could be measured in normal and patient-derived
brain organoids, thus proving the usefulness of this
sensor in modeling PD and potential drug testing.

2.1.2. Optical biosensing
Optical sensing methods employ various tech-
niques, including the use of fluorescent and
luminescent labels, to measure the expression or
movement of metabolites. One example is the integ-
ration of luminescence-based oxygen sensor beads
into multiple spheroids (HepG2/C3A) within a
bioreactor, as demonstrated by Bavli et al [35].
Oxygen levels were measured in real-time using
lifetime-based luminescence-quenching with poly-
styrene microbeads loaded with a ruthenium–
phenanthroline-based phosphorescence dye (CPOx-
50-RuP). The phosphorescence decay time of
the dye decreases as the oxygen concentration
decreases, enabling the measurement of oxygen
levels. Additionally, real-time glucose and lactate
levels were measured using commercially available
amperometric sensors. In parallel, real-time gluc-
ose and lactate levels were measured using com-
mercially available amperometric sensors. These
sensors operate based on the enzymatic reactions
of glucose oxidase and lactate oxidase, respectively.
The enzymatic reactions produce hydrogen perox-
ide (H2O2) in amounts proportional to the con-
centration of the measured metabolite. The level
of H2O2 is then detected using platinum electrodes
under polarized conditions. This comprehensive
monitoring system provides insights into cellular
responses and metabolic activities in the spher-
oids. The respiration and acidification rates of the
human lung carcinoma epithelial-like cell line (A549)
have been confirmed employing optical sensors
that are embedded in a microfluidic chip [36].
OHC12 and Egyptian blue dyes were utilized
as the pH sensors, and poly-tert-butylstyrene
(ptBS) particles and platinum(II)-meso-tetra
(4-fluorophenyl)tetrabenzoporphyrin (PtTPTBPF)
were utilized as the oxygen sensors. The fluores-
cence levels of the pH and oxygen sensors were
measured, following the exposure of the cell line
to trifluoromethoxy carbonyl cyanide phenylhy-
drazone, a known chemical for increasing respir-
ation and acidification rates; the sensitivity of the
sensors was confirmed through stop-flow meas-
urements. This optical sensing method was con-
sidered biocompatible and could be employed to
collect high-throughput data for simultaneous pH
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and metabolite measurements. Further, this method
has been employed to monitor intestinal organoids
that were prepared from human-induced pluripo-
tent stem cells (iPSCs) [37]. McCracken et al eval-
uated the secretion of acid from the fundic type
gastric organoids via fluorescence biosensing tech-
nology to monitor the real-time luminal pH using
the pH-sensitive dye, 5(6)-carboxylic acid SNARF-5F.
They observed that the pH of the fundic type gastric
organoids changed rapidly in response to histam-
ine, and this was offset by a treatment employing a
histamine antagonist.

Further, several studies have utilized probes that
optically sense oxygen and other substances to exam-
ine cell responses [38, 39]. For example, Wang et al
analyzed the oxygen concentration of the intestinal
environment with an oxygen sensor that was fabric-
ated from platinum tetrakis(pentafluorophenyl) por-
phyrin (PtTFPP) in a co-culture model compris-
ing intestinal cells (Caco-2) and genetically modified
bacteria expressing green fluorescence protein (GFP)
(E. coli Nissle 1917) in a microfluidic device exhib-
iting different oxygen environments [40]. In addi-
tion to the oxygen-sensitive sensor in the device,
the oxygen levels of the Caco-2 cells and genetically
modified bacteria were determined via pimonidazole
immunostaining to measure the hypoxia levels and
GFP fluorescence intensity, thereby visualizing their
growths, respectively. At the various oxygen con-
centrations within the device, the hypoxia level was
estimated by measuring the pimonidazole fluores-
cence levels, which were normalized to the levels that
were detected under a standard normoxic condition.
Employing three optical methods, namely oxygen
sensing, hypoxia quantification, and growth meas-
urements, the difference between the growths of the
intestinal cells and bacteria could be visually con-
firmed based on the oxygen concentration, and the
oxygen-consumption rate of the intestinal epithelial
cells (figure 2(D)) [41]. They developed an intestine-
on-a-chip system comprising two channels that were
divided by a porousmembrane to simulate the in vivo
intestinal environment. One channel, which simu-
lated the internal environment of the intestine, was
composed of the primary human duodenal epithe-
lium; the other channel, which simulated the intest-
inal vascular system, was composed of the intestinal
microvascular endothelium. Via computer simula-
tion, the researchers predicted that reducing the oxy-
gen permeability of PDMS devices by coating them
with a gas-impermeable film would induce the epi-
thelium to naturally decrease its oxygen concentra-
tion through aerobic respiration and attain steady-
state oxygen levels (<5%). Employing this method, a
hypoxic gradient, whichwas perpendicular to the epi-
thelial layers, could be created. They observed that the
predicted and actual oxygen concentrations, which

were measured by the oxygen sensor, were similar.
The oxygen concentration was quantified by a com-
mercially available oxygen meter that was connected
to an optical fiber, and the oxygen concentration of
the chip was determined in relation to the optical sig-
nal. The authors demonstrated the maintenance of
the villus structure of the epithelial layer and continu-
ous vascular endothelium under hypoxic conditions,
and no changes were observed in the intestinal per-
meability compared with the observation under the
normoxic condition.

In another study, Cognetti et al developed a
photonic biosensor-based monitoring system for
inflammatory cytokines in a lung-on-a-chip system
[42]. The biosensor consisted of two sets of 14 sil-
icon nitride photonic ring resonators, with each set
featuring an edge-coupled 8-waveguide array. Within
the system, one input waveguide split into seven
waveguides, and two ring resonators were placed on
each waveguide. To optimize sensor performance by
incorporating photonic sensors in close proximity to
the tissue culture substrate, the researchers employed
a two-channel microfluidic design. The channels
were positioned on either side of the model barrier.
Human bronchial epithelial cells (16HBE cell line) in
the top channel were stimulated with LPS, causing
secretion of cytokines (IL-6, IL-1β). The cytokines
diffused into the bottom channel, where the photonic
biosensor detected them in real time.

Optical sensingmethods can be employed to con-
firm cellular activity through the uptake of fluores-
cent substances [43]. Rogal et al developed a white
adipose tissue-on-a-chip system to focus on obesity,
one of the most prevalent diseases in recent times
[44]. They utilized the staining of a neutral lipid to
evaluate the chip function. The chip consisted of a
chamber in which the adipocytes that were derived
from the human primary white adipose tissue were
cultured, as well as a medium channel that sup-
plied nutrients to the cells. This chip device facilit-
ated fluorescence analysis from the bottom of the tis-
sue chamber. Thus, it could confirm the uptake of
the fluorescently stained fatty acids in real time or
the observation of the lipid vacuoles and nuclei. The
concentrations of the byproducts, such as glycerol
and oleic acid, were also measured, although not in
real time, to confirm that the chip effectively simu-
lated the long-term functional stability of the white
adipose tissue. The possibility of utilizing the chip
for drug screening was demonstrated by treating the
white adipose tissue-on-a-chip with the β-adrenergic
agonist, isoproterenol, and the result confirmed the
lipolysis-inducing effect of the drug. The authors pro-
posed that the research on the white adipose tissue-
on-a-chip will advance the research on adipocytes,
which are associated with obesity that has not been
efficiently studied.
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Dissimilar to the studies discussed above, one
study employed the optical sensing method via video
analysis rather than utilizing a fluorescent mater-
ial. In this study, Rizzuto et al passed abnormal red
blood cells through a microfluidic chip; the cells
were quickly classified in real time via video ana-
lysis employing deep learning analysis [45]. The tar-
geted rare-disease model in this study was heredit-
ary hemolytic anemia. When the red blood cells from
the patients of this disease were passed through a
hole that was slightly smaller than the cells, they irre-
parably lost their shape, and this was in contrast to
the characteristic of the red blood cells from healthy
donors. Video analysis could distinguish between
normal and abnormal red blood cells using an optical
microscope without fluorescent markers, obtaining
an accuracy of ∼91%. The authors also employed
this video approach to analyze the red blood cells
of patients of other rare diseases, such as sickle cell,
thalassemia, and hereditary spherocytosis, with an
overall accuracy of 82%. The authors concluded that
their video-analysis method could be employed for
several applications, including the rapid identifica-
tion of cardiovascular diseases and the analyses of the
statuses of donated blood samples.

2.2. Measurement of permeability at the
intercellular barrier
Numerous barriers in the body protect it against
harmful substances. However, they can also hinder
substance exchange or drug delivery between organs.
To accurately mimic the in vivo conditions in the
laboratory, these biological barriersmust bemodeled.
Further, it must be possible to verify that these mod-
els exhibit selective barrier functions and permeabil-
ities for molecular transfer. The blood–brain barrier
(BBB) is the most challenging barrier to overcome
in the body [46]; thus, it is challenging to develop
drugs that can cross the BBB and act on the brain.
Therefore, reconstituting the BBB models to valid-
ate the penetration of BBB by drugs is an effective
method for confirming the therapeutic potentials of
brain-targeting drugs [47, 48]. Other research groups
have simulated the endothelial cell layer in other tis-
sue types (e.g. the glomerulus in the kidney) and epi-
thelial barriers in intestines and lungs [13, 49, 50].
The permeabilities of cell membranes at these inter-
cellular barriers are mainly measured electrically, and
electrodes are generally placed around the chip or
organoid to measure the movement of the electrical
signals [12]. Another less-common method assesses
barrier permeability by measuring the concentration
of a substance through the visual confirmation of
the fluorescentmolecules passing through the barrier.
Table 2 summarizes an overview of organs-on-chips
with integrated sensors for measurement of the per-
meability of intercellular barrier.

2.2.1. Permeability measurements via the electrical
resistance/impedance method
The transepithelial/transendothelial electrical res-
istance (TEER) is the most commonly employed
method for evaluating membrane permeability with
an electrical device [51–55]. The impedance is meas-
ured after placing electrodes on the inner and outer
cellular membranes to assess the permeability of the
membranes. TEER quantifies the integrity of cellu-
lar barriers; it can be measured in real time without
resulting in cell damage. Salih et al fabricated an
organ-on-a-chip comprising a built-in TEER device
consisting of ITO electrodes for the real-time exam-
inations of models of the formations of guts, liv-
ers, and kidneys using Caco-2, HepG2, and HK-2
cell lines, respectively, with various concentrations of
fetal bovine serum (FBS) in the culture medium [56].
Via the TEER method, they measured the pH, albu-
min, kidney injury molecule-1, and alkaline phos-
phatase levels at different times to identify the optimal
FBS conditions for tight junctions and cell growth.
The optimal FBS concentration of the medium in the
microfluidic device was confirmed via the expression
of several biomarkers, as well as the TEER results,
and employing 5% as the FBS concentration was con-
sidered ideal for the cell growth and formation of the
tight junctions.

Numerous other studies have employed the TEER
method to test BBB models. For instance, Amiri
et al produced a micro-electrical BBB (µE-BBB)
chip employing TEER electrodes that were positioned
on either side of the model comprising endothelial
cells and astrocytes [57]. They analyzed the TEER
to determine the difference between the BBB per-
meabilities of young and old erythrocytes. To confirm
the passage of the erythrocytes, the authors deployed
an indirect method employing nitric oxide (NO).
Erythrocytes release NO, a substance that increases
BBB permeability when subjected to high shear stress.
Thus, the older the erythrocytes, the more the NO
that was released; accordingly, the BBB permeabil-
ity increased with the increasing age of the eryth-
rocytes. Therefore, this study confirmed that the
age-dependent changes in the BBB permeability of
erythrocytes, as measured via the TEER, could be a
biomarker of aging.

Other methods are being developed to improve
the existing TEER devices. The existing TEER device
is fixed to an organ-on-a-chip and can only measure
a value at a fixed location. Renous et al overcame this
limitation by developing a new device called the spa-
tial TEER (S-TEER) [58]. The S-TEER system offers
a unique capability for localized impedance measure-
ments at multiple points within the chip. This system
consists of a pair of static transparent electrodes and
a pair of movable scanning electrodes, allowing for
manual movement of the electrodes along the chip
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to obtain impedance measurements at specific loca-
tions. The introduction of this feature enables the S-
TEER system to measure local variations along the
cellular layer in the chip and retrieve valuable spa-
tial information that cannot be achieved using con-
ventional fixed TEER systems. The authors employed
S-TEER to confirm the intrinsic permeability of
Caco-2 cells to TNF-α and ethylene glycol-bis(β-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid. They
reported that the permeability increased with the
decreasing cell concentrations and that S-TEER could
also be measured to determine the concentration of
cells at the desired location in an organ-on-a-chip
system. Another study integrated the TEER device
with the lung-on-a-chip to overcome the limita-
tions of existing TEERmonitoring systems by placing
electrodes on both sides of the epithelial barrier to
evaluate the lung-barrier integrity [59]. The research-
ers developed a micro-impedance tomography sys-
tem and measured the impedance, followed by the
permeability, in a lung-on-a-chip system. Contrary
to the conventional TEER system, the microimped-
ance tomography system is only equipped with elec-
trodes on one side of the barrier; thus, there is suffi-
cient space on the basolateral side to allow the cyclic
breathing-like movements of the lung–alveolar bar-
rier. This system could also be used to assess the
changes in breathing movements since the electrode
is placed just 1 mm from the barrier. The researchers
monitored the impedance reduction in real time, fol-
lowing the treatment with Triton X-100 to permeabil-
ize the epithelial layer. They also revealed the changes
in the impedance due to the cyclic breathing move-
ments of the flexible membrane on which the epi-
thelial monolayer was cultured.

Another study, which analyzed the electrical
impedance but was not based on the TEER method,
performed electrochemical impedance spectroscopy
(EIS) to measure the electrical signals in real time.
Moysidou et al developed a 3D tubular electroact-
ive scaffold with poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS). Next, they
simulated lumen lining with intestinal epithelial
cells to develop a long intestinal model called L-
Tubistor (figure 3(A)) [60]. The lamina propria in the
bulk compartment was simulated with telomerase-
immortalized fibroblasts. The cells were seeded in two
stages, as follows: first, the fibroblasts were seeded on
the scaffold, after which the intestinal epithelial cells
were seeded. During the cell infiltration of the scaf-
fold, cell growth, and tissue formation, the changes
in the resistance and capacitance could be monitored
over a month. The culture containing the fibroblasts
and intestinal epithelial cells on a conductive scaf-
fold promoted the reduction in the resistance levels
compared with the construct comprising only one
cell type; this finding confirmed that the presence of

the basal layer facilitates the movement of substances
through the intestinal wall of the L-Tubistor model.

2.2.2. Permeability measurements via electrochemical
methods
Although rarely employed, electrochemical sensing
assesses the permeability of a barrier by detecting
substances after they penetrate a membrane [61,
62]. TEER measures the resistance by sensing the
voltage differences on either side of the membrane.
Contrarily, electrochemical methods for sensing bar-
rier permeability can confirm the direct passage of
substances. As an example of permeability meas-
urements via the electrochemical sensing method,
Wong et al fabricated an electrochemical sensing
device that differed from traditional fluorescence-
based assays (figure 3(B)) [63]. They developed a
microfluidic vascularmodel comprising a cell-culture
channel containing endothelial cells that mimicked
the vascular layer and an adjacent collagen-gel chan-
nel that mimicked the extracellular matrix layer
containing an electrode. The permeability of the
vascular model was electrochemically measured via
square-wave voltammetry employing hexaamminer-
uthenium(III)chloride as a tracer. Compared with
the permeability of the collagen gel only, that of
the established vascular model was reduced by the
tight junctions that were formed by the endothelial
cell layer. In a related study, the endothelial per-
meabilities of a vascular model containing human
umbilical vein endothelial cells (HUVECs) and a
co-culture model of tumors (HepG2, MCF-7, and
MDA-MB-231) and HUVECs were confirmed using
the tracer, [Fe(CN)6]4−, which was oxidized in pos-
itive potential conditions (0.5 V) of the working
electrode [64]. After fabricating aHUVECmonolayer
on a porous polyethylene terephthalate film, a tracer,
[Fe(CN)6]4−, was added to the model, after which
the current that was generated during the oxidation
was measured to sense the permeability in real time.
The electrochemical images were obtained by simul-
taneously measuring the permeability of the HUVEC
layer in a 2D shape (20 × 20) using 400 electrodes,
and the metastasis of the cancer cells was observed.
Accordingly, the changes in the vascular permeabil-
ity could be detected through the interactions with
the tumor; even the spatial information could be
obtained viamany electrodes.

2.2.3. Permeability measurements via the
optical-sensing methods
For the optical sensing of permeability, fluorescent
tracers can be attached to a specific substance to
visually confirm how the substance penetrates a per-
meable barrier [53, 54, 65]. This method is intu-
itive and has been frequently employed, especially
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Figure 3. Organ-on-a-chip systems for examining the barrier functions of tissues. (A) Three-dimensional bioelectronic human
intestine-on-a-chip platform for the real-time detection of intestinal barrier functions and elucidation of cellular activities (e.g.
adhesion, proliferation, and differentiation) employing an electrochemical impedance spectroscopy monitoring system. Adapted
from [60]. CC BY 4.0. © The Authors. Advanced Biology published by Wiley-VCH GmbH. (B) Schematics of the measurement of
membrane permeability employing 3D hydrogel-based vascular-on-a-chip models that are equipped with electrochemical
endothelial-permeability detectors. Reprinted from [63], Copyright (2019), with permission from Elsevier. (C) Monitoring the
barrier functions in the 3D BBB-on-a-chip with fluorescently labeled substances. Reproduced from [70], with permission from
Springer Nature.

for testing organ-function-related and nontoxic sub-
stances. For example, the intracellular transfer of
small molecules into tumor cells was measured in a
3D vascularized pancreatic tumor model comprising
patient-derived pancreatic tumor organoids, primary
fibroblasts, and endothelial cells in a 96-well-based
microfluidic device [66]. The endothelial cells were
seeded on the lumen of the tubular scaffold, which
spanned across the compartments and facilitated the
perfusion. The co-culture comprising the pancreatic

tumor organoids and fibroblasts increased the depos-
ition of collagen on the surrounding extracellular
matrix, a phenotypic hallmark of cancer, compared
with the organoid culture alone. When carboxy-
fluorescein diacetate succinimidyl ester (CFDA-SE)
was perfused through the vascularized scaffold, a
slower diffusion of the small molecules was observed
in the co-culture group comprising the pancreatic
organoids and fibroblasts owing to the remodeled and
denser matrix. These results highlight the crucial role

10

https://creativecommons.org/licenses/by/4.0/


Biofabrication 15 (2023) 042002 J Kim et al

of fibroblasts in remodeling the stroma of pancreatic
tumors.

Further, optical-sensing devices have been
employed to develop drug-delivery systems. For
example, Carvalho et al developed a colorectal
tumor-on-a-chip to test the efficacy of an antican-
cer drug-delivery system [67]. The tumor-on-a-chip
was designed for high-content image-based screen-
ing to evaluate its permeability, drug-retention,
and drug-delivery systems in a gradient manner.
A human colon-cancer cell line (HCT 116) was
embedded in Matrigel in a circular core chamber,
and human colonic microvascular endothelial cells
were seeded in an adjacent channel that surroun-
ded the core chamber. Next, gemcitabine, a chemo-
therapeutic drug for advanced colorectal cancer, was
loaded onto fluorescently labeled carboxymethyl
chitosan/poly(amidoamine) (CMCht/PANAM)
dendrimer nanoparticles. The subsequent treatment
employing the drug-loaded nanoparticles induced
concentration-dependent cell death. In another
study, Feiner-Gracia et al designed a cancer-on-a-
chip system to evaluate the delivery and stability
of self-assembled micelles comprising fluorescently
labeled amphiphilic polyethylene glycol–dendron
hybrid monomers [68]. The designed system com-
prised a channel containing HeLa cell-tumor spher-
oids that are embedded in collagen and a vascular
channel consisting of HUVECs. First, the authors
confirmed that the coculture of the two cell types
induced a leaky vasculature, which was consistent
with the in vivo pathology. Thereafter, the stability
and delivery behavior of the micelles were mon-
itored based on real-time ratiometric imaging by
detecting the disassembled fluorescent monomers
and assembled micelles. This imaging was performed
by calculating the ratio between the emitted intensity
of fluorescently labeled polymers at wavelengths of
480 nm (disassembled state) and 550 nm (assembled
state). The different types of micelles exhibited dif-
ferent degrees and locations of accumulation in the
endothelial barrier, as well as extravasation, to reach
the tumor spheroids. This approach (the utilization
of spectrally responsive micelles with a cancer-on-a-
chip platform) can elucidate the stability and accu-
mulation of nanoparticles and ultimately be applied
to the screening of new anticancer drug-delivery
systems.

Mollica et al developed a simple chip to model
cancer-cell metastasis; they visually confirmed cell
migration via fluorescence staining [69]. In their chip,
they connected a vascular and an extravascular chan-
nel through micropillars, and this 3 µm pillar mem-
brane effectively separated the two channels for the
diffusions of the molecules and cells. Cell metastasis
was examined by culturing the tumor cells on one
side and culturing the endothelial cells on the other

side. The functionality of the endothelial barrier was
confirmed by the reduced diffusion of a fluorescent
tracer (fluorescein isothiocyanate (FITC)–dextran)
from the vascular to the extravascular compartments,
as well as an increase in the vascular permeability
by the pro-inflammatory factor (TNF-α) that was
added to the extravascular compartment. Thereafter,
the metastasis of MDA-MB-231 breast-cancer cells
was detected by determining the number of cells
that had crossed into the vascular channel through
fluorescence measurements and immunostaining for
intravasation and extravasation. The extravasation
rate was 4 cells/day for the untreated cells; however,
it increased rapidly to 12 cells/day after the TNF-α
treatment, demonstrating that the established tumor-
on-a-chip can simulate cancer metastasis.

The function of a BBB-on-a-chip was recently
evaluated using fluorescent tracers. Kim et al
developed a BBB-mimicking model exhibiting select-
ive permeability between cerebrovascular cells and
astrocytes on a microfluidic culture platform com-
prising a dynamic flow (figure 3(C)) [70]. In their
study, BBB permeability varied with the presence
or absence of cellular components or microfluidic
flow, respectively, when FITC–dextran was admin-
istered to the vascular channel. The BBB-on-a-chip
recapitulated the function of BBB in vivo; the treat-
ment with an inflammatory factor (e.g. TNF-α) pro-
duced a loose and leaky tight junction, and the bar-
rier function was gradually restored after the removal
of TNF-α. Further, the BBB-on-a-chip system was
applied to model the fungal brain infection that
causes meningitis. The researchers elucidated the
mechanisms of BBB penetration and neurotropism
via the time-course fluorescence microscopy of fluor-
escently labeled fungi on the BBB-on-a-chip.

2.3. Biological-signal sensing on a chip
The various organs in the body generate their bio-
logical signals, including electrical (e.g. the electrical
signals of the nervous system and electrical conduc-
tion of the heart) and physical (e.g. the blood pressure
of the circulatory system andmuscle contraction) sig-
nals. In the organ-on-a-chip field, research are ongo-
ing to implement and measure organ-specific biolo-
gical signals (table 3).

2.3.1. Electrical-signal sensing on a chip
Here, we reviewed the studies that introduced organ-
on-a-chip-implemented sensors that can measure
electrical signals. Moutaux et al developed a neural
circuit-on-a-chip comprising three compartmental-
ized chambers (the presynaptic, synaptic, and post-
synaptic compartments) and integrated it with a
microelectrode-array platform (figure 4(A)) [71].
Primary cortical neurons were seeded in two opposite
seeding chambers, forming oriented axodendritic
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Figure 4. Organ-on-a-chip systems equipped with biological-signal-sensing platforms. (A) Morphological and
electrophysiological assessments of the organized neuronal network in an organ-on-a-chip system coupled with a
microelectrode-array platform. Reproduced from [71] with permission from the Royal Society of Chemistry. (B) Schematic
revealing a stretchable-mesh nanoelectronic-based sensor for recording the neural activities of developing brain organoids. The
sensors were integrated into the organoids during the self-organization of the 2D neural progenitors into a 3D structure.
Electrical signals can be simultaneously recorded from a 16-channel device. [79] John Wiley & Sons. © 2022 Wiley-VCH GmbH.
(C) Schematic configuration and a photo of a circulatory-system chip. The controllable cyclic pressure can be generated and
detected. Reproduced from [82] with permission from the Royal Society of Chemistry.

synapses in the middle compartment. The device
was designed to form a one-direction-oriented axo-
dendritic synapse and allow electrophysiological
recording. The width of the microchannels (∼3 µm)
connecting the pre- or postsynaptic chamber to the
synaptic chamber allowed only one neurite to traverse
the synaptic chamber. Additionally, the microchan-
nels connecting the presynaptic and synaptic cham-
bers were longer than the maximal growth of the
dendrites; thus, only axons could reach the synaptic
chamber. The researchers applied a gradient coating
of laminin, which exhibited the highest concentration
in the post-synaptic chamber, gradually decreasing as
it approached the presynaptic chamber to reduce the
probability of post-synaptic axons projecting into the
synaptic compartment. The electrodes were at the
upper part of the microchannels near the presynaptic
chamber and in the postsynaptic chamber to record
or induce electrical activity. In the axodendritic net-
work that was formed in this chip platform, different
electrophysiological activities could be observed by
measuring the spontaneous neuronal activities at the
single-cell level, the electrical-signal transmission of
the post-synaptic neuron following electrical stimu-
lation of the presynaptic neuron, and the response
of the neuronal network by the ion-channel blocker.
Furthermore, Ao et al developed a platform for mon-
itoring the changes in electrical signals by introducing
spinal-cord organoids into a chip that was equipped

with a microelectrode-array device [72]. The pro-
longed monitoring of the electrical signals via the
existing microelectrode-array-based methods was
impossible because the measurements are performed
with only a small quantity of the culture medium
to prevent the floating of the organoids in the cul-
ture medium, which could inhibit their direct con-
tact with the electrode. To overcome this limitation,
an organoid holder, such as a transwell system, was
introduced to prevent the loss of contact between
the organoids and electrodes. This system presents
a model that can continuously monitor the elec-
trophysiological changes in spinal-cord organoids
using pain-related chemicals in a chip over a long
period.

The electrical signals from the heart-on-a-chip
systems have also been measured [73]. For example,
Visone et al measured electrophysiological signals
with microelectrode coaxial guide technology in
a heart-on-a-chip system [74]. The microelectrode
coaxial guide technology measures electrical signals
by installing electrodes on both sides of the micro-
tissue. Furthermore, the researchers developed a new
platform (µHeart platform) by combining themicro-
electrode coaxial guide technology with a previ-
ous technology, namely µBeat, which enables a cell-
culture layer and an actuation one to present a sim-
ultaneous physical beat. Since the µHeart platform
enables the real-time monitoring of the electrical
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signal of the organ chip, it was used to confirmmatur-
ity based on the culture times and effects of drugs,
such as aspirin, sotalol, and verapamil, on the heart-
beat. Further, Liu et al reported a monitoring plat-
form that included a monolayer of mouse atrial HL-1
cells, micro-level extracellular electrodes in the chip,
and electrodes that can facilitate nanoscale intra-
cellular recordings to monitor the electrophysiolo-
gical signals from the manufactured heart-on-a-chip
[75]. The research group measured electrophysiolo-
gical changes using extracellular electrodes in a heart
model under acute hypoxia to determine the real-
time changes in the heartbeat frequency and beat-
propagation speed. Additionally, they presented a
complex system that could precisely detect the action
potentials of cardiac cells via intracellular electrode
measurements.

The most recent technologies have been deployed
to measure biological signals from 3D organ mod-
els. Organoids are self-assembled cell aggregates that
exhibit high functionality and spatial organization of
organs. A major evaluation criterion for 3D organ
models includes the ability to monitor biological sig-
nals in organoids. However, a major limitation of
these models is the challenge of performing the pro-
longed, real-time measurements of biological signals
owing to the potential damage to the organmodel. To
overcome this limitation, researchers have developed
a platform that can monitor biological signals by
introducing a sensor into the 3D organ model via
an approach that is similar to biosensing processes;
the platforms are introduced into organ-on-a-chip
models. A representative example is the develop-
ment of a 3D framework interface; it can surround
the brain and assembled organoids. The sensors-
mounted microelectrodes surrounded the surface
of the organoids, allowing the real-time monitor-
ing of electrical signals from whole-brain organoids
[76]. This system could be expanded by introducing
additional functions, such as electrical and optical
stimulations, as well as the monitoring of temper-
ature changes and electrical-signal measurements.
The development of a self-rolled cylinder-type array
sensor has been reported for the overall monitor-
ing of a 3D cardiac model [77]. In this sensor, a
thin PDMS film was added before use to prevent
the graphene-based microarrays from rolling; fol-
lowing the removal of the PDMS film during use,
the array exhibited a structure that allowed self-
rolling by patterns with different heights. Exploiting
this self-rolling phenomenon, the array was wrapped
around 3D heart organoids, and the model was
mapped according to the electrical signals of the
overall heartbeat-like field potential. Other studies
have demonstrated a method that can facilitate the
prolonged monitoring of electrical signals at various
locations in the interior of 3D structures by inserting

soft, nanoscale electrodes into organoids when cul-
turing heart and brain organoids (figure 4(B))
[78, 79].

2.3.2. Physical-signal sensing on a chip
Physical signals can be measured with organ-on-
a-chip systems. Uzel et al established a functional
mouse motor unit in which muscle contraction due
to nerve activity was observed on a neuromuscu-
lar junction chip [80]. To optogenetically control
the electrical activity, the mouse embryonic cell line,
HBG3 (expressing GFP under the control of a motor
neuron-specific promoter), was knocked-in with
channelrhodopsin-2, a light-gated ion channel, and
differentiated into motor neurons. A PDMS-based
five-channel chip design was adopted to separate the
muscles and nerves. The channels at each end were
used to supply the culture medium, and each adja-
cent channel to the medium one was separated by
a neurosphere and muscle strip. The middle chan-
nel availed space for the nerves to migrate; it exten-
ded to the muscle channel. In this neuromuscular-
junction structure, the muscle strips were hung on
micropillars, which could be used to quantify the
contractile force by calculating the degree to which
the pillar was bent via muscle contraction. In this
study, a functional in vitro model was demonstrated
by observing and quantifying nerve activation after
light stimulation and subsequent muscle contraction.
In a related study, the same research group generated
an optogenetic 3D human neuromuscular junction
model of amyotrophic lateral sclerosis (ALS) by co-
culturing human iPSC-derived muscle fiber bundles
and an ALS patient’s iPSC-derived motor neuron
spheroids [81]. The group simplified the five-channel
design into a two-channel one to separate the two
of each cell type in a different channel and imple-
mented multiple sets in one chip to enable more effi-
cient screening of drug candidates. The light-sensitive
gene, channelrhodopsin-2, was transfected into the
motor neurons to control neural activity and muscle
contraction. The skeletal muscle bundle was formed
by injecting the cells with hydrogel in the chan-
nel exhibiting pillar structures at both ends. The
muscle contractions of the ALS and healthy units,
which were induced by direct electrical stimulation
from the platinum electrodes or optical stimulation
of motor neurons, were compared. The contraction
of the muscle bundles was estimated by the deflec-
tion of the pillar structures, with the muscle bundle
anchored at the ends. Compared with the healthy
unit, the ALS neuromuscular junction generated
less muscle-contraction force and caused myotox-
icity. Furthermore, the pathological phenotype of
muscle contraction–relaxation was recovered when
the ALS drug candidate was administered, indicating
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the potential application of this ALS neuromuscular
junction model in drug screening. Furthermore,
Chen et almeasured the physical signals from organ-
on-a-chip systems by developing artificial heart struc-
tures with two atria and two ventricles (figure 4(C))
[82]. They utilized a PDMS wall structure that acted
as a valve that was opened and closed by the micro-
pressure between each atrium and ventricle. The
chip design allowed the circulation of the solution
in the chip at repeated pressure, modeling the circu-
lation system. Additionally, a capillary-assisted pres-
sure sensor was fabricated on the chip to monitor the
circulation-induced pressure changes in the channel
wall. The researchers demonstrated that the blood-
vessel function improved when HUVECs were cul-
tured on the surface of the channel and when the cir-
culating flow was applied by the micro-pressure.

3. Scalability of the sensing system on a
chip

3.1. Sensing for HTS and HCS on a chip
So far, we have reviewed the extant research on the
sensing of stimuli, such as substances or signals, that
are generated from a small-scale, single-organ-on-a-
chip system. However, the simultaneous detections
of large-scale analytical systems, such as candidate-
drug screening, require multi-organ-on-a-chip sys-
tem. Thus, high-throughput organ chips with integ-
rated sensors that allowHCS andHTSmay be capable
of translating organ-on-a-chip systems into drug dis-
covery and development, imparting themwith indus-
trially relevant applications. Although HTS and HCS
have been studied for many years, their application in
organ-on-a-chip systems has only been recently high-
lighted (table 4).

An HTS chip can be designed by simply adding a
microfluidic circuit to a commercially available cell-
culture plate. Nelson et al developed an organ chip,
following a 96-well format that mimicked the in vivo
environment of the human bone marrow; it com-
prised a bone-like endosteal layer, a central bonemar-
row, and a perivascular niche [83]. Amicrofluidic cir-
cuit was fabricated based on a standard 96-well-plate
format by integrating the PDMS device layer with a
well plate. This strategy allowed the inclusion of eight
chips in one plate and ensures compatibility with the
HCS imaging systems (figure 5(A)). Employing this
chip platform, the authors analyzed a hematopoietic-
stem and progenitor-cell dynamics based on the pres-
ence of multi-niche-mimickedmicrostructures in the
human bone marrow. This study revealed that the
endosteal niche decreased the proliferation of the
hematopoietic stem cell but increased the main-
tenance of the CD34+ hematopoietic stem cells by
monitoring the HCS images of the change in the
numbers of the hematopoietic stem cell, as well

as the fluorescence intensity of the CD34+ expres-
sion. Additionally, radiation-exposure-induced cell
apoptosis was reduced in the group containing the
endosteal niche, indicating that the mimicked niche
structures protected the hematopoietic stem cells
from radiation damage. HCS has also been applied
to study the development of lymphatic vessels, which
are crucial to tumor metastasis. Lee et al developed a
high-throughput injection-molded plastic array cul-
ture platform (Lymph-IMPACT) consisting of 28
wells per chip for fabricating lymphatic and blood
vasculatures [84]. This platform facilitated the form-
ation of self-organized lymphatic vessels, and the
co-culture containing cancer cells recapitulated the
cancer-type-dependentmorphogenesis of the lymph-
atic vessels (figure 5(B)). Moreover, a co-network
of the lymphatic and blood vessels could be con-
structed to more closely mimic the tumor microen-
vironment. Employing this model, the structural
changes in the lymphatic vessel, which were induced
by the treatment with the antitumor lymphangiogen-
esis drug (a VEGFR3 inhibitor), were followed by
the analysis of the HCS image. The degree of the
destruction of the lymphatic vessel was reduced in
the blood and lymphatic co-network model com-
pared with in the lymphatic mono-vessel model,
indicating that the lymphangiogenesis in the tumor–
lymphatic microenvironment was affected by the
neighboring blood vessels, and this is associated
with the VEGFR3 signaling pathway. Nicolas et al
developed OrganoPlate and OrganoTEER devices,
which can simultaneously measure the TEER of 40
microfluidic chips [85]. In their study, nine wells were
bundled to form one microfluidic chip. With 384
wells, an OrganoPlate could simultaneously culture
40 chips (figure 5(C)). An OrganoTEER device was
also developed to form an electrical circuit by pen-
etrating four electrodes per chip. Employing these
devices, the TEER of Caco-2 cells on 40 chips moun-
ted on a 384-well plate could be simultaneouslymeas-
ured. The authors posited that the OrganoPlate and
OrganoTEER devices were the first to measure only
the cell-layer TEER without additional artificial fil-
tration membranes. A bone-on-a-chip system was
also designed for HTS and HCS in cell-culture plates
[86]. In this model, an extracellular matrix, which
was derived from osteoblasts (MC3T3-E1 cells), was
employed as a scaffold to simulate the bone structure,
and a co-culture device was fabricated to induce an
interaction between the two main cell types, osteo-
cytes and osteoblasts, that constitute the bone. The
standardized chip platform was designed to mimic
the shape of osteons, the functional units of bone, and
was mounted on an existing commercial well plate to
feature high-throughput bone units and exhibit com-
patibility with the HCS system. The efficacy of the
anti-sclerostin antibody, a novel treatment candidate
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Figure 5. Scalable sensing technology and omics analysis for organ-on-a-chip systems. (A) Schematic of the high-throughput
design of bone-marrow-on-a-chip recapitulating a multi-niche structure with a vasculature. The presence of mesenchymal stem
cells and endothelial cells on the CD34+ hematopoietic stem cell expansion was investigated. Reprinted from [83], Copyright
(2021), with permission from Elsevier. (B) Design of the injection-molded high-throughput device for generating the 3D
lymphatic network. This device can also be co-cultured with cancer cells and blood vessels to simulate a tumor
microenvironment. [84] John Wiley & Sons. © 2021 Wiley-VCH GmbH. (C) Schematic of the real-time, high-throughput TEER
sensing system coupled with a microtiter-plate-format-based organ-on-a-chip system. Adapted from [85]. CC BY 3.0. (D)
Investigation of species-specific infection mechanisms of enterohemorrhagic E. coli (EHEC) using a colon chip system, coupled
with omics analysis including transcriptomics and metabolomics. Adapted from [87]. CC BY 4.0. (E) Omics (singe cell
RNA-sequencing, proteome and/or secretome) profiling of hiPSC-derived pancreatic duct-like organoids formed in a
microwell-type chip to describe in vitro differentiation trajectory and identification and validation of prognostic biomarkers for
pancreatic ductal adenocarcinoma. Reproduced from [88], with permission from Springer Nature.

for osteoporosis, was tested via HCS fluorescence
imaging by analyzing theβ-catenin translocation pat-
terns. Artificial intelligence-based deep learning ana-
lysis confirmed that the bone-on-a-chip platform
exhibited efficiency and accuracy in drug testing.

3.2. Omics analysis employing organ-on-a-chip
systems
The emergence of omics technologies allows the ana-
lysis and interpretation of a large amount of data; it
avails total information and comprehensively inter-
prets its biological meaning beyond existing frag-
mentary analysis. Omics has been recently employed

in the organ-on-a-chip field as an additional tool for
collecting and interpreting more diverse and mean-
ingful information than the existing sensing or simple
analysis methods. Here, we review the latest research
on the introduction of omics analysis to organ-on-a-
chip systems.

Omics analysis was first introduced in organ-
on-a-chip systems in relation to the digestive sys-
tem. Tovaglieri et al designed a colon chip to
identify enterohemorrhagic Escherichia coli (EHEC)
infection-associated metabolites via metabolomic
analysis and validate the pathogenicity of the micro-
biome via transcriptome analysis (figure 5(D)) [87].
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The authors constructed a human colon chip exhibit-
ing two channels by culturing human colon organoids
on one side and human intestinal microvascular
endothelial cells on the other. EHEC, as well as the
human microbiome metabolites (Hmm) or mouse
microbiome metabolites, were added to the epithelial
region. The transcriptomic analysis identified the
upregulation of the genes that are related to flagellar
motility in Hmm-treated EHEC, and the movement
of EHEC was also improved by Hmm treatment. The
metabolomic analysis identified four byproducts that
were highly expressed inHmm.When the byproducts
alonewere utilized as a treatment, the degree of EHEC
infection was similar to that of the infection in the
Hmm-treated colon cells. The authors concluded that
human-specific EHEC infection was caused by the
high concentrations of specific metabolites present in
Hmm.

Omics analysis has also been performed for
a pancreas-on-a-chip system because the pancreas
plays several crucial roles, including the secretions
of hormones and digestive enzymes in the body.
Wiedenmann et al developed a chip platform that
could facilitate the uniform and long-term culturing
of pancreatic organoids by controlling the initial sizes
and shapes of the pancreatic organoids (figure 5(E))
[88]. The chip was specifically used to control cell
density and number to generate uniformly sized 3D
aggregates. Through time-resolved, single-cell tran-
scriptomic analysis, the homogeneity of the chip-
cultured organoids confirmed that most progenitor
cells matured into two types of duct-like cells dur-
ing differentiation and that the subpopulations were
expressed similarly to the human adult duct cells
found in vivo. Additionally, the cancer-specific bio-
markers were determined by comparing normal pan-
creatic organoids with pancreatic cancer organoids
on the chip platform via single-cell sequencing and
secretomic analysis.

A recent study performed the omics analysis of
a lung-on-a-chip that was infected with influenza.
This lung-on-a-chip was designed with an air–liquid
interface, and drugs, which were used clinically for
influenza treatment, were tested for efficacy in the
chip model [89]. The chip exhibited a two-channel
design to simulate the cross-section of the lung, with
the human bronchial airway epithelial basal stem
cells cultured on one channel in contact with the air
and the primary human pulmonary microvascular
endothelial cells cultured on the channel supplying
the culture medium. The influenza virus was admin-
istered through the air channel, and the drugs were
administered through the liquid channel. The infec-
tionmodel was verified by analyzing the expression of
several inflammatory responses, as well asmonitoring
the response of neutrophils that were injected into the
chip. Further, proteomic analysis was performed to
evaluate the efficacy of the tested drugs, and the result
demonstrated that the levels of the proteins associated

with cilia regulation and lysosomes increased dramat-
ically after the treatment with the drug. The authors
concluded that the drugs, which were used to block
viral infections, exerted excellent therapeutic effects.

4. Multi-sensing methods for a 3D culture
model and a multi-organ-on-a-chip
system

4.1. Multi-sensing methods on a chip
Based on the techniques discussed above, research-
ers in the organ-on-a-chip field have advanced toward
simulating the in vivo environmentwithmulti-organ-
on-a-chip systems. Since multi-organ systems gener-
ate many signals, it might be difficult to detect and
quantify all the signals via single sensing technology
[90, 91]. Thus, we reviewed studies on multi-sensing
methods that can simultaneously detect multiple sig-
nals (table 5).

A simple modular platform was designed to
implement multi-sensing by connecting sensing and
an organmodule with an automated flow-controlling
breadboard (figure 6(A)) [92]. This system encom-
passes two chambers for the liver and heart cultures;
both chambers can be continuously monitored by
an electrochemical sensor (employing K3[Fe(CN)6]
to measure the levels of the secreted biomarkers)
and optical sensors (to measure the pH and oxy-
gen concentrations). Farooqi et al’s model represents
another example of integratingmultiple sensors on an
organ-on-a-chip. It consists of a liver-on-a-chip sys-
tem utilizing HepG2 cells coupled with devices for
monitoring the changes in the pH and TEER values
using photoelectric and ITO-based electrical sensors,
respectively [93]. The research group employed sev-
eral methods, such as live cell imaging, the quan-
tifications of albumin and lactate productions, and
E-cadherin confocal microscopy, to validate their
real-time TEER data. Furthermore, the drug-induced
hepatotoxicity, which was induced by doxorubicin,
lapatinib, and epirubicin at various concentrations,
was investigated, and the researchers observed that
the doxorubicin treatment at a 1 µM dose was cyto-
toxic; this was confirmed by the rapid decrease in the
TEER values, indicating the breakdown of the tight
junctions, and an acute decrease in the pH, indicat-
ing cell death. Asif et al designed a proximal tubule-
on-a-chip coupledwith a platform formonitoring the
TEER and pH values of culture media [94]. The elec-
trodes were fabricated by printing ITO on a trans-
parent glass chip, after which an optical pH sensor
was connected to the chip to detect the color changes
therein. Additionally, the cell growth was continu-
ously monitored by an integrated microscope. The
fibroblasts and HK-2 cells (immortalized proximal
tubule epithelial cells) were cultured in the prox-
imal tubule-on-a-chip and the TEER was continu-
ously monitored by complete monolayer formation.
A hyperglycemic renal nephrotoxicity model was
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Figure 6.Multi-sensing and multi-organ-on-a-chip systems. (A) Schematics showing an automated multi-organ-on-a-chip
(heart and liver) with multi-sensing platforms for detecting tissue-specific biomarkers and tissue microenvironments, such as
temperature, pH, and oxygen concentrations. Reproduced with permission from [92]. (B) Schematic illustration of the
cardiac–breast cancer-on-a-chip integrated with electrochemical-based multiplexed microelectrode-array platform to
simultaneously monitor multiple biomarkers. [106] John Wiley & Sons. © 2020 Wiley-VCH GmbH. (C) Compartmentalized
design and images of a multi-organ chip (connected gut, liver, kidney, and blood vessel) equipped with an automated circulatory
system for pharmacokinetic and pharmacodynamic analysis. Reproduced from [108], with permission from Springer Nature.

induced by high-glucose treatment, which induces
inflammation; afterward, the efficacy of the anti-
inflammatory drug, metformin, was monitored by
continuously measuring the TEER, pH, and cell
growth. The high-glucose treatment decreased the
impedance and caused a rapid decrease in the pH of
the medium, indicating cell injury. Subsequently, the
drug efficacy was confirmed by the partial restoration
of the reduced impedance and pH. Another recent
study exploited a high-throughput organ-chip system
to make it compatible with HCS tools by adapting it
into a 96-well plate configuration [95]. The research-
ers employed the integrated perfusion system to sup-
port complex organ functions and monitored the
organ function with the TEER electrodes and oxygen
sensors. Active micropumps were integrated within
a plate lid, and the electrodes were embedded in the
perfusion system for real-time TEER measurements
within each well. The research group achieved the
programmable controls of the perfusion flow, which
enhanced hepatic-tissue function, and high-shear
stress flow, which induced endothelial alignment.

4.2. Multi-organ-on-a-chip systems with
biosensors
Since the first development of the organ-on-a-
chip, the need for multi-organ chips has grown
continuously (table 5). The early multi-organ chips

were limited to the simple connection of several
single-organ chips. For example, a four-organ-chip
system (i.e. a system consisting of the heart, liver,
skeletalmuscle, and nervous system)was used to eval-
uate and compare the effects of several drugs (dox-
orubicin, atorvastatin, valproic acid, acetaminophen,
and metacetamol), which are known to be thera-
peutic but become toxic at higher concentrations
in animals and humans, for 14 d [96]. The func-
tionalities of the liver, heart, skeletal muscle, and
nervous system were evaluated by measuring the
albumin and urea concentrations of the medium,
contractile activity employing a cantilever, contractil-
ity via video analysis, and electrophysiological poten-
tial, respectively. The type of organ response to the
administered drug closely correlates with the res-
ults of previous clinical studies [97–102]. The same
group improved the multi-organ-on-a-chip model
by recording the electrical and mechanical func-
tions to monitor organ function [103]. Each organ,
except for the liver, exhibited a cantilever or custom-
izedmultielectrode-arraymodule formeasuring their
mechanical or electrical properties, respectively. The
mechanical and electrical properties of the skeletal
muscle and nervous system were monitored, respect-
ively. For the heart, its electrical andmechanical func-
tions were evaluated with both modules. The daily
mechanical and electrical measurements from the
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heart, skeletal muscle, and nervous system demon-
strated that the organs maintained their functions for
4 weeks, thereby enabling the study of the chronic
effects of drugs.

A similar study developed a multi-organ-on-a-
chip that connected three organ modules represent-
ing the liver, heart, and lung to a central fluid-routing
breadboard module [104]. An electrode for measur-
ing TEER was inserted into the lung module, and
the heart module was connected to an optical cam-
era for the real-time observation of heartbeat. Since
each module was interchangeable, a combination of
organmodules, rather than the connection of all three
modules was possible. This modular multi-organ-
on-a-chip system demonstrated that the inter-organ
response significantly affected the drug response. Lai
et al developed an interconnected 96-well plate tis-
sue chamber that was linked through a perfusable
vascular interface consisting of a supporting scaffold
that defines the endothelial space and allows the self-
assembly of cells into a 3D construct (liver, heart, and
breast cancer) in the parenchymal space [105]. For
the cardiac model, the electrodes, which were embed-
ded in the device, could control contraction, and the
cantilevers, which were embedded in the cardiac tis-
sue, could measure the contraction. The researchers
emphasized the significance of multi-organ interac-
tions in drug screening by demonstrating a signific-
antly different response of the breast-tumor model
to a drug when connected in series to the liver con-
struct. The chemotherapeutic drug was administered
to the endothelial lumen, and its concentrations, as
well as themetabolite level, weremeasured in the liver
model. The degree of the migration of the breast-
cancer cell and the drug metabolism differed in the
absence and presence of the hepatic chamber. Lee
et al developed a dual-organ-chip system that was
equipped with electrochemical sensors to assess car-
diotoxicity and breast-cancer progression in response
to the chemotherapeutic drug (figure 6(B)) [106].
The sensorswere based on amultiplexed sensing array
that allows the simultaneous measurements of mul-
tiple cell-secreted biomarkers. With this platform,
the effects of doxorubicin on the functionality of the
iPSC-derived cardiac tissues, as well as the progres-
sion of the breast-cancer tissues (SK-BR-3 cell line),
were examined by monitoring the secretion of tro-
ponin T and the production rates of the epidermal
growth-factor receptor 2.

The vascular endothelium connects the organs in
the body; it is essential for supporting the physiology
of each organ, as well as inter-organ communication.
Additionally, the tissue-to-tissue barrier between the
endothelium and parenchymal cells of organs exists
in vivo, and this barrier can substantially affect the
drug response of the organs. Thus, to predict very
clinically relevant pharmacokinetics, several studies

introduced vascularization in multi-organ-on-a-chip
systems to predict the kinetics of multiorgan inter-
actions, as well as analyze drug efficacy and side
effects on other organs [107]. For example, Herland
et al constructed a vascularized multi-organ-on-a-
chip system by grafting an automated flow system
through a robot (figure 6(C)) [108]. A multi-organ-
on-a-chip model was developed to separate each
organ by the vascular barrier, and the organs grew
in separate culture media, although they could inter-
act through the vascular channels. This model can be
used to predict and implement human pharmacokin-
etic responses to oral and intravenous drug admin-
istrations. To recapitulate the absorption route of
orally administered drugs, the model was designed
in the following order: intestine, liver, and kidney.
The arteriovenous reservoir was connected to each
organ to model intravenous drug administration.
Additionally, an automated robotic flow device was
introduced between each chip to control the speed
and amount of drug spreading through the simulated
organs. Through a comparative analysis of the phar-
macokinetic parameters of the multi-organ-on-a-
chipmeasured in this study with the values calculated
in rodents, humans, and in silico, it was confirmed
that the parameters of the developed platform were
similar to those of actual human clinical results [109].
Ronaldson-Bouchard et al designed a multi-organ-
on-a-chip in which each organ could be cultured in
a designated optimal niche separated by a vascular
barrier and flow while enabling interaction through
the vasculature [110]. Four types of organs/tissues
(heart, liver, bone, and skin) and endothelial cells
were cultured separately before being integrated into
a chip. The functional formation of the endothelial
barrier was monitored by the TEER device, and the
communication between the organs was confirmed
via exosome cross-talk. This interconnected multi-
organ system reflected the clinically relevant pharma-
cokinetic and pharmacodynamic profiles of doxoru-
bicin and the microRNA (miRNA) biomarkers that
are related to doxorubicin-induced cardiotoxicity.

5. Challenges and potential solutions

Each biosensing technology has advantages and dis-
advantages for the integration into organ-on-a-chip
system (table 6). Electrochemical sensing modalit-
ies offer several advantages over other sensing tech-
niques, such as low equipment setup complexity
and cost-effectiveness, making them suitable for
integration into microfluidic systems. These sensors
allow easy miniaturization and exhibit high detection
limits while requiring only small analyte volumes.
However, electrochemical sensors require the fre-
quent recalibration for their optimal long-term per-
formance. To overcome this issue, researchers have
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focused on sensor calibration automation. A not-
able example is the work by Giménez-Gómez et al
[111], which designed a self-recalibrating lab-on-a-
chip. Their biosensor incorporated four independent
micro-electrodes capable of detecting glucose, hydro-
gen peroxide, conductivity, and oxidation reduction
potential, allowing the analysis of oxidative stress.
Importantly, this system could reactivate and recal-
ibrate the electrochemical electrodes without com-
promising cell viability. In another study led by Bavli
et al [35], a liver-on-a-chip device integrated sensors
in an external unit, which allowed the experiment to
continue even if the chip device requires replacement,
as the sensing component remained separate from the
organ-on-a-chip.Moreover, the off-chip setup facilit-
ated automated sensor calibration and the generation
of precise chemical gradients to ensure measurement
stability.

Optical biosensors offer real-time analysis of vari-
ous analytes with high temporal resolution [112].
Optical biosensors based on surface plasmon reson-
ance, total internal reflection-based sensors, photonic
crystals, ring resonators, and waveguide fibers have
been used for label-free detection methods. However,
ambient light and inhomogeneities in the illumin-
ation field interfere with analytical signals, and the
long-term stability is also limited due to bleaching of
the indicators. Various strategies have been developed
to improve the signal-to-noise ratio and lifetime of
the indicators [113]. These strategies involve optim-
izing the substrate materials, their structural prop-
erties, and integration with supplementary materials
[114, 115]. Additionally, selecting the appropriate
wavelength of the incident light is critical in enhan-
cing the sensitivity of optical sensors. Chemical sig-
nal amplification has also been suggested to be an
effective strategy to enhance the sensitivity of optical
biosensors. One approach is to use micro- or nano-
carriers loaded with multiple signaling molecules
as probes, thus increasing the number or intens-
ity of signals per event [116]. Another method
involves utilizing different signal modalities, such
as near-infrared-emitting fluorophores or plasmon-
enhanced fluorescence, to improve the signal-to-
noise ratio [117, 118]. Chemical reactions can also be
introduced at the signal-transducing step to amplify
the signals [119]. Polymerization-based signal ampli-
fication is achieved through the controlled growth of
polymers from initiators conjugated to biomolecules,
enabling target-triggered polymerization. Inorganic
metal-based nanocatalysts can replace enzymes for
catalytic amplification of signals [120].

The integration of a TEER measurement system
within an organ-on-a-chip enables continuous and
non-invasive monitoring of cells without disrupting
the cell culture environment. However, the presence
of electrodes poses challenges by restricting the field
of view, thereby limiting access to the cells during

imaging. Additionally, precise TEER measurements
are contingent upon various factors such as electrode
materials, properties, positioning, uniformity of cur-
rent density across the cellular monolayer, and the
electrical circuit model used for data interpretation
[121]. TEERmeasurements are also susceptible to the
influence of factors, including temperature and elec-
trolyte concentrations [122]. Scale-down of electrode
size is inevitable for integration of electrodes into
the organ-on-a-chip, which causes a non-uniform
field across the chip due to relatively small size to
the cultured region, ultimately leading to unreliable
impedance data. To address this issue, thinner lay-
ers of metal can be deposited to achieve a current
density distribution that involves the entire cell cul-
ture area, while still allowing optical inspection [123].
However, these semitransparent electrodes exhibit
high electrode polarization impedance, which filters
out signal content below the electrode cutoff fre-
quency. Among various electrode materials proposed
for TEER measurement, one promising alternative
is the organic semiconductor polymer (PEDOT:PSS)
[124]. PEDOT:PSS has shown improved recording
performance for opaque electrodes in impedance
measurements, as it is less affected by electrode polar-
ization impedance compared to inorganic materi-
als. Additionally, PEDOT:PSS offers a favorable com-
promise between electrical properties and transpar-
ency, making it suitable for simultaneous electrical
activity recording and optical imaging. A recent
study successfully utilized PEDOT:PSS tomonitor the
impedance of cellular barriers while enabling optical
inspection in an organ-on-a-chip [125]. In this work,
an organ-on-a-chip devicewith integrated semitrans-
parent PEDOT:PSS electrodes was developed tomon-
itor intestinal barrier tissue function, overcoming
the limitations of current EIS setups in organ-on-
a-chip systems. The homogeneous current distribu-
tion provided by PEDOT:PSS electrodes covering the
entire cell culture area ensured equal contribution
from the entire culture region in the chip to themeas-
ured impedance. Finally, the application of TEER is
complicated for epithelial culture that require an air–
liquid interface, as the model needs to be completely
submerged in the culture medium to ensure elec-
trical connection. To solve this problem, Mermoud
et al developed a micro-impedance tomography sys-
tem integrated in a lung-on-a-chip to monitor the
resistivity changes and movements of the lung alve-
olar barrier [59].

The performance of biosensors in organ-on-a-
chip can be improved by using nanomaterials (e.g.
gold nanoparticles, carbon nanotubes, etc) [126].
Engineered nanomaterials offer several advantages,
such as higher electrical conductivity, increased
surface-to-volume ratio, chemical activity, mech-
anical strength, electrocatalytic properties, and
enhanced diffusivity. These properties significantly
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improve the sensitivity and lower the limit of detec-
tion of biosensors. Increasing the surface area avail-
able for binding to target molecules is a com-
mon strategy for signal amplification in biosensors.
Nanomaterials with high surface-to-volume ratios,
such as gold nanoparticles and carbon nanotubes, are
frequently employed for this purpose as they provide
a larger binding interface, allowing them to bind to
a greater number of target molecules and thereby
amplify the signals in bioassays. Nanomaterials can
also act as scaffolds for immobilizing biomolecules.
This can be achieved by functionalizing the surface
of the nanomaterials with specific chemical groups
that enable the immobilization of biomolecules (e.g.
enzymes, antibodies) in a specific orientation, lead-
ing to the increase in the efficiency of the bioassay
and the generated signals.

Nanomaterials can facilitate signal amplifica-
tion by acting as electrochemical or optical trans-
ducers. For instance, in a previous study to integrate
TEER sensors and electrochemical sensors into a gut-
on-a-chip system to monitor cell barrier integrity
and the absorption of Mercury (Hg(II)) [127], gold
nanoparticles were used to coat the electrodes and
detect Hg(II) absorption by intestinal epithelial cells
based on the principle of the redox reaction. Gold
nanomaterials could also be employed for enhan-
cing the detection of target molecules (e.g. miRNA)
using surface-enhanced Raman spectroscopy [128].
Another study demonstrated a plasmonic bio-
sensing platform that utilizes a commercially avail-
able optical disc with polymeric templates containing
nanograting [129]. The bare polymeric nanograting
was coated with a thin, optimized layer of gold and
then the nanograting surface was immobilized with
IL-6 and insulin antibodies. This plasmonic biosensor
was integrated into a chamber-type organ-on-a-chip
platform with co-culture of skeletal muscle cells
(C2C12) and pancreatic islet cells (MIN6 cell line)
to monitor the real-time secretion of IL-6 by skeletal
muscle cells in response to electrical stimulation and
investigate its effect on stimulating insulin produc-
tion in pancreatic islet cells. Although graphene and
quantum dots have been rarely utilized for sensor
materials for organ-on-a-chip models, they would
be able to offer high sensitivity and specificity for
detecting target molecules in organ-on-a-chip owing
to their unique electrochemical and optical properties
[130–132]. In summary, nanomaterials offer a wide
range of advantages and functionalities that can sig-
nificantly enhance the performance of biosensors in
organ-on-a-chip systems, leading to improved accur-
acy and sensitivity in biosensing applications.

The integration of machine learning presents
significant potential for advancing organ-on-a-chip
models. Machine learning techniques find valuable
applications in target recognition, segmentation,
reconstruction, and detection. For image processing,

techniques like segmentation and super-resolution
reconstruction enhance image quality and analysis.
Automatic data annotation algorithms efficiently
label large amounts of unlabeled data, improving
prediction accuracy in cell networks for tasks like
classifying single-cell trajectories, tracking cells, and
analyzing motion in time-lapse microscopy images.
For instance, Biselli et al employed machine learning
algorithms to reconstruct a tumor-on-a-chip model
via co-culture of peripheral blood mononuclear cells
withHER2+ tumor cells, allowing accurate cell track-
ing during time-lapse microscopy experiments [133].
Mencattini et al achieved successful classification of
single-cell trajectories of peripheral blood mononuc-
lear cells and cancer cells based on the presence or
absence of a drug [134]. This study involved analyz-
ing cell motility behaviors of peripheral bloodmono-
nuclear cells co-cultured with HER2+ breast cancer
cells (BT474 cell line) in an organ-on-a-chip system,
using time-lapse microscopy images. Single-cell tra-
jectories were collected and a pre-trained deep learn-
ing convolutional neural network architecture was
employed to extract relevant features for classification
tasks from this visual atlas. Deep learning integration
in organ-on-a-chip systems enables visualization and
quantification of complex dynamics within the tumor
microenvironment, as demonstrated by Nguyen et al
[135]. The development of deep learning tools, such
as deep tracking, allows for improved accuracy in ana-
lyzing cell trajectories and understanding cell interac-
tions. Jena et al applied machine learning techniques,
including recurrent neural networks and convolu-
tional neural networks, to generate a human muscle-
on-a-chip model, which facilitates the determination
of biochemical markers and providing insights into
muscle cell physiology [136].

Machine learning algorithms play a crucial role in
analyzing vast amounts of data produced from mul-
tiple sensing modalities in organ-on-a-chip models.
These algorithms have the capability to integrate and
fuse diverse datasets, thereby facilitating a compre-
hensive understanding of the system and enabling
the identification of intricate relationships between
various variables. By detecting patterns, correlations,
and anomalies within the data, machine learning
algorithms extract meaningful information and offer
valuable insights into cellular behavior, tissue func-
tion, and drug responses. In the context of a human-
on-a-chip, which encompasses multiple tissues, deep
learning methodologies would provide valuable tools
to analyze the multi-scale data from each tissue and
their interactions.

Deep learning can also be applied to device
design, material selection, and fluidic modeling,
enabling effective prediction. Machine learningmod-
els can suggest optimized device designs, includ-
ing channel geometries, microstructures, and sur-
face coatings, thereby improving the functionality
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of organ-on-a-chip platforms [137]. Furthermore,
machine learning enables the development of pre-
dictive models for fluidic behavior within organ-on-
a-chip devices. By analyzing experimental data on
fluid flow rates, pressure drops, and cell responses,
machine learning algorithms can discern underly-
ing relationships among the variables and construct
the models that predict fluidic behavior under dif-
ferent conditions. This capability empowers research-
ers to optimize flow parameters, designmore efficient
microfluidic networks, and anticipate how variations
in flow can impact cellular responses.

6. Conclusion

A conventional 2D culture allows the analysis of
the degree of cell response in a particular envir-
onment, but the 2D culture is not appropriate for
modeling precise organ response, hence the continu-
ous attempts to simulate and construct organs. One
method for achieving this involves mimicking the
in vivo organ environment in an organ-on-a-chip as
closely as possible to induce a more realistic response.
In this review, we described state-of-the-art stud-
ies that combined organ-on-a-chip technologies and
sensing systems formonitoring different relevant bio-
logical information (e.g. metabolite level, membrane
permeability, electrical signals, and enzyme activity).
Over the past decade, significant improvements have
been made in organ-on-a-chip models coupled with
biosensors regarding their complexity, quality, and
robustness. While different types of biosensors have
been developed as on-chip monitoring systems, there
is still potential for further improvement in several
areas.

All types of the biosensors for integration into
organ-on-a-chip system encounter common chal-
lenges such as the complexity increased by sensor
integration to microfluidic platform and cost issue.
In addition, an increase in cellular and environmental
complexity of organ-on-a-chip system for physiolo-
gical relevance to human organs and tissues results
in the operational complexity, limited coordination,
and scalability of the biosensors. Finally, the large
size and structural complexity of 3D constructs and
organoids in the organ-on-a-chip system are also
likely to present challenges to imaging, monitoring,
and analysis, which could be tackled by developing
advanced 3D imaging techniques and probes tailored
to such organ-like constructs.

In parallel, recent initiatives have advanced
sensor-integrated organ-on-a-chip technology to the
next level by combining multi-sensing and multi-
organ-on-a-chip technologies to simulate the entire
biological process, and this can ensure the accurate
modeling of pharmacokinetic profiles for drug assess-
ment, as well as the monitoring of multiparametric

biomarkers. However, these technologies are still in
their infancy, a lot is still required before they can
be fully deployed as substitutes for animal models.
To generate reliable data in such complex platforms,
it is necessary to build a systematic and coordinated
linkage system between in vitro organ-chip models,
such as a vasculature with blood flow, and reduce the
interference between multiple sensors. Additionally,
the standardization of the organ culture, as well as
the validation of cellular measurements via correl-
ation analysis employing the clinical data, must be
further investigated. As a next step, the establishment
of reliable HTS chip platforms along with real-time
HCS methods, as well as on-chip omics analysis,
may advance organ-on-a-chip technology. Further,
advanced biosensing technologies, such as the phar-
macokinetics and pharmacological profile analyses of
specific drugs and disease-related biomarker meas-
urements, must be applied to multi-organ-on-a-chip
technologies that mimic human physiology by com-
bining multiple organ chips.

The integration of commercially available organ-
on-a-chip systems with biosensors shows promising
potential for more accurate and efficient preclin-
ical drug testing, disease modeling, and personal-
ized medicine applications. Several examples of such
integrated systems exist, including the ‘OrganoPlate®’
of Mimetas, a microfluidic platform that enables the
culture of multiple cell types in a 3D matrix, integ-
rated with biosensors for real-time monitoring of
TEER. Another noteworthy system is the ‘Human-
on-a-chip®’ developed by Hesperos Inc., a multi-
organ microfluidic setup incorporating MEA and
TEER to monitor electrical activity and barrier integ-
rity changes, respectively. TissUse GmbH has intro-
duced the ‘HUMIMIC ActSense’, a versatile device
capable of measuring TEER, performing imped-
ance spectroscopy, sensing high-resolution electrical
activity, and stimulating electrically-active tissue, all
within a single platform [138]. This platform has
been applied to study intestinal diseases and assess
the absorption and toxicity of orally administered
drugs. Additionally, Elveflow is currently in the pro-
cess of developing a lung-on-a-chip platform that can
be seamlessly integrated with various sensors, includ-
ing microfluidic flow and pressure sensors. Despite
the promising outlook, several challenges must be
addressed to successfully commercialize organ-on-a-
chip integrated sensor platforms. Challenges remain
in terms of scalability, cost-effectiveness, regulatory
compliance, safety, and efficacy assessments. Long-
term stability, sensor calibration, and data inter-
pretation also require ongoing research and further
development. Collaborative efforts among research-
ers, industry stakeholders, and regulatory bodies are
necessary to establish standards and guidelines for
validation, qualification, and translation.
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