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ABSTRACT: Organ-on-chip systems are promising new in vitro research tools in medical,
pharmaceutical, and biological research. Their main bene t, compared to standard cell culture
platforms, lies in the improved in vivo resemblance of the cell culture environment. A critical aspect o 62
of these systems is the ability to monitor both the cell culture conditions and biological responses of lu Slc/eo
the cultured cells, such as proliferation and di erentiation rates, release of signaling molecules, and
metabolic activity. Today, this is mostly done using microscopy techniques and o -chip analytical
techniques and assays. Integrating in situ analysis methods on-chip enables improved time
resolution, continuous measurements, and a faster read-out; hence, more information can be
obtained from the developed organ and disease models. Integrated electrical, electrochemical, and optical sensors have been
developed and used for chemical analysis in lab-on-a-chip systems for many years, and recently some of these sensing principles have
started to nd use in organ-on-chip systems as well. This perspective review describes the basic sensing principles, sensor fabrication,
and sensor integration in organ-on-chip systems. The review also presents the current state of the art of integrated sensors and
discusses future potential. We bring a technological perspective, with the aim of introducing in-line sensing and its promise to
advance organ-on-chip systems and the challenges that lie in the integration to researchers without expertise in sensor technology.
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1. INTRODUCTION substances under test. Other analytical techniques such as high
performance liquid chromatography (HPLC) are not suitable
due to the low sample volumes available. Label-free and
continuous real-time analysis of cell viability parameters
remains one of the most important unresolved technical
challenges in advancing OoC models.

In fact, OoCs are highly suitable for sensor integration as
they are normally fabricated using the same micromachining or
prototyping techniques that can be used to de ne and integrate
miniaturized sensors.

This review addresses the capabilities of sensor integration
for direct access to information about the culture conditions of
the cells, the cell proliferation rate and cellular responses to
external stimuli, or release of signaling molecules. There have
been a large number of review articles published recently on
similar topics, focusing either on speci ¢ types of sensors,’®
speci ¢ analytes,”® and general applications of OoCs and
disease modeling” ** or giving a brief overview of the many
publications available describing OoCs with integrated read-
out.*” What we aim to achieve with this perspectives review is

Organ-on-chips (OoCs) are microfabricated cell culture
platforms capable of recapitulating the function and structure
of human organs. This research eld has developed over the
last 15 years, when the rst papers on cells cultured in
micro uidic systems were presented in the literature, * and it
has seen a rapid increase during the last ten years, when the
speci ¢ term organs-on-chip was introduced in the milestone
Science publication from 2010.° Today, models of human
organs such as the heart, lung, liver, brain, and skin have been
presented. Often, the purpose of the developed OoC is to
improve the quality of in vitro testing, for example in the drug
development process, by providing in vivo like conditions for
the cultured cells. Likewise, O0Cs can be used as research tools
in fundamental medical research in order to understand the
mechanisms of disease onset and progression. The reason for
the increased interest in OoC is also found in the potential to
reduce animal testing, which is problematic due to ethical
concerns and the di erent pharmacokinetic and toxicological
e ects of drugs on di erent organisms.

Although 3D cultures of cells and tissues have become

mature, analysis of the cell status and the response of the cells Special Issue: Beyond PDMS and Membranes: New
to certain stimuli is often limited to optical and uorescence Materials for Organ-on-a-Chip Devices

microscopy using stains and labels. The major drawbacks of Received: July 29, 2020

these methods are that only a single measurement is possible Accepted: May 27, 2021

and often requires the termination of the experiment. Published: June 16, 2021

Moreover, labels can interact nonspeci cally with cells and

© 2021 The Authors. Published b ) : )
American Chemical Societ¥ https://doi.org/10.1021/acshiomaterials.0c01110

W ACS Publications 2926 ACS Biomater. Sci. Eng. 2021, 7, 2926 2948


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefanie+Fuchs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sofia+Johansson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anders+%C3%98.+Tjell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriel+Werr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Torsten+Mayr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Tenje"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.0c01110&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/abseba/7/7?ref=pdf
https://pubs.acs.org/toc/abseba/7/7?ref=pdf
https://pubs.acs.org/toc/abseba/7/7?ref=pdf
https://pubs.acs.org/toc/abseba/7/7?ref=pdf
https://pubs.acs.org/toc/abseba/7/7?ref=pdf
https://pubs.acs.org/toc/abseba/7/7?ref=pdf
https://pubs.acs.org/toc/abseba/7/7?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01110?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Review

Electrochemical

Sens.or/Transducer
\ Recognition Element

Transducer

@

Detector

O

Detector

Fn

Electrical Sensor

Optical Sensor

Recognition/Transducer

Detector

Figure 1. Sensors comprise three parts: a sensing element, or receptor (recognition of the analyte or cell event), a transducer (translating the
recognition event into a signal, e.g. potential, current, impedance, or optical properties), and a detector (detecting the signal) that is coupled to
electronics for signal processing. These parts are depicted here for an electrical sensor, an electrochemical sensor, and an optical sensor,

respectively.

z g Impedance

or Voltage
g

e e

Resistance

Figure 2. Schematics illustrating the basic function of (A) a TEER sensor where electrodes measure the resistance or impedance of a cell barrier on
a membrane in between the electrodes with an overlaid circuit model and (B) an ECIS or eld potential sensor showing multiple sensing spots and
a larger reference electrode. ECIS characterizes the cells on the small electrodes by impedance measurements, while the eld potential sensors
measure the extracellular voltage of the cells on the small electrodes. (C) A strain gauge measures the deformation of the substrate imposed onto an
electrically conducting element, which changes its resistance with deformation.

to give a clear introduction to all aspects of sensor integration,
starting with a fundamental understanding of the sensing
principles and fabrication aspects of OoCs. OoC is an
interdisciplinary research eld, and in addition to holding
expertise in a scienti c niche, we believe it is important to build
general knowledge on all other areas covered to advance the
eld. To achieve this, we have structured the article to start
with an introduction to the di erent sensing principles that can
be integrated in OoCs. The article then includes a section on
fabrication aspects that need to be carefully considered when
choosing a sensing scheme and ends with a description of
solutions presented in the literature. To focus the scope of the
review, we have utilized the de nition of organ-on-chip
systems developed by the EU ORCHID project, stating that
“an Organ-on-Chip (OoC) is a t for purpose fabricated
micro uidic-based device, containing living engineered organ
substructures in a controlled micro- or nanoenvironment, that
recapitulate one or more aspects of the dynamics, functionality
and (patho)physiological response of an organ in vivo, in real-
time monitoring mode”** meaning that we have focused the
review on publications where cells are cultured in a
microphysiological system, i.e. under ow and in a
miniaturized format. On some topics this has however not
been possible, and for those cases, articles describing results
from macroscale cell cultures have been included, together
with a note on this deviation. To further focus the review, we
have only considered articles published during the rst ten
years of history of the OoC research eld, i.e. between 2010
and 2020.

Finally, the review article also addresses challenges met
when integrating sensors in OoCs which must not be
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overlooked for successful implementation. It is our ambition
that this review article will inspire the development of new
OoC models with integrated sensors bene ting the whole
scienti ¢ community.

2. BASIC SENSING PRINCIPLES

In general, sensors comprise three parts; a sensing element,
signal transducer, and detector as shown in Figure 1. Sensors
integrated into OoCs can be classi ed into three di erent
groups, depending on their sensing principle; electrical,
electrochemical, and optical. Optical and electrochemical
sensors are most often used to detect chemical signals
(released by the cells or introduced into the OoC as external
stimuli or trace elements), whereas electrical signals are most
often used to monitor cell growth and mechanical responses.
In the following sections, the details of the di erent sensing
principles for each individual sensor category are described.

2.1. Electrical Sensors. Electrical sensors are the most
commonly used category of sensors in OoCs, possibly due to
their simplicity of integration and the comprehensive
experience in the eld of microelectronics with the integration
of miniaturized electrodes. Measured voltages at the electrodes
can determine cell properties such as tight junction formation
in cell barriers or cell morphology, and physical properties such
as strain, which may be used to monitor the contraction of
heart cells.

Cell Impedance. The most common electrical sensing in
OoCs is trans-epithelial/endothelial electrical resistance
(TEER). TEER refers to the resistance obtained between
electrodes on either side of a semipermeable membrane on
which a biological barrier is formed by culturing endothelial or
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epithelial cells (Figure 2A). TEER quanti es the integrity of
the barrier where a high TEER value is indicative of tight
junction formation, which ensures good in vivo translation of
permeability studies. Through proper modeling, TEER
measurements may also be used to monitor other aspects of
the biological barrier such as cellular di erentiation.***

TEER is obtained either as the absolute value of the
impedance measured at a selected single frequency or from an
impedance spectrum by tting the collected data to a circuit
model and deducing the cell resistance, Ry, In both cases, the
cell resistance is normalized by multiplication with the
membrane area and is presented in the units  cm?

The most simplistic impedance model of a cell monolayer is
a lumped-element model comprising a capacitor, Cgys in
parallel to a resistor, R, This originates from the capacitive
behavior of the cell membrane and the resistive paths in-
between the cells. In addition to this, it is common to add the
resistance of the cell media, Reqia @nd the impedance related
to the contacts between the electrodes and the cell media,
Zeontactr 10 give a good representation of impedance data.

Cell impedance, together with the impedance originating
from interaction between the cells and the substrate that they
are grown on may also be evaluated by culturing cells directly
on a substrate with patterned electrodes. This is often referred
to as electrical cell substrate impedance sensing (ECIS) based
on the early work by Giaever and Keese.'® In addition to tight
junctions, this method is used for evaluating cell attachment,
growth, morphology, function, and motility. ECIS utilizes the
fact that impedance increases as the electrode size is reduced.
An ECIS system therefore includes small working electrodes
and a large common counter electrode with negligible
impedance (Figure 2B). The measurements are localized, as
opposed to TEER, and by using an array of small electrodes, it
is possible to nd the impedance as a function of location. The
absolute impedance is often evaluated at a selected frequency
where the change in impedance observed during the
experiment is large enough to give a qualitative measure of
changes in cell activity.*’

Extracellular Field Potential. In electrically active cells, such
as cardiomyocytes and neurons, the depolarization and
repolarization of the cell membrane results in changes in the
extracellular eld potential that may be recorded by voltage
sensing electrodes. Multielectrode arrays (MEASs) refer to an
array of isolated microelectrodes that can be used for
spatiotemporal mapping of the eld potentials or, more
explicitly, to monitor the occurrence of voltage peaks above
a set threshold value. In vitro cells may be cultured directly on
the MEA surface, and as the potential drops rapidly with
distance, a high spatial resolution is achievable. Using this
platform, it is possible to measure both the high frequency eld
potentials displayed by individual cells as well as the low
frequency variations representing coupled cell activity and
overall organ physiology.*® The spatiotemporal data may be
analyzed through a number of parameters including eld
potential duration, peak-to-peak interval, and conduction
velocity to characterize the electrophysiological response of
the cultured cells."

Strain. A strain gauge measures mechanical deformation, e.g.
bending of a cell culture membrane, which could be correlated
to certain cell responses such as contraction of cardiac
tissue.”>** The sensor typically consists of a passivated
conductive meander attached to a surface. A change in
resistance is measured as the meander is elongated or
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compressed along the conductive paths (Figure 2C). As the
change in resistance is small in comparison to the actual
resistance, the sensor is often connected to a Wheatstone
bridge, which converts it into a di erence measurement and
thus improves the accuracy.”

2.2. Electrochemical Sensors. Electrochemical devices
transform the e ect of an electrochemical interaction between
an analyte and an electrode into a read-out signal.”® The read-
out signal is either a current owing between electrodes or a
potential di erence between electrodes, and the most common
analytes are oxygen or pH. An important utilization of
electrochemical sensors are biosensors, in which the
recognition element makes use of a biochemical mechanism.**
Both potentiometric sensors and amperometric sensors can be
used as biosensors.

Potentiometric Sensors. Potentiometric sensors work by
measuring potential di erences between a reference electrode
and an indicator electrode. There are a few devices commonly
used as potentiometric sensors; metal oxide based (MOx)
sensors and ion-sensitive eld-e ect transistors (ISFETS).

MOx sensors commonly measure a di erence in potential
between a working electrode and a reference electrode. The
potential of each electrode can be expressed by the Nernst
equation, and the potential di erences are dependent on, for
instance, the pH of the solution. The reference electrode is
commonly silver coated with silver chloride (Ag/AgCl), and
the working electrode is a metal oxide from, e.g., manganese,
zinc, ruthenium, tungsten, or iridium.”® The equilibrium state
at the metal oxide surface is a ected by the pH of the solution,
leading to changes in surface potential and electrical properties
of the working electrode, which has a known dependence on
the pH of the solution.?®

An ISFET is a potentiometric device that employs an ion-
sensitive membrane on a eld-e ective transistor (FET) and a
reference electrode. ISFETs are generally fabricated on a
silicon substrate.?> In the setup, a voltage is applied between
the source and the drain, creating a channel under the gate
area, where a current can ow (Figure 3). This electrical
current is controlled by the electric eld generated at the gate
and in uenced by charged species above the gate. Thus, by
adding an ion-sensitive membrane or molecular receptors to
the top of the gate area, the concentration of the respective
ions and charged biomolecules can be determined by

—

v Reference electrode
Gs

Gate
Membrane

Gate insulator

Ips

Figure 3. Schematic drawing of an ISFET used for electrochemical
measurements. A voltage (Vps) is applied between the source (S) and
the drain (D). The resulting current (lpg) is the signal. An ion-
sensitive membrane or receptors for biomolecules are added to the
top of the gate. The concentration of the ions or charged
biomolecules in uences the electric eld across the gate area and
hence the current Ipg.
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Figure 4. Schematic drawing of the optical sensor setup based on absorption (A) and luminescence (B). Absorption measurements are usually
performed in transmission mode. Nonabsorbed light that reaches the detector on the other side is detected (A). The excitation light source and the
detector are usually mounted on the same side in luminescence based measurements (B). The used signal is either the intensity or the
luminescence lifetime which both can be a ected by interactions between the dye and the analyte (C). The luminescence lifetime is often
determined via phase modulation (D). This method uses an amplitude modulated light source to excite the indicator, and the detected signal shows

a phase shift relative to the excitation. The phase shift is related via = @) to the lifetime , where f is the frequency of the modulated signal.

2f

measuring the current passing through the transistor.*%?%:%’ 2.3. Optical Sensors. Optical sensors are based on
The latter approach is an example of a biosensor. detecting changes in an optical property, such as luminescence,

Amperometric Sensors. In amperometric sensors, a absorption, refractive index, or scattering. Refractive index and
potential is applied between a working electrode and a scattering have so far not been explored for OoC. A major
reference electrode. Electrochemically active species in a bene t for all optical sensors is that the read-out does not
solution are then detected through changes in the current require physical contact between the sensing element and the

owing between the electrodes. Frequently, a third auxiliary detector. Instead, the signal can be transferred directly in the
electrode (sometimes called the counter electrode) is used o~ transparent micro uidic chip or through a window.** *
increase the long-term stability of the reference electrode by Photoluminescence. Photoluminescence is a term encom-
reducing the amount of current passing through the reference passing  uorescence, phosphorescence, and delayed —uores-
electrode and protecting it from changing half-cell potential. In cence. Typically, a luminescent sensor consists of a sensing

element inside the micro uidic device, as well as a light source
and a detector, which are both mounted externally (Figure 4).
In most cases, additional Iters are added to separate
background luminescence, excitation, and emitted light. Lenses
and waveguides can be included in the setup to increase
e ciency of excitation and collection of emitted light. The
sensing element consists of a luminescent indicator dye that is
sensitive to the target analyte and a polymer matrix that hosts
this dye. The choice of indicator dye and matrix de nes the
sensor properties and is therefore crucial for the sensor
speci cations, including targeted analyte, measurement range,

most amperometric setups, the reference electrode is made of
Ag/AgCl, and the counter electrode is a conducting material,
usually Au or Pt. The working electrode must be made of a
chemically stable and conductive material, such as Pt, Au, or
carbon-based materials?®*° that support electrochemical
reduction and/or oxidation activities on its surface. As the
analyte undergoes an electrochemical reaction on the working
electrode, a current will form, giving the output signal. If the
potential between the working electrode and reference
electrode is maintained at a constant value, the technique is

termed amperometry. If the voltage is scanned between two sensitivity, and optical setup. The sensing element can also
predetermlnggzslalues, the measurement technique is called include other components, such as enzymes and inert reference
voltammetry. == N _ dyes.®® Sensor components including dyes, matrixes, and
By applying a biological recognition element to the working  additional components are extensively reviewed else-

electrode, amperometric sensors can function as indirect where.3® 38
sensors for nonelectrochemically active analytes®® A well- When luminescent molecules are excited by light, they emit
known example is enzyme-based glucose sensors, where an a photon. This process is characterized by luminescent
immobilized enzyme (glucose oxidase) catalyzes the trans- intensity and lifetime, which are the two di erent measurement
formation of glucose into hydrogen peroxide and other types of luminescent sensors. Here, lifetime is de ned as the
products. By measuring the current generated from the formed average amount of time a uorophore remains in the excited
hydrogen peroxide, the glucose concentration can be state before emitting a photon. Other molecules that are in
determined.®*** close vicinity to the sensing element can interact with the
2929 https://doi.org/10.1021/acshiomaterials.0c01110

ACS Biomater. Sci. Eng. 2021, 7, 2926 2948


https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?fig=fig4&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01110?rel=cite-as&ref=PDF&jav=VoR

ACS Biomaterials Science & Engineering

Review

pubs.acs.org/journal/abseba

I I I 1
Purpose Analytical  Detection Chip Sensing Device Fabncation
Parameters ~ Scheme Design Scheme Material
* Culture « Cell integrity « Single point « Chamber size |+ Electrical * Transparency |+ Bonding method
monitoring * Cell potential * Multiple sensor |+ Wall thickness |+ Electro- * Heat resistance |+ Scalability
* Cell viability «0, positions « Sensor position | chemical * Chemical * Feature
* Cellresponse  +pH « 2D mapping « Sensor format '+ Optical resistance resolution
read-out * Glucose « 3D environment  Read-out * Gas * Advanced
* ROS/RNS permeability machining
« Others « Sterilization

Figure 5. Flow diagram describing the path toward robust sensor integration in organ-on-chip devices. First, the purpose of the experiment has to
be de ned, and relevant analytical parameters identi ed. Accordingly, the detection scheme has to be chosen. To obtain this, the chip design,
sensing scheme, device material, and fabrication, which all are dependent on the initial decisions, have to be adjusted in an iterative process, because
some points exclude others. The main aspects of the ow diagram are elaborated with speci ¢ points below, which serve as a guideline.

luminescent indicator dye resulting in ampli cation or
quenching of the luminescence. In micro uidics, oxygen
sensors are the most successfully applied luminescence sensors.
These are based on dynamic quenching, which a ects both
luminescent intensity and lifetime.®” Luminescent intensity can
be measured using a standard uorescence microscope which
enables a spatially resolved measurement. However, intensity
measurements are prone to errors caused by ambient light,
inhomogeneities in the illumination eld and indicator
distribution, as well as bleaching of the luminescent molecules.
Ratiometric methods, like dual-wavelength rationing, or dual
lifetime referencing, using an inert reference dye, can be used
to improve intensity-based measurements.**“ Lifetime meas-
urements can be accessed by pulsed excitation using single
photon counting or phase modulation** (Figure 4) and are less
prone to errors because the lifetime is an intrinsic property of
the indicator molecule.

Luminescent indicator dyes are available for some speci ¢
analytes, such as oxygen, pH, and ions. Alternatively, an
indirect sensing method can be applied, similar to electro-
chemical sensing. A biological recognition element is
incorporated that catalyzes the conversation of the target
analyte, and a side product is detected by the indicator dye.*®
Furthermore, luminescent sensors can also be used for
temperature measurements as both the luminescent lifetime
and intensity are in uenced by temperature.®

Absorption Measurements. Absorption measurements use
indicator dyes that change their absorption spectrum upon
interaction with an analyte. They can be performed using a
simple setup including a light emitting diode (LED) to
illuminate a dissolved indicator dye in the micro uidic channel.
The signal, in terms of light intensity, is detected on the
opposite side of the channel at a speci ¢ wavelength using an
optical Iter (Figure 4).*3 The detected absorption depends
on the optical path length along the micro uidic channel, the
concentration of analyte, and the molar absorption of the dye,
according to the Beer Lambert Law. Realization of an
absorption sensor in miniaturized OoC systems is complicated
by the small size of the systems. However, the method can be
used for absorption of light by Phenol Red to determine the
pH of cell culture media.****

3. INTEGRATION OF SENSORS MINIATURIZATION

Electrical, electrochemical, and optical sensors all face di erent
challenges related to their integration in OoC systems. The
following section discusses the practical aspects of fabrication
and integration, material selection, design, and known pitfalls.
Figure 5 shows a owchart of important aspects to consider
when designing OoCs with in-line sensors.
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3.1. Integration of Electrical Sensors. Microelectrode
integration has been studied and optimized for more than 50
years within the eld of micro-electro-mechanical systems
(MEMS) and microelectronics. Examples of integrated
electrodes can be seen in Figure 6. When electrodes are
integrated into OoCs to serve as sensors, attention needs to be
given to the choice of electrode material and the design of the
electrodes.

Figure 6. Examples of integrated electrodes: (A) wire TEER
electrodes (Reprinted and adapted with permission from ref 58.
Copyright 2016 Elsevier), (B) thin- Im TEER electrodes (Reprinted
and adapted with permission from ref 61. Copyright 2019 The Royal
Society of Chemistry), (C) MEA electrodes (Reprinted and adapted
with permission from ref 62. Copyright 2018 Elsevier).

Electrode Material. A number of di erent electrode
materials have been proposed for integrated electrical sensors
in OoC systems. The choice of material depends on the
requirements of operation, e.g. low impedance of the
electrode electrolyte interface, operating frequency, mode
(AC or DC), and biocompatibility.

The most frequently used metals, Au and Pt, are polarizable.
This means that charging e ects occur at the interface between
the solution and the electrode, resulting in a large contact
impedance, especially at low frequencies. Cell impedance
measurements are negatively a ected when the background
becomes much larger than the signal to be detected. The exact

https://doi.org/10.1021/acsbiomaterials.0c01110
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details of the charging e ects are not yet fully understood, but
many physical models are proposed to describe the e ects of
the charge build-up.** How the charging e ects are dealt with
is important to consider when designing a cell impedance
sensor. Fortunately, many successful routes to overcome this
issue have been presented. One approach is to use impedance
spectroscopy, which sweeps from low (Hz) to high frequencies
(MHz) and uses a circuit model to subtract the impedance
originating from the electrode electrolyte interface.*®

Increased electrode area is another approach to circumvent
the issue of high contact impedance. This can be achieved in
di erent ways, either by simply increasing the electrode
footprint or by maintaining the small footprint and fabricating
the electrode such that the surface area is enlarged, i.e. using a
material with high porosity or surface roughness. One
commonly used material is Pt-black, which can be applied as
an extra layer on top of a thin- Im electrode fabricated in Au'°
or Pt.*® Porous materials that compromise the whole electrode
can be porous Au*’ and the conducting polymer poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PE-
DOT:PSS).*

Ag/AgCI electrodes are nonpolarizable, which gives a lower
contact impedance between the electrode and the solution
compared to polarizable materials. Therefore, Ag/AgCl
electrodes are suitable also for measurements using DC and
AC at low frequencies. Ag/AgCl wire electrodes are
commercially available in standardized formats due to their
frequent usage within the eld of electrochemistry. This
simpli es their access and integration.

It is imperative to make sure that the used materials are not
harmful to the cells. This is especially important to consider for
electrode materials in direct contact with the investigated cells.
Metals such as Cu where the ions have harmful e ects on
cultured cells are therefore not a suitable choice.*® Care must
also be taken when using the popular electrode material Ag/
AgCl as silver ions have known cytotoxic e ects.>® Other
electrode materials that are more inert and are considered
biocompatible, include Pt, Au, ITO, Ti, and TiN.

Electrode Fabrication. Control over electrode size and
position can be easily obtained if thin- Im electrodes are
integrated. Here, materials such as Pt or Au are often used.”*
Fabrication of thin- Im electrodes requires the conducting
material to be deposited onto the substrate using techniques
such as evaporation or sputtering. The metals can either be
deposited directly on the substrate'® or using an additional
adhesion layer such as Ti.*®>> Moreover, the electrodes are
commonly patterned to a desired design and shape by
photolithography, using either a lift-0 technique or etching.
Photolithography gives micrometer resolution, allows for
wafer-scale fabrication and enables alignment of multiple
thin- Im layers on the same device.>® Thin- Im electrodes are
normally attached to hard substrates such as glass or Si wafers,
but there are examples where the electrode material rests on
soft and stretchable substrates.”*> In such cases, it is
particularly important to assess the long-term stability of the
electrodes as they can be damaged by movement. Compared to
other techniques for fabricating electrodes in OoCs, which are
discussed below, thin- Im technology is superior in achieving
precise and repeatable electrode patterns and is therefore
advantageous for generating desired electric elds and
providing a high signal-to-noise ratio (S/N).

Simpli ed fabrication techniques that do not require
cleanroom processing could in many cases be more practical,
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eg. screen printing or direct laser printing.>>®" Evaporated
electrodes could also be patterned using a shadow mask during
deposition.™ An alternative to self-fabrication may be to order
custom patterns from printed circuit board (PCB) manufac-
turers. The standard is to use Cu as a conductor in electronics;
however, these may be covered with an Au layer to improve
the biocompatibility of the chips.*’

In many early works, electrodes were obtained by inserting
Pt>® or Ag/AgCl wires.>*®® These are still used, as thin Ims
may be too fragile on soft materials such as polydimethylsilox-
ane (PDMS). In addition, wires are commercially available in a
range of set dimensions and the technical requirements for the
fabrication are much lower. The main disadvantages, however,
are the reduced precision and repeatability, di culty in scaling
up fabrication and the reduced S/N for large electrode
separations. In the most common con guration, wires are
inserted on the sides of the micro uidic channels, which results
in a large cell-to-electrode distance. Douville et al. instead
positioned two Ag/AgCl wires directly over and under the cell
layer to measure TEER impedance spectra, which showed a
more uniform electric eld across the cell layer.®® In the latter
case, the S/N was signi cantly higher than in systems where
the wires were further away.

An electrical passivation layer is sometimes needed to limit
the active electrode area, e.g. in MEAs, or completely hinder
electrical currents between the cell media and the electrode,
eg. in strain gauge resistors. The passivation layer could in
principle be any biocompatible dielectric material of su cient
thickness that can be attached to the surface, often with the
added requirement that it must be possible to micropattern the
layer. Examples of materials used for passivation layers are
SiO,, SisN,, PDMS, polyimide, and parylene.

Electrode Design Considerations. Cell impedance is
measured using either two or four electrodes. In a four-point
measurement, one electrode pair applies a current and the
other pair measures the resulting voltage drop. A four-point
measurement greatly reduces the in uence of the contact
impedance compared to a two-point measurement, as a
measurable voltage drop is only available along the common
path of the two electrode pairs, i.e., across the sample.

For TEER measurements, which aim to measure the
impedance of all cells on a membrane simultaneously, the
electric eld across the cell membrane should be as uniform as
possible. The easiest way to achieve this is to place identical
electrodes above and below the cells, ensuring that the
electrodes cover an area equal to the membrane. Uniform
electric elds can also be achieved by concentric or
interdigitated electrodes.®® If electrodes are put in the
micro uidic channels with a large cell-to-electrode distance,
the obtained TEER could be overestimated, which is important
to keep in mind when interpreting data from the literature
comparing the tightness of di erent cellular barriers. It should
be noted that the TEER is mainly overestimated at low TEER
values. However, this could be corrected by theoretical
calculations of the error to nd the geometrical correction
factor for the given geometry.**

Optical access could be an issue when electrodes are placed
above or below cells as transmission microscopy is often
essential for cell characterization. To circumvent this, trans-
parent electrode materials, such as indium tin oxide (ITO)*
may be used. Another approach is to observe cells next to or
in-between the microstructured electrodes.
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Figure 7. Schematic drawings of di erent luminescent sensor formats (green layers and dots) used in an OoC. Films (A) and spots (B) can be
placed on the outer walls of the chip and below the cells. Sensor particles can be integrated within hydrogel cell constructs (C) or dispersed in the
cell culture medium (D). It is also possible to dissolve hydrophilic indicator dyes directly in the cell culture medium without additional

components.

3.2. Integration of Electrochemical Sensors. Electrode
Materials and Integration Methods. In many ways,
integration of electrochemical sensors is similar to that of the
electrical sensors discussed above. The same materials and
fabrication techniques are often applied. Typically, the working
electrodes and counter electrodes are made from Au or Pt, and
reference electrodes from Ag/AgCl. The reference electrode
can be integrated by a galvanic process.®> ® MOx can be
deposited by sputtering of e.g. RuO%/RuO4,68 and Zn0,*° o
electrodeposition methods, e.g. Ir0,°*®” The ISFET, WhICh is
a semiconductor device, is commonly fabricated on Si wafers
by standardized processes used for complementary metal oxide
semiconductor eld e ect transistors (CMOS).” A semi-
conducting channel is formed between two electrodes (source
and drain). Contrary to CMOS, the gate, which regulates the
conductivity of the semiconducting channel, is covered with an
ion-sensitive membrane. The ion-sensitive membrane in
ISFETS is commonly made of either Si;N, or Ta,O5 which
can be deposited by thermal growth, sputtering, or chemical
vapor deposition (CVD).”* ™

Electrochemical Biosensors. Electrochemical biosensors
utilize a biological recognition element, such as enzymes,
proteins, antibodies, or receptors, which needs to be
immobilized on the electrode surface, and are mostly based
on amperometric sensors. Enzymes are commonly immobi-
lized in polymer hydrogels. This involves covalently bonding
the enzyme to the polymer, for instance with glutaraldehyde,
or physically entrapping the enzyme in the polymer. The
hydrogel/enzyme matrix can then be either physically
adsorbed to the electrode surface, or, in most cases, cross-
linked on the electrode. These procedures have been used to
immobilize enzymes in Poly(Z-hydroxyethyI methacrylate)
(PHEMA) *""® ‘Na on,*®’" and cross-linked bovine serum
albumin (BSA)** to measure glucose and lactate, and
additionally glutamine and glutamate.”® A di erent approach
has been presented by Gimenez-Gomez et al., who electro-
deposited pyrrole and glucose oxidase on an electrode.®
Electropolymerization is a useful technique for immobilization
of enzymes and straightforward to apply. It has also been
reported that glucose oxidase, lactate oxidase, choline oxidase,
and L-glutamate oxidase can be immobilized on the inside
surface of an SU-8 microreactor with the surfactant Triton-X
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for measurements downstream of a cell culture plate.”®
Another method to integrate electochemical biosensors is
presented by Bavli et al., who embedded commercial sensors
for glucose and lactate in a PMMA  ow-chamber.*

Antibodies or aptamers can be immobilized on the working
electrode by covalent bonding. Reported procedures employ a
self-assembled monolayer (SAM) on the electrode and
subsequently apply carbodiimide coupling (NHS/EDC) to
immobilize the recognition element, i.e. the antibody/aptamer.
This method has been used in combination with electro-
chemical impedance spectroscopy to bind commercially
available antibodies or aptamers for detection of albumln
glutathione-S-transferase, and creatine kinase.**"*®° Another
method using amperometric detection has been reported by
Riahi et al.,** who utilized magnetic microbeads to perform on-
chip immunoassays. By binding primary antibodies against
transferrin, and albumin biomarkers to the microbeads, they
could reduce the limit of detection (LOD) compared to o -
chip systems. This is due to the increased surface area aIIowmg
for a greater number of recognition elements to be bound.®
Another advantage of immobilizing antibodies to microbeads is
the increased exibility regarding the analyte. By exchanging
antibodies on the microbeads, the same system can be used to
detect other molecules.

3.3. Integration of Optical Sensors. To perform
measurements with luminescent sensors inside OoCs, a
sensing element needs to be integrated inside the device.
The matrix of the sensing element, together with the position
and format of the sensing element, determines which
integration method can be used.

Sensor Format. The sensing element can be integrated as a
thin- Im, patterned Im (spot), or bead (Figure 7). Each of
these formats has speci ¢ advantages and disadvantages. Spots
are used for smgle point measurements, while thin- Ims allow
for 2D mapping of gradients along the cultured tissue.“ Sensor
spots can be restricted to the area where the measurements are
needed and are therefore less prone to interfere with the cells
or other measurement methods. Structures down to 5 m in
size have been reported but require highly sophisticated
methods for preparation.”>®* Furthermore, highly sensitive
read-out instruments are necessary when the sensor element is
spot-patterned, as the signal strength decreases with decreasing
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Figure 8. Examples of sensor spots patterned with (A) reactive ion etching (RIE) (Adapted with permission from ref 87. Copyright 2012 Elsevier),
(B) laser ablation (Adapted from with permission from ref 88. Copyright 2014 The Royal Society of Chemistry), and (D) microdispensing
(Adapted with permission from ref 91. Copyright 2014 American Chemical Society). (C) Spots can also be formed inside a closed micro uidic
device using photopolymerization (Adapted with permission from ref 94. Copyright 2016 Springer).

spot size. Both sensor Ims and spots are xed on a surface in
the cell culture system. Sensor beads allow more exible ways
of integration and placement, which can be bene cial in more
complex systems. Sensor beads are immobilized in a hydrogel
for the integration inside the OoC, and sensor beads can even
be incorporated in the same hydrogel in which the cells are
cultured.* This approach allows for 3D measurements and
mapping of gradients directly inside the cell culture constructs,
although the presence of the sensor beads inside the hydrogel
might disturb the cells.

Other approaches use sensor dyes that are dissolved in the
culture medium or sensor beads that are dispersed in the
culture medium for measurements (Figure 7). These
approaches do not require techniques to integrate the sensors
inside the micro uidic device and are therefore easy to apply.
However, the sensing element is not xed in these approaches,
which might cause problems with signal intensity and stability,
and possibly interfere with the cultured cells.

Sensor Integration. There are several methods in which
optical sensing elements have been integrated into micro uidic
systems and to date not all of these sensors have been used in
0o0Cs, although the methods are potentially useful for OoC
systems as well.

Spin- and knife coating are well-known approaches for
creating controlled thin matrix Ims with materials commonly
used in OoC fabrication, e.gg. polystyrene (PS) or PDMS, but
also with other polymers.2#®* 8 The Ims can be patterned to
create sensor spots of any shape using dry etching after
deposition of a protective mask or maskless laser ablation
(Figure 8A, B) 528788

Likewise, sensor formulations can be coated on de ned
substrate areas using a shadow mask. In addition, features of
100 m have been achieved using masks in combination with
spray coating.’® Good adhesion of the sensor matrix to the
substrate is necessary to prevent detachment of the sensing
element, which is especiallg/ important when fabricating very
small features. Wet etching™® or powder blasting® are used to
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roughen the surface of the substrate before the sensor
formulation is applied to promote adhesion.

Direct writing techniques do not require masks and can be
used to form sensors directly inside unassembled, open
micro uidic channels. Ehgartner et al. used an airbrush
mounted on a computerized numerical control (CNC)
machine to create sensor spots with a diameter of 2 mm.*
More commonly used are piezoelectrically actuated micro-
dispensers which are capable of depositing single drops of a
liquid®™ °° (Figure 8D). Pfei er et al. performed photo-
polymerization inside a closed commercially available micro-

uidic chip to form oxygen and pH sensor spots.** Formation
of the sensor spot inside the chip, eliminates the need for
subsequent assembly steps that could potentially be harmful to
the sensor performance (Figure 8C).

Photolithography can be used to pattern the sensing
element, if photocurable polymers are used as sensor matrix.
This method requires dyes with a high photostability to avoid
bleaching. Sensor elements down to a diameter of 5 m have
been fabricated using commercial photoresists.®**® Further-
more, PDMS molds can be used to shape photocurable
polymers during the curing step, allowing for the formation of
patterns with hydrogels containing di erent sensor dyes in a
single fabrication step.”®°’

Staining beads or particles, or coupling the indicator dye to
the surface is another common practice. Beads can be
dispersed in the working uid for use in micro uidics.*®
Alternatively, the sensor beads can be immobilized on a surface
or incorporated into hydrogels.®>° *°* It is also possible to
use hydrogels with dye-doped beads to form 3D cell culture
constructs or even cell spheroids with integrated sensor
beads.30'34'102

3.4. General Considerations. In the previous parts of this
section, integration aspects of the speci ¢ sensor types were
discussed. Below follow some more general considerations that
apply to all the di erent sensors when they are integrated in
OoCs.
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Sensor Position. The position of the sensor is a very
important aspect to be considered when designing the
micro uidic device. In principle, sensors can be placed
anywhere in the chip, either inside the cell culture area or
along the inlet and outlet channel regions. In general,
positioning the sensors closer to the cells leads to a more
localized measurement compared to placing the sensor further
away, eg. in the micro uidic channel. This is especially
important if the cells are not homogeneously distributed in the
culture area. Large di erences in the oxygen distribution along
a culture of clustered cells has been shown by spatially resolved
measurement.“” If spatially resolved detection of the analyte is
not possible, careful consideration should be given to both the
position of the sensor and the section of the cells that is
contributing to the measurement.

Some sensors have special requirements for their placement.
Detection of dissolved oxygen or short-lived species, such as
reactive oxygen/nitrogen species are measured favorably in
close proximity to the cells. Oxygen measurements are prone
to inaccuracy due to the oxygen ingress or release from the
bulk material used to fabricate the OoC device, which has been
reported for bioreactors made from PDMS.*® Materials with
low gas permeability can be used to avoid oxygenation through
the device.***° Oxygen may also leak into the system via the

uidic tubing and connections, as well as any other external
ports, so it is bene cial to place the oxygen sensors close to the
cells. Positioning the sensor directly underneath the cells leads
to more local detection compared to placing the sensor on top
of the medium channel. Other analytes, such as glucose,
lactate, and pH are not altered after exiting the cell culture area
and are not prone to interference with the OoC device itself.
Therefore, the sensing element can be integrated downstream,
or in another sensing chip on a micro uidic circuit board.
However, the disadvantage to this is that it introduces a delay
in the read-out of the measurement, as the analytes need to
travel from the cell culture chamber to the sensor.

Electrical sensors of cell properties have special requirements
for their placement. The electrodes for TEER measurements
should be carefully placed on either side of the cell barrier in
order to create an even current density across it. MEAS need to
have the cells cultured directly onto the working electrode as
close physical contact strongly increases the sensitivity of the
measurements. The localized nature of the MEA electrodes
enables studies of variations across the cell culture, including
the synchronization of cardiomyocytes beating and cell
migration. This also means that, in contrast to the integral
TEER measurements, MEA sensing is resilient to inhomoge-
neities such as holes in a cell monolayer through its spatial
resolution. For electrochemical sensors, the placement of the
working electrode is the most important to consider as it needs
to be close to the cells for some analytes, such as oxygen. The
counter electrode and the reference electrode can be placed
elsewhere on the chip, e.g. at the outlet'®® or downstream from
the working electrode.”

Long-Term Stability. The long-term stability of the sensor is
another important aspect to be considered as many OoC
systems are used continuously for several weeks. The stability
can be in uenced by the degradation of the sensing element or
by interaction with the exposed environment. Often this
variation of the sensor performance over time is expressed as
“sensor drift”. In the case of electrical and electrochemical
sensors, thin Im electrodes and porous materials are sensitive
to delamination and fragmentation, which can be induced via
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physical wear at the contact points between the electrodes and
the external read-out or during sensor cleaning. However, the
main risk for degradation of electrodes is probably biofouling,
i.e., the adsorption of nonspeci c¢ proteins from the cell culture
media.” This aspect is relevant for both long-term experiments
and devices that are to be used for multiple experiments in
which the reference point or background signal can shift in-
between measurements. Biofouling does not seem to be
reported yet for OoC systems, but considering how extensively
it has been studied in other micro uidic systems it bears
relevance for OoCs as well. Factors, such as electrode
porosity, " cell seeding density, and cell proliferation rate,
are known to a ect biofouling of integrated electrodes.®® To
avoid biofouling, antifouling coatings can be applied.**>*%
Alternatively, measures can be taken to avoid direct contact
between cells and electrodes, or electrode cleaning routines
can be introduced.’

Biofouling also occurs in optical sensors from the interaction
with cell media. The e ects can be reduced by using a suitable
sensor matrix or coatings and placing the sensing element away
from the cells.”®” The photodegradation of the sensor dyes can
be an additional limiting factor for long-term stability. Sensor
dyes with low photostability degrade upon interaction with
light and lose their brightness. This so-called bleaching of the
sensor dye is mainly a problem in intensity-based measurement
but also a ects lifetime-based measurements as the signal
strength decreases over time. It can be solved by using dyes
with a high photostability and limiting the light exposure of the
sensing elements.*’

Another critical point for long-term stability of optical
sensors is the immobilization of the sensor molecules in the
sensor matrix. Physical entrapment can cause leaching into the
cell culture medium and a deterioration in the sensor
performance.”®® This is especially a drawback with using
hydrophilic sensor dyes or enzymes in electrochemical or
optical biosensors. Therefore, covalently bonding the mole-
cules to the matrix using larger molecules or even particles that
are physically trafped inside the matrix can be favorable to
avoid leaching.®*’

Another aspect to consider for sensors that utilize enzymes
as a biological recognition element is the stability of the
enzyme itself. Enzymes degrade over time when they are not
stored in the dark or frozen. The conditions in OoC systems
are mainly optimized with respect to the cultured cells, e.g. by
maintaining the temperature at 37 °C and using bu ers to
control pH. Fortunately, these conditions match well to the
optimal working conditions of most enzymes. Consequently,
they show a high activity which decreases over time as the
enzymes degrade.

Chip Assembly. Most methods used to assemble micro-

uidic chips can in uence sensing elements that are already
fabricated on one of the chip layers. There are well established
methods to seal micro uidic devices with integrated electrodes,
and structured thin- Im electrodes are rarely a ected by
standard bonding techniques such as thermal bonding or
adhesion bonding. Electrochemical biosensors and optical
sensors on the other hand are more heavily in uenced by the
bonding process. Forming the sensing element of optical
sensors inside the closed device as the nal step in the
fabrication is always favorable but very rarely reported.®**°%+10

All in all, it is di cult to give general recommendations on
which bonding method is suitable for optical sensors as the
stability of the sensing element depends on the respective
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Table 1. List of Various Applications of Electrical Sensors Used in Organ-on-Chip Models®

type and use case material organ model + ref

Trans-Epithelial/Endothelial Electrical Resistance (TEER)

wire electrodes Ag/AgCl kidney (HREC, MDCK)*°
cell layer cell monoIGz%yers (bEND.3, MDCK-2,
impedance C2C12)
gut (Caco-2)*4*°
skin (HaCaT, U937)*®
lung (16HBE140, hAEpCs, AT 1)/
thin-film + Pt BBB (hCMEC/D3)*>%¢
electrodes
cell layer * stainless BBB (hBMVEC, primary perilcystes and
impedance steel tubing astrocytes, hiPSC neurons)
« Au heart (HUVEC, hiPSC- CM)*
o Ti/Pt/Ti/  retina (ARPE-19, HREC, SH-SY5Y)*
Pt-Black
« Cr/Au/Ag/  BBB (b.End3, C8D1)A™
AgCl blood vessel (bEnd.3)™*°
Cu/Ni/Au lung (16HBE140, A549)*
« stainless eye (HCK, HCE-T)*?012
steel sheet
 Ti/AU/Ti gut (Caco-2)™®
* Ti/Au airway (hAECs) and gut (Caco2)®
lung (HPMVECs HUVECs, A549)*%
Electrical Cell Substrate Impedance Sensing (ECIS)
thin-film « ITO-Pt pair breast cancer (MDA-MB-231)%*
electrodes ovary CHO-K17
local cell « Au placenta (BeWo)'*
impedance
cell adhesion lung cancer (A549, H1299, H460)*24P
cell contraction heart (NRVM)*%®
vessel (BAEC)*P
vessel (1I;|6UVEC, VSMC, RBL-
2H3)
« ITO lung cancer (NCI-H1437)*%
« Ti/Au lung (A549, MRC-5)*2%P

liver cancer (Huh7)**°

heart (iPSC-CM)*3%P

type and use case material

Electrical Cell Substrate Impedance Sensing (ECIS)
breast cancer (MCF-7)***

organ model + ref

Tiw/Pt heart (HCT-116 eGFP)**?
3D electrodes * Au sheet liver (HpeG2, HelLa)**%P
cell growth
cell viability
Field Potential
microelectrode ~ « Cr/Au/ pancreas (mice islet, human islet)*®°
arrays (MEAs) PEDOT:PSS
action potential e« Ti/Pt/Ti/  retina (ARPE-19, HREC, SH-SY5Y)*
Pt-Black
cell contraction ~ + PEDOT: heart (MESC)*3P
beat rate Pss brain (hESC Regea 08/023, hiPSC
10212.EURCCs, hiPSC IMR90-
4)134
« Pt/Pt-black  pancreas (C57BL/6)%
heart (HUVEC, hiPSC-CM)*®
« TiN hPSC-CM**P
heart (hiPSC-CMs-Cor.4U)*6?
« Ti/Au brain (rat cortical neurons)**’
heart (iPSC-CM)**°P
3D electrodes * Pt-PDMS heart (dissociated from E18 rat
beat rate embryo heart)*¢P
stimulation

field potential
Flow Sensors

thin film * Ti/Pt blood vessel (bEnd.3)**°
velocity
distribution
Strain Gauge
printed « CB:TPU heart (NRVM, hiPS-CM)*P
strain « Ti/Au heart (NRVM, hiPS-CMs)?-P

3The sensing material or surface is marked bold amongst the adhesion
layers or matrix material. ®Well-based model outside of the OoC
de nition.

sensor dye and matrix. Methods that exclude the use of heat or
solvents are to be preferred and if UV curable glues are used,
then prolonged application of UV light should be avoided.
Plasma is known to change the matrix surface and thereby
a ect the sensor properties. However, plasma bonding has
been successfully used to bond micro uidic chips with
integrated luminescent sensors.*** Thermal bonding methods
are not suitable for biochemical sensor concepts that include
enzymes, either using optical or electrochemical read-outs,
because the used enzymes will be degraded by elevated
temperatures. The temperature stability of pure optical sensors
is de ned by the respective sensor dye and matrix. Ehgartner et
al. reported on an oxygen sensor that could withstand
temperatures (180 ° g that occurred during anodic bonding
of a glass-silicon chip,”® and there are commercially available
sensor foils that state a temperature stability of 120 °C.*?
Complexity and Standardization. An aspect that is
important to consider before deciding to integrate sensors in
an OoC is the increased manufacturing cost associated with
each chip. Although time-resolved and detailed information
can be gained using integrated read-out, it may not always be
economically justi able and standard o -chip assays might be
su ciently good in combination with low-cost single-use
micro uidic devices. For example, integration of electrodes for
high-resolution read-out requires access to advanced micro-
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fabrication tools and specialized clean room laboratories.
Integration of optical sensors does not require the same level of
complex fabrication but specialized know-how in material
chemistry and optics is required. The additional cost aspect
might not be detrimental for research focused applications but
they are crucial for the commercial potential of OoCs with
integrated sensors.

Another issue to consider is how much the complexity level
is increased by integrating sensor elements into an OoC
system, e.g. when additional wires, cables, and electronic
components have to be implemented. This is in particular the
case when multiple OoCs are combined to form speci ¢ tissue
models, so-called multi-OoC models.

Another point that is important when developing new sensor
schemes is the possibility for production scale-up. The sensor
integration step must be suitable for mass production of the
Oo0Cs. Herein, common chip materials, such as PDMS and
glass, are expected to be replaced by thermoplastics due to a
better processability among other things.**® Sensor integration
must be compatible with these materials. Standardization is in
general a current challenge in the OoCs eld where the
microphysiological systems used di er greatly in terms of size,
material choices, and design. Furthermore, connection
interfaces and software modules have to be compatible with
a potential combination of di erent peripheral instruments.
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Table 2. List of Optical and Electrochemical Sensors Used in Organ-on-Chip Models

note
in combination with TEER

ratiometric measurement, mapping
of 2D oxygen gradient

hanging droplet cell cultures

in-situ measurement of oxygen

in-line measurement with
amperometric sensor

at-line measurement

analyte method organ/tissue model (cell type)
oxygen luminescence gastrointestinal microbiome chip (Caco-2, primary CD4%)
liver-on-chip (HepaRG, HUVECs, PBMCs;* HepG2/C3A, Hela;*
HepG2-)
multiple cell types (A549 human lung carcinomal%githelial-like cell line,
primary human ASC, primary human HUVECs )
multiple cell types (HeLa, NHDF*°)
amperometric liver-on-chip (human primary hepatocytes**®)
glucose amperometric spherical 3D microtissue (human colon carcinoma cell line HCT116
lactate eGFP™)
oxygen luminescence (oxygen) liver-on-chip (HepG2/C3A%)
glucose amperometric (glucose and
lactate lactate)
oxygen luminescence (oxygen) liver/heart-on-chip (human primary hepatocytes, iPSC-CMs*%)
pH absorption (pH)
albumin  immunobiosensor (Albumin,
GST- GST-\alpha, CK-MB)
\alpha
CK-MB

Another issue that is becoming relevant, when OoCs are
adapted more and more by industry is sterilization. In research
laboratories, sterile conditions are usually obtained by using
ethanol or similar agents. Under good laboratory practice
(GLP) conditions in industry, sterilization is an important
point, and autoclaving, gamma, or beta sterilization are the
accepted procedures. These techniques can be harmful to
some of the integrated sensors and bias the performance or
render them inoperable. This has to be considered already in
the development and integration of the sensor for OoCs in the
future. These, and other important aspects, related to bringing
00Cs to industrial use are thoroughly addressed in a recent
review article by Ramadan and Zourob to which the interested
reader is referred.***

4. EXAMPLES AND APPLICATIONS OF SENSORS IN
ORGAN-ON-CHIP SYSTEMS

This section addresses reports from the literature whereby
electrical, electrochemical, and optical sensors have been
integrated into OoC systems or micro uidic-based cell
cultures. Note that this is not a complete list, the aim is
rather to give a general overview of integrated sensors for OoC
applications. While there are reports published on the use of
integrated electrochemical and optical sensors, there are
substantially more on the use of integrated electrical sensors,
building upon the development from the MEMS and IC
research elds. Tables 1 and 2 give an overview of existing
Oo0Cs with integrated sensors.

4.1. TEER Measurements. The only requirement for
integration of TEER measurements in OoC is that the
electrodes must be in contact with the cell culture medium
on both sides of a porous membrane. This means that the
integration of TEER measurement is rather straightforward
and has been extensively implemented to date. In early work,
Ferrell et al.> included Ag/AgCl wires through access holes in
the PDMS wall of a micro uidic chip, which modeled the
epithelial barrier of the kidney through culturing of either
HREC or MDCK cells on the porous membrane suspended
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inside the chip. Here, micro uidic perfusion was used to
induce shear stress levels at in vivo conditions (1 dyn/cm?).
The cell barrier integrity and the development of tight
junctions (TJs) was con rmed via TEER read-out and
immuno uorescence staining for ZO-1 tight junction protein.
Further, a “calcium switch” to cell media with low calcium
concentration was applied, which is known to disrupt TJs, and
TEER measurements were used to follow the loss of barrier
integrity minute-by-minute.

Similar approaches for electrode integration have been taken
by Ramadan et al. measuring TEER in a skin-on-chip model,**®
BeiRner et al.**° and Mattern et al.*** on the DynaMiTES
OoC platform where stainless steel electrodes were used
instead of Ag/AgCl, expanding the fabrication and design
possibilities.

To develop a deeper understanding of TEER measurement
techniques in OoC, Odijk et al.** designed a chip to investigate
the electrical current distribution over the cell culture
membrane area, and its dependence on the width, length
and height of the culture chamber as well as the measured
TEER value. In their setup, Ag/AgCl electrode wires were
inserted in the inlet and outlet channels. They discovered that
the current distribution was uneven across the membrane area
with higher current densities in the regions closer to the inlet
and outlet hosting the electrodes. This results in an
overestimation of their on-chip TEER measurements com-
pared to conventional Transwell measurements, especially for
long and shallow channels and low TEER levels. They
conclude that to compare di erent systems, a geometrical
correction is needed. Further, it is highlighted that TJs cannot
be quanti ed by TEER measurements in noncon uent cell
barriers. More speci cally, their model predicts an 80%
reduction in TEER caused by only 0.4% uncovered cell
growth area. This could in part explain variations in reported
TEER values found in the literature. The same group reported
an improved TEER setup with four Pt wires, one in each inlet/
outlet.”® To nd the TEER value, they measured across all wire
pairs and applied a simple circuit model to deduce the TEER
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value with Gaussian elimination. Also here, geometrical
correction was applied. The advantage of this method is that
it allows for compensation of temperature changes, uid
conduction changes, air bubble disturbances, and changes in
electrode position, and it signi cantly improved the TEER
measurement quality.

Metal wire electrodes have been popular, possibly due to
their ease of integration and adaption to existing OoCs.
Douville et al. focused on obtaining a more accurate placement
of the Ag/AgClI electrode wires, which are usually manually
inserted, above and below the cell culture membrane by castin%
channels in the PDMS chip speci cally for the wires®
Accurate placement increases the S/N ratio by reducing the
resistive contribution from the cell media and by providing a
more uniform current density across the cell barrier. TEER
values were measured for bEnd.3, MDCK-2, and C2C12 cells,
with stable results over 7 days. TJ disruption was induced
through treatment with Triton-X and resulted in a signi cant
drop in the TEER value. In this work, the TEER values were
determined by tting a circuit model to the measured
impedance spectra, as discussed in section 2.1. The impedance
spectra were measured between 10 Hz and 1 MHz. Baseline
impedance measurements before cell seeding were used to
subtract contributions from the cell media and membrane.
Although the system generated reproducible and important
biological results, it is a disadvantage that the electrodes need
to be placed directly on top of the cells, thereby obstructing
the optical path required for imaging the cells inside the chip.

Moving the electrode fabrication to thin- Im techniques
allows for more precise electrode de nition, smaller electrode
designs and a thinner substrate. The smaller footprint of the
electrodes allows for more cell area to be visible, e.g. in the case
of very thin and transparent Au electrodes, to observe the cells
through the electrode® Yeste et al.“ presented a system
whereby the TEER electrodes were placed on the bottom of
the chip and ARPE-19, SH-SY5Y, and HREC cells, modeling
the blood retinal barrier, were cultured on a “membranelike”
grid patterned on the electrodes. This is a very uncommon
electrode con guration for TEER measurements, and it yields
a read-out at double the actual TEER value as the electric eld
penetrates the cell layer twice for the measurement. In their
circuit model they must also consider leakage currents through
the substrate and bottom channel cell media. To validate their
method a control experiment was performed, in which a third
measurement electrode was added above the cell layer to allow
them to compare their data to trans-barrier measurements.
Although both the fabrication and measurements in this setup
are challenging, it has the advantage that it allows for
simultaneous real-time high spatiotemporal resolution imaging
and TEER measurements, as the electrodes were integrated in
the bottom of the device.

In recent work, van der Helm et al. have provided further
advancements in the analysis of TEER values using thin- Im
electrodes.”® Through extensive simulations it was shown that
in addition to TJ formation, structural changes caused by cell
di erentiation can also be determined from impedance
analysis. Speci cally, 3D villi formation in a gut-on-chip
model resulted in an increase of the cell capacitance of the
impedance model. The villi formation was also con rmed by
microscopy. Furthermore, the authors discuss the bene ts of
integrating several small TEER electrodes, instead of the
conventional format of using four large electrodes. By using
local electrode pairs, nonuniform potential distribution caused
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by large electrodes can be avoided and a more stable TEER
read-out can be obtained.

4.2. ECIS. Cell impedance measurements, in many ways
similar to the TEER measurements, can also be conducted
when cells are grown directly on the surfaces of electrodes.
This method o ers some bene ts, among them localized
measurement spots and the possibility to perform cell adhesion
measurements. Making use of the localized measurements,
Tran et al. designed a chip to investigate how far cell cell
interactions between cancer cells and stromal cells could
extend.*?® In their chip, they used A549 tumor cells and MRC-
5 broblasts. To investigate the e ect of distance, the two cell
types were cultured next to each other with a removable fence.
On both sides of the separation line, an array of 100 m
diameter Ti/Au electrodes were sputtered onto the glass
substrate together with a common large counter electrode on
one side. The impedance of the individual electrodes was
measured at 10 kHz and normalized with a measurement
before cell seeding, to give a so-called cell index. Using a cell
index is quite common for ECIS measurements in order to
assist the data analysis by considering only changes in
impedance at a single frequency, which has been thoughtfully
selected for the given experiment. This study compared
measurements with the fence in place, limiting the cell cell
interactions to indirect contact through soluble factors in the
cell media, and after removal of the fence where also direct
cell cell contact was allowed. In combination with adding
curcumin, known to signi cantly inhibit growth of tumor cells,
proliferation was measured when the broblasts were in close
proximity (250 m apart), while no inhibition was detected
when the tumor cells were 3 mm or more away from the

broblasts.

ECIS using larger electrodes and analysis at  xed frequencies
has been shown by several groups. Zhang et al.>® incorporated
Au electrodes in a stretchable PDMS layer, to measure
proliferation of bovine aortic endothelial cells (BAECs) during
cyclic stretching, and Wu et al.*** measured the anticarcinogen
inhibition e ect of di erent drugs on lung cancer spheroids
cultured from A549, H1299, or H460 cells. In their work, they
revealed a higher resilience to the drugs of the 3D cultured
spheroids compared to standard 2D cultures. Pan et al.*** also
measured drug e cacy on 3D cell clusters in matrigel but using
a simpli ed fabrication scheme with vertically integrated
electrodes in a custom-built cell culture chamber. The vertical
electrodes were formed by bent solid Au wires simply inserted
through the bottom plate of the custom-built setup.

It can be bene cial to run in situ microscopy of the cells
together with the ECIS measurements, and for this, transparent
electrodes, such as ITO thin Ims, are highly suitable. Both An
et al.'” and Khalid et al.'?” have demonstrated that this is a
viable option with no indication of cell toxicity.

Similar to the TEER measurements, more information can
be gained by collecting data from an impedance spectrum as
compared to measurements at a single frequency. Character-
istic for ECIS, however, is the ability to deduce the frequency
dependent impedance change related to cell adhesion.*** Kang
et al. made use of this in their ow-speed-dependent
cytotoxicity assay chip. They designed a micro uidic system
with a stepwise increasing ow speed obtained through a
narrowing of the channel width.%* Cells were cultured in the
whole microchannel and ECIS sensors fabricated from 1TO
were placed in each ow speed area. This allowed for
evaluation of the cytotoxicity of the wushed medium at
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di erent ow speeds simultaneously by measuring changes in
cell adhesion at di erent locations along the channel. The
functionality was demonstrated with human breast cancer cells
(MDA-MB-231) and a 5% ethanol media solution by analyzing
the impedance, detachment rate, and death rate for ow speeds
of 0 8.3 mm/s. They concluded that the cultured cells were
more a ected by the ethanol at lower ow speeds, probably
due to the longer interaction times between the cells and the
toxin.

4.3. Field Potential Sensors. MEAs have been established
and integrated in multiwell plates for mapping of electro-
physiological activity of cells, and the vast majority of works in
this eld are performed on static cell cultures and thus fall
outside the scope of this review article. However, MEAs have
also been integrated into perfused cell cultures and organ-on-
chip models on a few occasions.

Most commonly, the MEAs are fabricated on solid supports
which limits their ability to closely mimic the soft in vivo
conditions. McCain et al. have demonstrated the use of soft
materials as sca olds to induce structural orientation of
engineered tissue**? and have shown that it is possible to
coat MEAs with gelatin to provide a culture environment
supporting human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs).**® In their work, they
assembled a micro uidic system comprising a polyether-
etherketone (PEEK) culture chamber and a commercially
available MEA substrate. They measured spontaneous cardiac

eld potentials under perfused culture conditions and upon

pharmacological interventions of isoproterenol, terfenadine,
and fexofenadine, which are three drugs known to a ect the
QT interval in vivo. The model reported changes in cardiac
beating rate as expected and the authors conclude that the
gelatin coating on the MEAs increased cell viability over time
without isolating the signal from the extracellular electrodes
and, thus, showing the potential of using this sensing method
for cells that need a tailored 3D environment.

Along the same lines, to further expand the application area
of MEAs Gaio et al. developed MEAs integrated in a exible
PDMS membrane.** The electrode structures comprised TiN
electrodes embedded in the PDMS with Al contact pads
outside the cell culture area. A total of 12 electrodes were
introduced on the membrane having an approximate area of
0.5 mm2. Although this does not correspond to a speci cally
high electrode density, the authors could validate the
functionality of the MEAs by recording the electrical activity
of hiPSC-CMs plated onto the membrane. They detected a
typical signal of 100 V and argue that these types of MEAs
could be used for both stimulation (no available experimental
data) and read-out of electrically active cells, such as heart,
muscle, and neural cells, in the future. To further explore these
possibilities, studies on the e ect of wear of the TiN electrodes
upon membrane stretching should be addressed.

Neurons or cardiac tissue, which are often studied using
MEAs, give rise to relatively high electrical signals that are
straightforward to detect. Other groups of cells, such as insulin
producing islets, could be more di cult to study because of the
signi cantly lower signal strength of their action potentials.
Koutsouras et al. addressed this challenge by preparing Au
MEAs that were coated with PEDOT:PSS to reduce the
electrode electrolyte contact impedance and increase the S/N
ratio.'® Measuring the impedance of the di erent electrodes
(pure Au or coated Au) over the full frequency range, they
speci cally noted a reduced impedance in the higher frequency
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range (>100 Hz), which would increase the S/N for action
potential detection. On the other hand, they also noted an
increased contact impedance for the coated electrodes in the
lower frequency range, which would in turn reduce the S/N for
the signal from the slow potential, i.e. the signal re ecting cell
cell communication along the tissue construct. Hence, it is
important to consider the nal application before deciding if
this polymer coating is suitable or not. The same group has
also explored the use of Pt black electrodes to detect
electrophysiological activity of insulin producing islets upon
exposure to glucose. Again, they report an improved S/N
compared to using standard thin- Im metal electrodes.®

Zhang et al.”*® used MEAs to detect spontaneous beating
from 3D cardiac cell cultures. To bring the electrodes into
contact with as many cells as possible, they integrated two large
pillar electrodes at either end of a dog bone shaped culture
channel instead of fabricating at electrodes on the surface.
They fabricated the electrodes by adding Pt powder into a
PDMS prepolymer matrix and molding the composite into 1
mm tall circular electrodes with a diameter of 300 m resulting
in a total electrode area of 0.9 mm? each. The integrated
electrodes were used for both stimulation and sensing from the
cultured cells. Primary cardiomyocytes obtained from rats were
cultured in the system for up to 3 weeks where the pillar
electrodes were used to measure the tissue activity and its
change upon exposure to isoproterenol, a drug known to a ect
the beat rate in cardiac tissue.

Through basic analysis on cardiomyocytes, the data can be
used as an in vitro mimic of the QT interval of the heart’s
electrical cycle which is used in vivo to evaluate possible
pharmacological side e ects of new drug candidates.*** By
applying careful modeling one can obtain detailed information
on the activity of the di erent membrane ion channels
involved.'**

4.4. Strain Gauges. The e ect of mechanical actuation and
external mechanical stimuli on cells and tissue is studied in the

eld of mechanobiology. Hence, integrated strain 4gSauges have
been extensively used to study single cells,**> and the
interested reader is referred to a recent special issue on the
topic.**® The integration of strain gauges into OoCs has not
yet reached the same level of maturity although it has been
presented in the work by Lind et al.>* Here, they present a

exible cantilever structure fabricated in PDMS with integrated
thin- Im electrodes. To be able to stretch the thin- Im metal
electrodes, they utilized the technique of depositing a
microcracked adhesion layer.**” Cardiomyocytes were seeded
on top of the exible cantilevers, and the cantilever de ection
caused by tissue contraction was studied under exposure to
cardiac and cardiotoxic drugs, such as isradipine and the
antidepressant desipramine. The noted responses compared
well with available in vivo data, demonstrating the e ectiveness
of this approach in generating dose response curves in a user-
friendly setup with reasonable through-put.

4.5. Electrochemical Sensors. Another category of
analytes in OoC are cell-secreted soluble biomarkers that can
be detected using impedance spectroscopy and amperometry
methods. There are few examples in the literature of these
being implemented in OoCs. Here we have included the
relevant ones.

Shin et al. have demonstrated two types of applications of
aptamer based sensor platforms: rst, to monitor creatin
kinease as a marker of damage to cardiac organoids in a heart-
on-chip model®® and later to monitor changes in cell
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metabolism induced by the liver-toxic drug APAP™ in a liver-
on-chip model that included sensors for detecting albumin and
glutathione-S-transferase-alpha ( -GST). In both works,
detection was based on injecting an electrolyte into the chip
and measuring the electrochemical impedance. The addition of
reagents is not favorable; however, the versatility of aptamers
allows other analytes of interest to be detected. Upon
antibody antigen binding, there was an increased resistance
of the charge transfer for the [K3Fe(CN)@l % 4 redox process,
which was introduced via the electrolyte.”° The same group
also measured transferrin and albumin in a liver-on-chip and a
bioreactor with integrated disposable magnetic microbeads.
They monitored the release of biomarkers under the e ect of
APAP with an on-chip immunoassay by immobilizing anti-
bodies on the surface of the beads. The magnetic microbeads
functionalized with antibodies against transferrin or albumin
were captured with a magnet in a reaction chamber, and
sample solutions were introduced into the chip. Subsequently,
they utilize secondary antibodies linked to the enzyme
horseradish peroxidase and the oxidation reaction between
H,O, and TMB (tetramethylbenzidine). Finally, the oxidized
TMB is directed to a detection chamber containing electrodes
for amperometric measurements.®’ Ortega et al. reported a
muscle-on-chip system to study the release of interleukin 6
(IL-6) and tumor necrosis factor alpha (TNF- ) under
electrochemical and biological stimulation based on screen-
printed gold electrodes (SPGEs) with immobilized antibodies.
However, analysis with SPGE is performed o -chip, resulting
in measurements that are not in real-time. As a nal step in
their sensing protocol, the SPGEs are removed from the OoC
system and placed in a PMMA cell to be processed so that a
current related to the amount of IL-6 and TNF- can be
measured by connecting the SPGEs to a potentiostat.**®

Misun et al. integrated enzyme-based sensors for lactate and
glucose in a hanging droplet OoC by immobilizing oxidase
enzymes in a hydrogel of cross-linked BSA. Metabolism of
human colon carcinoma microtissue was measured in real-time
under di erent culture conditions to record secreted lactate
and glucose consumption. Sensors were integrated above the
cells on the ceiling substrate in which the hanging droplets that
hosted spheroid cultures were suspended. The open design of
the hanging droplet chip is bene cial for the integration and
modi cation of the electrodes as the bonding steps that can
degrade sensor components are not required. They obtained
real-time information on the metabolic state of cancerous
microtissue under di erent cell culture conditions by
measuring glucose consumption and lactate secretion.*!

Amperometric sensors were also used to monitor cell culture
conditions in OoCs. Moya et al. integrated amperometric
oxygen sensors in a liver-on-chip system using inkjet printed
electrodes to allow for local measurements. This approach
enabled them to monitor gradual changes in dissolved oxygen
concentrations along the channel in a liver-on-chip model
using primary cells. Inkjet printing o ers the advantage that
electrodes can be printed directly onto a substrate and no mask
is needed, which reduced the time and cost of sensor
production. To demonstrate use of their system, proof of
concept measurements were performed with primary human
and rat hepatocytes and carbonyl-cyanide-4-(tri uoro-
methoxy)phenylhydrazone, which increases cell consumption
of oxygen.**°

4.6. Luminescent Optical Sensors. Optical sensors have
been successfully integrated in microbioreactors and micro-
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uidic systems to monitor pH and oxygen.®>°*%39" However,
it is only oxygen sensors that to date have been reported in
OoCs. Single point measurements can provide valuable data on
the culture conditions inside a micro uidic device as well as
information on the oxygen consumption rates (OCRs) of the
cells. Several sensor spots are often integrated inside a device
so that an estimation of the gradient that forms across the cell
culture area can be made. Rennert et al.>* developed a liver
model using a chip with two parallel chambers separated by a
membrane. Two 0xygen sensor spots were integrated in each
chamber. One of the sensor spots was placed in the inlet and
the other near the outlet of the chamber. The sensor used
lifetime measurements, based on phase modulation, and the
sensor positions allowed a comparison of the conditions in the
two compartments as well as an estimation of the oxygen
gradient forming along the chambers under perfusion. They
measured the OCR of HUVECs and a HepaRG cell layer
under static conditions and compared this to measurements
under perfusion applied to both or only one compartment.
Measurements during vascular perfusion showed the formation
of an oxygen gradient resembling in vivo conditions.

Another investigation of oxygen gradients inside micro uidic
devices using several sensor spots was performed by Zirath et
al.'*° They used four spots to investigate oxygen gradients in
3D hydrogel-based cell cultures, and, for a chip fabricated
using an oxygen impermeable material, demonstrated the
possibility to control the oxygen levels within the hydrogel by
adjusting the ow rate. In a similar experiment, they
established a perfusion protocol to measure the OCR of cells
in a 2D culture. They compared the OCR of di erent cell types
and seeding densities and could reveal di erent cell OCRs
depending on their adhesion to the substrate. They conclude
that oxygen measurements can be used to conduct cell
adhesion and biocompatibility studies for di erent surface
treatments.'%°

Another method used to measure the OCR was applied by
Prill et al.** They established a culture of hepatic spheroids
including oxygen sensor doped PS microparticles in a
micro uidic bioreactor. The lifetime based measurement
allowed for simultaneous readout of all sensor beads, enabling
high throughput measurements. The measured OCR of the
cells inside the spheroid was used to evaluate the response of
the system to drugs, e.g. amiodarone and acetaminophen. This
dynamic response revealed important information on the toxin
mechanism of action and the presence of transient
subthreshold e ects of the drugs, which classical end points
analyses cannot demonstrate. Later the system was combined
with electrochemical glucose and lactate sensors® (cf. Section
4.7).

Optical sensors can be used to assess the 2D distribution of
an analyte in a system using a sensor Im. Readout with
microscopic techniques allows high resolution 2D mapping of
the analyte. The 2D oxygen gradient that forms upon cell
culture in an oxygen impermeable system can be used to access
the OCR of the cells under perfusion. Matsumoto et al.**°
cultured cells in a micro uidic channel under di erent ow
rates. They monitored the oxygen gradient inside the device
with an oxygen sensitive Im and simple intensity-based
measurements using a microscope. After comparison of the
mapped oxygen gradient to a simulation of gradients based on
di erent OCRs, the OCR of the hepatic cell culture was
determined. An improvement of intensity-based measurements
is possible by using ratiometric methods. Ungerbock et al.*
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Figure 9. Measurement of oxygen, glucose uptake, and lactate production in a liver-on-chip system (A) treated with rotenone (B) and trogliazone
(E). The oxygen consumption of the cells is monitored via luminescent sensor beads embedded directly in the organoid (D). The lactate/glucose
ratio together with the measured oxygen concentration indicates the metabolic state of the liver organoids during the treatment (C, F). The ATP/
ADRP ratio inside the cells under di erent conditions was predicted based on the measurements and veri ed with o -line assays (G). The metabolic
sources of ATP production are displayed as pie charts with relative diameter for the treated and untreated cells (H) (Adapted with permission from

ref 30. Copyright 2016 National Academy of Sciences).

studied the oxygen distribution in micro uidic devices with cell
culture by including a sensor matrix with both an oxygen
sensitive dye and an inert reference dye at the bottom of the
culture area. This enabled ratiometric intensity measurement
using a uorescence microscope and a color camera. They
compared the oxygen distribution of cells cultured in
monolayers to cells cultured as clusters and found that oxygen
gradients arise when cells are cultured in clusters, a feature that
could not be detected using single point measurements.

4.7. Combination of Di erent Sensing Principles. In
order to fully exploit the potential of in-line analysis in OoC, it
is important that several parameters can be measured in
parallel. Since not all parameters can be determined with the
same sensing principle a combination of di erent sensing
principles is therefore necessary. However, this can be a
technological challenge and results in more complex micro-

uidic devices. Here, we present those OoCs that use more
than one sensor type and the achieved bene ts.

Combining di erent types of electrical sensors does not
require access to di erent fabrication techniques, read-out
instrumentation, and expertise in di erent elds of sensing
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techniques, which is needed when, e.g., an electrical sensor is
combined with an optical sensor. Hence, combinations of
electrical sensors are rather easier to realize.

Maoz et al.'® developed a heart-on-chip model with two
di erent types of electrical sensors TEER and MEAs that
were both designed and fabricated in-house. The system
comprised two parallel channels with a porous membrane in-
between. On the membrane, human umbilical cord vascular
endothelial cells (HUVECs) were cultured to mimic the vessel
wall. In the lower channel hiPSC-CMs were cultured, directly
on top of the microfabricated MEAs, mimicking the cardiac
tissue. By using both sensor types, the authors could follow the
disruption of the endothelium upon exposure of the
in ammatory stimulus TNF- and the consecutive increase
in beat rate of the myocardium if the drug isoproterenol was
introduced into the vascular channel afterward. No change in
beat rate could be observed in the cardiac cell culture when
isoproterenol was introduced into the channel with an intact
endothelium.

Another group drawing upon the advantages of combining
more than one electrical sensor type is Qian et al.** In their
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work, they combined Pt black coated electrodes in a MEA
con guration with Au interdigitated electrodes (IDEs) for
simultaneous monitoring of electrophysiology and tissue
growth of human iPSC-CMs. By combining the two di erent
sensor types, they demonstrate the possibility to decouple the
read-out of contraction and electrical activity of cardiac cells.
In their work they showed how the platform could be used to
electrically stimulate cardiomyocytes and follow cell prolifer-
ation and electrical activity for up to 9 days. The decoupling
was achieved by exposing the cells to blebbistatin, which is an
agent that stops cell contraction without a ecting the action
potential of the cells. Upon introduction of blebbistatin, the
ECIS sensor no longer observed any impedance change
induced by the change in cell shape during contraction,
whereas the MEA still detected eld potential signals. The
authors argue that their platform could be important in
evaluating negative side e ects of new drug candidates, and
this work clearly shows the power of combining more than one
sensor type in organ models.

A combination of optical and electrical sensors was used by
Shah et al.* to control the culture conditions in their device.
The authors developed a model of the gastrointestinal
human microbe interface, named HuMiX (human microbial
crosstalk) that consists of three stacked micro uidic chambers.
A key feature of this device is the possibility to perfuse each of
the chambers individually and establish di erent oxygen
concentrations in the chambers. Aerobic conditions are needed
to culture human epithelial cells, whereas anaerobic or aerobic
conditions are used in the microbe culture chamber depending
on the cultured microbes and experiment. Commercially
available oxygen sensor foils were xated into pockets in the
upper and lower chambers using a silicone adhesive and both
spots were accessed simultaneously using ber optics. This
allowed for in-line monitoring of the culture conditions in the
respective chambers and an estimation of the gradient that
formed over the chamber that contained the human epithelial
cells. Furthermore, commercially available “chop-stick” electro-
des have been used to perform TEER measurements. TEER
was used in combination with immuno uorescence micros-
copy to characterize the cell growth and di erentiation inside
the device. The TEER measurement was performed as an end-
point measurement because the electrodes were not really
integrated but rather inserted in ports of the device, which
could cause contamination. A real integration of electrodes
using microfabrication techniques would eliminate this risk and
allow for multiple measurements during the culture.
Furthermore, it would allow more elevated electrode
con gurations, which are advantageous in gaining reliable
and comparable measurements as described in section 4.1.
Nevertheless, the use of commercially available optical oxygen
sensors and TEER electrodes showed that measuring these
parameters is essential in controlling the culture conditions of
the cells inside a micro uidic device.

Bavli et al.*° showed how a combination of optical and
electrochemical sensors can be used to determine the
metabolic state of cells during toxicity tests. They combined
a liver-on-chip developed by Prill et al.** which comprised
optical oxygen sensors, with electrochemical glucose and
lactate sensors. The electrochemical sensors were placed in-line
downstream of the cell culture area, whereas the luminescent
oxygen sensor beads were incorporated directly in the liver
organoids. Monitoring both oxygen and glucose uptake and
lactate production simultaneously enabled the metabolic
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changes of the cultured cells to be observed in greater detail.
The authors used the anti-in ammatory drug troglitazone, to
induce mitochondrial stress, and the pesticide rotenone, to
induce mitochondrial dysfunction, by adding the compounds
to the perfused media. Using the real-time data of the
integrated sensors they were able to predict the metabolic

uxes and calculate the intracellular adenosine triphosphate
(ATP) production (Figure 9). They could con rm their on-
chip measurements with established o -line assays. Interest-
ingly, they detected metabolic changes indicative of mitochon-
drial dysfunction at drug concentrations that were regarded as
safe in previous reports.

Another group investigating the use of multiparametric
sensing in O0Cs is Zhang et al.** In their work, they combined
a physical sensing unit and an electrochemical biosensing chip
with a liver-on-chip and a heart-on-chip model on a
micro uidic circuit board. Electrochemical biosensors were
functionalized with antibodies to measure albumin, -GST,
and creatine kinase MB (CK-MB). The physical sensing chip
comprised optical sensors to measure pH and oxygen together
with an electrical temperature sensor. Oxygen measurement
was based on dynamic quenching of an immobilized indicator
dye, and pH was detected from absorption measurements of
phenol red dissolved in the culture medium. To study systemic
e ects of acetaminophen, the two organ models were
connected via a circuit board and the read-out of the physical
and the chemical responses was followed. No changes in the
levels of oxygen and pH were measured upon introduction of
the drugs (acetaminophen or doxorubicin). The constant
oxygen level could mainly be maintained due to the high gas
permeability of the PDMS/silicon chip reoxygenating the
culture medium from outside. The biosensors showed a dose-
dependent increase in -GST and a dose-dependent decrease
in albumin secretion when acetaminophen was introduced,
showing the hepatotoxic side e ect of this drug. Systems that
were treated with doxorubicin showed high values of CK-MB,
as expected. In another set of experiments, the metabolic
reaction of liver cancer organoids upon hyperthermia treat-
ment was investigated. This experiment was conducted in a
sealed platform with lower oxygen permeability to avoid the
reoxygenation from the outside environment. The monitored
oxygen and pH values provide evidence on the metabolic state
of the organoids and their response to hyperthermia
treatments. No signi cant response of the cell’'s metabolism
was found below 43 °C.

5. OUTLOOK

This perspective review has described various sensor types that
can be used to monitor environmental conditions in cell
cultures and especially organ-on-chip systems. One of the aims
of OoCs is to mimic physiological systems, hence in-line read-
out is very important and sometimes even critical to enable
rapid adjustments. The last section of this review addresses a
few sensor parameters that can provide useful information in
OoCs but are not monitored today, for instance reactive
oxygen species (ROS), reactive nitrogen species (RNS), CO,,
and ions such as sodium, potassium, and chloride.

5.1. Reactive Oxygen/Nitrogen Species. Monitoring
ROS and RNS can provide useful information about cellular
responses, for instance, ROS is a byproduct of aerobic
metabolism.®> In general, measuring ROS and RNS is not
straightforward and remains a challenging analytical task. Only
species with a relatively long lifetime can be measured, and
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indeed extracellular selectivity for one species is hard to
achieve in itself. Neither ROS nor RNS monitoring has been
implemented in OoCs. We have selected reports from
micro uidics, because they have the potential to be transferred
to OoCs and often similar fabrication methods can be used
from a device point of view. We refer to the review by Shi et
al.” for an overview on micro uidic devices for ROS
detection. Gimenez-Gomez et al. fabricated a lab-on-a-chip
with an integrated amperometric hydrogen peroxide sensor
(H,0,). H,O, was measured with a thin- Im gold electrode,
although the issue of selectivity is not discussed.®® Li et al.
utilized downstream amperometric measurements in a micro-

uidic platform to monitor four long-lived primary ROS and
RNS secreted from a cell culture.**°

ROS and RNS can also be detected using electrochemical
biosensors where horseradish peroxidase coated Au electrodes
can be used to detect hydrogen peroxide as reported by
Matharu et al.®° Another example where horseradish
peroxidase has been used is provided by Inoue et al. They
coated an ITO electrode with osmium-polyvinylpyridine gel
polymer containing horseradish Eeroxidase and placed a
PDMS well on top to house cells.™" It should be noted that
the electrode in the latter example is relatively large, and some
miniaturization is needed for the implementation into OoCs.

A di erent ROS that has been measured with enzymatic
biosensor detection is superoxide radical (O," ) with either
superoxide dismutase (SOD) or cytochrome ¢ (cyt ¢). SOD
has been utilized in combination with a mediator (ferrocene-
carboxaldehyde) and applied in a ow cell**? or based on
direct electron transfer between SOD and an electrode.™**>*
Additionally, cyt ¢ has been used to make a biosensor for
0," *° as well as biosensors for H,0,.*****" None of the
examples mentioned with biosensors utilizing SOD or cyt ¢ are
employed in micro uidics, and therefore, miniaturization and
optimization are needed before they can be used in OoCs.
Furthermore, they have similar issues like other ROS and RNS
electrochemical sensors that su er from poor selectivity in
general.

5.2. Carbon Dioxide. Oxygen is the main analyte
monitored to follow cellular aerobic respiration as it is
consumed during the process. Another relevant analyte that
is equally accessible is carbon dioxide (CO,), which is
produced during respiration.”>**® The most promising CO,
sensors for miniaturization are based on optical pH sensitive
layers. The pH-sensitive layer needs to be covered by a gas-
permeable membrane or Iigophilic layer to avoid interference
from other ionic species,™® and this challenging integration
might be the reason that there are no examples of OoCs with
integrated CO, sensors reported yet.

5.3. Acidi cation/pH. Notably, pH is rarely monitored in
OoCs although it has been extensively reported in larger
micro uidic cell culture systems. In OoCs, the cells are
normally continuously perfused with bu er solutions to control
the pH of the system. Measuring the pH around the cells could
provide useful information about the cell state and cell
metabolisms re ected in extracellular acidi cation, and this
calls for sensors with high sensitivity. Conventional glass
electrodes are too fragile, challenging to miniaturize, and
complicated to build for measuring cell metabolism in
micro uidic devices and O0Cs.”> ISFETs and MOx sensors
have great potential for integration in OoC systems to monitor
pH as they are commercially available or can be fabricated with
standard techniques used in semiconductor manufacturing.’®
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Examples are given below, where MOx sensors and ISFETS
have been used to measure cells in micro uidic systems, and
we assume similar approaches can be transferred to OoCs. A
MOx-based sensor with iridium oxide has for example been
used for on-chip measurements of acidi cation rates of
Chinese hamster ovary cells and broblast cells,*** human
brain cancer cells,®” and RAW 264.7 macrophages.®® More-
over, Mani et al. designed a chip with pH sensitive zinc oxide
sensors for investigating circulating tumor cells in blood.®
ISFETs have been reported in a micro uidic cell culture
system for measuring pH only 10 100 nm away from the cell
membrane of tumor cells,”* and <PH and oxygen consumption
in a 2D culture of tumor cells.*®

Optical sensors are also a promising candidate for measuring
the pH in OoC. In contrast to the absorption based sensors
discussed above, luminescent sensors can improve the
measurement because read-out can be easier realized. Huang
et al.%® used luminescent pH and oxygen sensors to measure
the OCR and the acid extrusion rate of zebra sh embryos in a
micro uidic device. They monitored the transition between
aerobic and anaerobic metabolism under acute hypoxia.
Tahirbegi et al.*® integrated luminescent pH and oxygen
sensors in a micro uidic device with an algae culture. They
showed that they were able to investigate the metabolism of
the algae using the sensors and thus the in uence of the
pesticide diuron on the culture. Lee et al.”” presented
luminescent sensors in a ow through cell linked to a
bioreactor which allowed for continuous online monitoring
of pH and oxygen for up to 2 weeks. These examples show the
feasibility of pH monitoring in micro uidic systems with cells
and the insights on the cell metabolism that can be gained.

5.4. Temperature. We foresee a development in the near
future whereby electrical sensors are explored for integrated
temperature measurements in OoCs. Temperature can be
measured via resistive measurements of a conductor, such as
Pt, expressing a linear temperature dependence in the relevant
range.*®*% Conventionally, OoCs are maintained in temper-
ature-controlled incubators during the experiments, but it can
still be important to monitor minute temperature changes as
they may a ect intracellular processes.

5.5. Shear Stress. Another application area of integrated
temperature sensors involves measuring the ow speed in
perfused cultures to monitor shear stress levels. The ow, and
hence shear stress, can be measured by integrating a standard
suspended thermal conductivity detector in the micro uidic
channel. In the detector, a resistive path is heated through
joule heating. The convective heat loss when exposed to a
liquid ow is proportional to the ow velocity, which can be
detected as a change in resistance of the temperature-
dependent resistive path. This has been demonstrated by
Booth et al, in which they cultured b.End3 cells in a
micro uidic chip with four channels of di erent dimensions.***
By integrating thin- Im electrodes to monitor both the shear
stress levels and TEER of the cultured barrier, they could
observe that barrier tightness increased with increasing shear
stress levels, as expected.

5.6. General Outlook. Finally, increased attention to the
development of conducting polymers to enable 3D printed
sensors, improved cell/electrode contact and fabrication of

exible substrates with integrated electrical sensors is a
foreseen trend in the eld. Some reports have been discussed
above, using eg. carbon black and Pt black®®*° and
conducting polymer sca olds capable of both supporting cell
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proliferation, enhancing tissue function, and serving as the
read-out tool for monitoring cell growth.'®® Flexible electronics
may also enable eld potential and cell impedance sensing of
nonplanar cell models. Although not in fully integrated OoCs,
3D electrophysiological read-out of single organoids and
spheroids using exible MEAs wrapping around and
conforming to the surface of the cell culture has been
demonstrated.’**'®> With the growth in bioelectronics
research, we expect conducting polymers and exible
electronics to become one of the main research areas within
the OoC eld in the coming years.

6. CONCLUSION

This review article discusses integration of three di erent
sensors types; electrical, electrochemical, and optical sensors
into OoCs, and we have tried to give a comprehensive
understanding of the basic sensing principles and how the
sensors can be integrated. From the review, it is clear to see
that each of the discussed sensors has its own bene ts and
limitations so it is important to carefully consider these before
choosing which sensor to integrate in the development of a
new OoC. It should also be remembered that often di erent
sensor types can be used to monitor the same analyte. Herein,
choosing the most bene cial sensor depends not only on the
best sensor performance but also on the integration and
compatibility with other sensors applied.

It can be noted that electrical sensors are to date more
commonly integrated in OoCs compared to the other two
sensor types discussed in this review, i.e. electrochemical and
optical sensors. This is most probably due to their more
straightforward integration of miniaturized electrodes in
micro uidic systems. Electrochemical biosensors rely on the
same basic structure as electrical sensors, i.e. integrated
electrodes enabled either by insertion of metal wires or thin-

Im deposition, but electrochemical biosensors also require the
addition of a biological recognition element. Often, the sensors
are designed around enzymatic processes that catalyze an
analyte into an electrochemically active product, and often
these enzymes are a ected by external factors, such as
temperature and pH, making their application more
complicated in OoCs. Optical sensors are less common
because they require an optical read-out system which can
be more complicated than the electronics for the electrical
sensors. In addition, the sensor chemistry requires knowledge
in synthetic chemistry to tailor indicator dyes and polymer
materials. On the other hand, luminescent sensors enable
contactless measurement and do not need a reference element.
A major advantage of optical oxygen sensors is that the
measurement does not consume the analyte, unlike ampero-
metric oxygen sensors. This is particularly important in the L
volumes applied in OoCs.

A trend observed during the last couple of years is the
development of OoCs integrating more than one sensor type,
and this is a development we foresee to continue. Integrating
multiple sensors allows for increased information output and
an increased robustness of the model as internal cross-checks
and calibrations can be included. It does, however, come with
the costs of increased complexity of the OoC and could even
possibly lead to cross-talk between the sensors.

In summary, we have found that there is still potential for
further development of integrated sensors in OoCs, and we
expect to see this development as integrated sensors become
more reliable and available and when their many advantages
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compared to o -chip assays are fully appreciated. In fact,
exploring new sensors is a research eld of its own. Sensor
research and development requires expertise in electrical
engineering, material science, microfabrication, synthetic
chemistry, and biochemistry. Hopefully, this review will help
realize further advances in the integration of sensors in OoCs.

AUTHOR INFORMATION

Corresponding Authors

Maria Tenje Department of Materials Science and
Engineering, Science for Life Laboratory, Uppsala University,
751 03 Uppsala, Sweden; @ orcid.org/0000-0002-1264-
1337; Email: maria.tenje@angstrom.uu.se

Torsten Mayr Institute for Analytical Chemistry and Food
Chemistry, Graz University of Technology, A-8010 Graz,
Austria; ® orcid.org/0000-0002-7946-585X;
Email: torsten.mayr@tugraz.at

Authors

Stefanie Fuchs Institute for Analytical Chemistry and Food
Chemistry, Graz University of Technology, A-8010 Graz,
Austria

So a Johansson Department of Materials Science and
Engineering, Science for Life Laboratory, Uppsala University,
751 03 Uppsala, Sweden; @ orcid.org/0000-0003-3672-
9883

Anders @. Tjell Institute for Analytical Chemistry and Food
Chemistry, Graz University of Technology, A-8010 Graz,
Austria

Gabriel Werr Department of Materials Science and
Engineering, Science for Life Laboratory, Uppsala University,
751 03 Uppsala, Sweden

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomaterials.0c01110

Author Contributions
*SF., SJ., A@.T. and G.W. contributed equally and should be
considered joint rst authors.

Notes

The authors declare the following competing nancial
interest(s): T.M. is a founder, holds equity in PyroScience
GmbH in Germany, and is the CEO of the Austrian branch,
PyroScience AT GmbH. PyroScience is a developer, producer,
and vendor of sensor technology.

ACKNOWLEDGMENTS

We sincerely thank Dr. Susan Peacock (Uppsala University)
for manuscript proofreading. The nancial support of S.F,
A@.T., and GW. provided within the European Union’s
Horizon 2020 research and innovation program under the
Marie Sk odowska-Curie project “EURO0C Interdisciplinary
training network for advancing Organ-on-chip technology in
Europe” (grant agreement no. 812954), is gratefully acknowl-
edged. SJ. and M.T. acknowledge funding from the European
Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant
agreement no. 757444).

REFERENCES

(1) Williams, C.; Wick, T. M. Perfusion Bioreactor for Small
Diameter Tissue-Engineered Arteries. Tissue Eng. 2004, 10 (5 6),
930 941.

https://doi.org/10.1021/acsbiomaterials.0c01110
ACS Biomater. Sci. Eng. 2021, 7, 2926 2948


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Tenje"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1264-1337
https://orcid.org/0000-0002-1264-1337
mailto:maria.tenje@angstrom.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Torsten+Mayr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7946-585X
mailto:torsten.mayr@tugraz.at
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefanie+Fuchs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sofia+Johansson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3672-9883
https://orcid.org/0000-0003-3672-9883
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anders+%C3%98.+Tjell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriel+Werr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c01110?ref=pdf
https://doi.org/10.1089/1076327041348536
https://doi.org/10.1089/1076327041348536
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01110?rel=cite-as&ref=PDF&jav=VoR

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Review

(2) Sin, A; Chin, K. C.; Jamil, M. F.; Kostov, Y.; Rao, G.; Shuler, M.
L. The Design and Fabrication of Three-Chamber Microscale Cell
Culture Analog Devices with Integrated Dissolved Oxygen Sensors.
Biotechnol. Prog. 2004, 20 (1), 338 345.

(3) Kimura, H.; Yamamoto, T.; Sakai, H.; Sakai, Y.; Fujii, T. An
Integrated Microfluidic System for Long-Term Perfusion Culture and
on-Line Monitoring of Intestinal Tissue Models. Lab Chip 2008, 8
(5), 741 746.

(4) Sung, J. H.; Shuler, M. L. A Micro Cell Culture Analog (MCCA)
with 3-D Hydrogel Culture of Multiple Cell Lines to Assess
Metabolism-Dependent Cytotoxicity of Anti-Cancer Drugs. Lab
Chip 2009, 9 (10), 1385 1394.

(5) Huh, D.; Matthews, B. D.; Mammoto, A.; Montoya-Zavala, M.;
Hsin, H. Y.; Ingber, D. E. Reconstituting Organ-Level Lung Functions
on a Chip. Science 2010, 328 (5986), 1662 1668.

(6) Ferrari, E.; Palma, C.; Vesentini, S.; Occhetta, P.; Rasponi, M.
Integrating Biosensors in Organs-on-Chip Devices: A Perspective on
Current Strategies to Monitor Microphysiological Systems. Biosensors
2020, 10 (9), 110.

(7) Kieninger, J.; Weltin, A.; Flamm, H.; Urban, G. A. Microsensor
Systems for Cell Metabolism - from 2D Culture to Organ-on-Chip.
Lab Chip 2018, 18 (9), 1274 1291.

(8) Rivera, K.; Yokus, M.; Erb, P.; Pozdin, V.; Daniele, M. Measuring
and Regulating Oxygen Levels in Microphysiological Systems: Design,
Material, and Sensor Considerations. Analyst 2019, 144 (10), 3190
3215.

(9) Kilic, T.; Navaee, F.; Stradolini, F.; Renaud, P.; Carrara, S.
Organs-on-Chip Monitoring: Sensors and Other Strategies. Micro-
physiol Syst 2018, 1 (0), 1.

(10) Santbergen, M. J. C.; van der Zande, M.; Bouwmeester, H.;
Nielen, M. W. F. Online and in Situ Analysis of Organs-on-a-Chip.
TrAC, Trends Anal. Chem. 2019, 115, 138 146.

(11) Kratz, S. R. A;; Holl, G.; Schuller, P.; Ertl, P.; Rothbauer, M.
Latest Trends in Biosensing for Microphysiological Organs-on-a-Chip
and Body-on-a-Chip Systems. Biosensors 2019, 9 (3), 110.

(12) Modena, M. M.; Chawla, K.; Misun, P. M.; Hierlemann, A.
Smart Cell Culture Systems: Integration of Sensors and Actuators into
Microphysiological Systems. ACS Chem. Biol. 2018, 13 (7), 1767
1784.

(13) Mastrangeli, M.; Millet, S.; van den Eijnden-van Raaij, J. Organ-
on-Chip in Development: Towards a Roadmap for Organs-on-Chip.
ALTEX-Altern. Animal Exper. 2019, 36 (4), 650 668.

(14) Odijk, M.; Van Der Meer, A. D.; Levner, D.; Kim, H. J.; Van
Der Helm, M. W.; Segerink, L. I.; Frimat, J. P.; Hamilton, G. A;
Ingber, D. E.; Van Den Berg, A. Measuring Direct Current Trans-
Epithelial Electrical Resistance in Organ-on-a-Chip Microsystems.
Lab Chip 2015, 15 (3), 745 752.

(15) van der Helm, M. W.; Henry, O. Y. F.; Bein, A.; Hamkins-Indik,
T.; Cronce, M. J.; Leineweber, W. D.; Odijk, M.; van der Meer, A. D.;
Segerink, L. 1.; Ingber, D. E.; et al. Non-Invasive Sensing of
Transepithelial Barrier Function and Tissue Differentiation in
Organs-on-Chips Using Impedance Spectroscopy. Lab Chip 2019,
19 (3), 452 463.

(16) Giaever, I.; Keese, C. A Morphological Biosensor for
Mammalian Cells. Nature 1993, 366 (6455), 591 592.

(17) An, Y, lin, T.; Zhang, F.; He, P. Electric Cell-Substrate
Impedance Sensing (ECIS) for Profiling Cytotoxicity of Cigarette
Smoke. J. Electroanal. Chem. 2019, 834, 180 186.

(18) Koutsouras, D. A.; Perrier, R.; Villarroel Marquez, A.; Pirog, A.;
Pedraza, E.; Cloutet, E.; Renaud, S.; Raoux, M.; Malliaras, G. G,
Lang, J. Simultaneous Monitoring of Single Cell and of Micro-Organ
Activity by PEDOT:PSS Covered Multi-Electrode Arrays. Mater. Sci.
Eng., C 2017, 81, 84 89.

(19) Maoz, B. M.; Herland, A.; Henry, O. Y. F.; Leineweber, W. D.;
Yadid, M.; Doyle, J.; Mannix, R.; Kujala, V. J.; FitzGerald, E. A;;
Parker, K. K.; Ingber, D. E. Organs-on-Chips with Combined Multi-
Electrode Array and Transepithelial Electrical Resistance Measure-
ment Capabilities. Lab Chip 2017, 17 (13), 2294 2302.

2944

(20) Lind, J. U.; Busbee, T. A;; Valentine, A. D.; Pasqualini, F. S.;
Yuan, H.; Yadid, M.; Park, S. J.; Kotikian, A.; Nesmith, A. P.;
Campbell, P. H.; Vlassak, J. J.; Lewis, J. A.; Parker, K. K. Instrumented
Cardiac Microphysiological Devices via Multimaterial Three-Dimen-
sional Printing. Nat. Mater. 2017, 16 (3), 303 308.

(21) Lind, J. U.; Yadid, M.; Perkins, I.; O'Connor, B. B.; Eweje, F.;
Chantre, C. O.; Hemphill, M. A;; Yuan, H.; Campbell, P. H.; Vlassak,
J. J.; Parker, K. K. Cardiac Microphysiological Devices with Flexible
Thin-Film Sensors for Higher-Throughput Drug Screening. Lab Chip
2017, 17 (21), 3692 3703.

(22) Stefanescu, D. M. Strain Gauges and Wheatstone Bridges
Basic Instrumentation and New Applications for Electrical Measure-
ment of Non-Electrical Quantities. In Eighth International Multi-
Conference on Systems, Signals Devices 2011, 1 5.

(23) Hulanicki, A.; Glab, S.; Ingman, F. Chemical Sensors
Definitions and Classification. Pure Appl. Chem. 1991, 63 (9),
1247 1250.

(24) Thévenot, D. R; Toth, K; Durst, R. A; Wilson, G. S.
Electrochemical Biosensors Recommended Definitions and Classi-
fication. Biosens. Bioelectron. 2001, 16 (1 2), 121 131.

(25) Shi, J.; Tong, L.; Tong, W.; Chen, H.; Lan, M.; Sun, X.; Zhu, Y.
Current Progress in Long-Term and Continuous Cell Metabolite
Detection Using Microfluidics. TrAC, Trends Anal. Chem. 2019, 117,
263 279.

(26) Manjakkal, L.; Szwagierczak, D.; Dahiya, R. Metal Oxides Based
Electrochemical PH Sensors: Current Progress and Future
Perspectives. Prog. Mater. Sci. 2020, 109, 100635.

(27) Lee, C.-S,; Kim, S. K;; Kim, M. lon-Sensitive Field-Effect
Transistor for Biological Sensing. Sensors 2009, 9 (9), 7111 7131

(28) Ronkainen, N. J.; Halsall, H. B.; Heineman, W. R.
Electrochemical Biosensors. Chem. Soc. Rev. 2010, 39 (5), 1747
1763.

(29) Stradiotto, N. R.; Yamanaka, H.; Zanoni, M. V. B.
Electrochemical Sensors: A Powerful Tool in Analytical Chemistry.
J. Braz. Chem. Soc. 2003, 14 (2), 159 173.

(30) Bavli, D.; Prill, S.; Ezra, E.; Levy, G.; Cohen, M.; Vinken, M.;
Vanfleteren, J.; Jaeger, M.; Nahmias, Y. Real-Time Monitoring of
Metabolic Function in Liver-on-Chip Microdevices Tracks the
Dynamics of Mitochondrial Dysfunction. Proc. Natl. Acad. Sci. U. S.
A. 2016, 113 (16), E2231 E2240.

(31) Misun, P. M.; Rothe, J.; Schmid, Y. R. F.; Hierlemann, A.; Frey,
O. Multi-Analyte Biosensor Interface for Real-Time Monitoring of 3D
Microtissue Spheroids in Hanging-Drop Networks. Microsyst Nanoeng
2016, 2, 16022.

(32) Shah, P.; Fritz, J. V.; Glaab, E.; Desai, M. S.; Greenhalgh, K;
Frachet, A.; Niegowska, M.; Estes, M.; Jdger, C.; Seguin-Devaux, C.;
Zenhausern, F.; Wilmes, P. A Microfluidics-Based in Vitro Model of
the Gastrointestinal Human-Microbe Interface. Nat. Commun. 2016,
7, 11535.

(33) Rennert, K.; Steinborn, S.; Groger, M.; Ungerbdck, B.; Jank, A.-
M.; Ehgartner, J.; Nietzsche, S.; Dinger, J.; Kiehntopf, M.; Funke, H.;
Peters, F. T.; Lupp, A.; Gértner, C.; Mayr, T.; Bauer, M.; Huber, O.;
Mosig, A. S. A Microfluidically Perfused Three Dimensional Human
Liver Model. Biomaterials 2015, 71, 119 131.

(34) Prill, S.; Bavli, D.; Levy, G.; Ezra, E.; Schmdlzlin, E.; Jaeger, M.
S.; Schwarz, M.; Duschl, C.; Cohen, M.; Nahmias, Y. Real-Time
Monitoring of Oxygen Uptake in Hepatic Bioreactor Shows CYP450-
Independent Mitochondrial Toxicity of Acetaminophen and Amio-
darone. Arch. Toxicol. 2016, 90, 1181 1191.

(35) Wang, X.; Wolfbeis, O. S.; Meier, R. J. Luminescent Probes and
Sensors for Temperature. Chem. Soc. Rev. 2013, 42 (19), 7834 7869.

(36) Borisov, S. M.; Wolfbeis, O. S. Optical Biosensors. Chem. Rev.
2008, 108 (2), 423 461.

(37) Wang, X.; Wolfbeis, O. S. Optical Methods for Sensing and
Imaging Oxygen: Materials, Spectroscopies and Applications. Chem.
Soc. Rev. 2014, 43 (10), 3666 3761.

(38) Steinegger, A.; Wolfbeis, O. S.; Borisov, S. M. Optical Sensing
and Imaging of PH Values: Spectroscopies, Materials, and
Applications. Chem. Rev. 2020, 120 (22), 12357 12489.

https://doi.org/10.1021/acsbiomaterials.0c01110
ACS Biomater. Sci. Eng. 2021, 7, 2926 2948


https://doi.org/10.1021/bp034077d?ref=pdf
https://doi.org/10.1021/bp034077d?ref=pdf
https://doi.org/10.1039/b717091b
https://doi.org/10.1039/b717091b
https://doi.org/10.1039/b717091b
https://doi.org/10.1039/b901377f
https://doi.org/10.1039/b901377f
https://doi.org/10.1039/b901377f
https://doi.org/10.1126/science.1188302
https://doi.org/10.1126/science.1188302
https://doi.org/10.3390/bios10090110
https://doi.org/10.3390/bios10090110
https://doi.org/10.1039/C7LC00942A
https://doi.org/10.1039/C7LC00942A
https://doi.org/10.1039/C8AN02201A
https://doi.org/10.1039/C8AN02201A
https://doi.org/10.1039/C8AN02201A
https://doi.org/10.21037/mps.2018.01.01
https://doi.org/10.1016/j.trac.2019.04.006
https://doi.org/10.3390/bios9030110
https://doi.org/10.3390/bios9030110
https://doi.org/10.1021/acschembio.7b01029?ref=pdf
https://doi.org/10.1021/acschembio.7b01029?ref=pdf
https://doi.org/10.14573/altex.1908271
https://doi.org/10.14573/altex.1908271
https://doi.org/10.1039/C4LC01219D
https://doi.org/10.1039/C4LC01219D
https://doi.org/10.1039/C8LC00129D
https://doi.org/10.1039/C8LC00129D
https://doi.org/10.1039/C8LC00129D
https://doi.org/10.1038/366591a0
https://doi.org/10.1038/366591a0
https://doi.org/10.1016/j.jelechem.2018.12.047
https://doi.org/10.1016/j.jelechem.2018.12.047
https://doi.org/10.1016/j.jelechem.2018.12.047
https://doi.org/10.1016/j.msec.2017.07.028
https://doi.org/10.1016/j.msec.2017.07.028
https://doi.org/10.1039/C7LC00412E
https://doi.org/10.1039/C7LC00412E
https://doi.org/10.1039/C7LC00412E
https://doi.org/10.1038/nmat4782
https://doi.org/10.1038/nmat4782
https://doi.org/10.1038/nmat4782
https://doi.org/10.1039/C7LC00740J
https://doi.org/10.1039/C7LC00740J
https://doi.org/10.1109/SSD.2011.5767428
https://doi.org/10.1109/SSD.2011.5767428
https://doi.org/10.1109/SSD.2011.5767428
https://doi.org/10.1351/pac199163091247
https://doi.org/10.1351/pac199163091247
https://doi.org/10.1016/S0956-5663(01)00115-4
https://doi.org/10.1016/S0956-5663(01)00115-4
https://doi.org/10.1016/j.trac.2019.05.028
https://doi.org/10.1016/j.trac.2019.05.028
https://doi.org/10.1016/j.pmatsci.2019.100635
https://doi.org/10.1016/j.pmatsci.2019.100635
https://doi.org/10.1016/j.pmatsci.2019.100635
https://doi.org/10.3390/s90907111
https://doi.org/10.3390/s90907111
https://doi.org/10.1039/b714449k
https://doi.org/10.1590/S0103-50532003000200003
https://doi.org/10.1073/pnas.1522556113
https://doi.org/10.1073/pnas.1522556113
https://doi.org/10.1073/pnas.1522556113
https://doi.org/10.1038/micronano.2016.22
https://doi.org/10.1038/micronano.2016.22
https://doi.org/10.1038/ncomms11535
https://doi.org/10.1038/ncomms11535
https://doi.org/10.1016/j.biomaterials.2015.08.043
https://doi.org/10.1016/j.biomaterials.2015.08.043
https://doi.org/10.1007/s00204-015-1537-2
https://doi.org/10.1007/s00204-015-1537-2
https://doi.org/10.1007/s00204-015-1537-2
https://doi.org/10.1007/s00204-015-1537-2
https://doi.org/10.1039/c3cs60102a
https://doi.org/10.1039/c3cs60102a
https://doi.org/10.1021/cr068105t?ref=pdf
https://doi.org/10.1039/C4CS00039K
https://doi.org/10.1039/C4CS00039K
https://doi.org/10.1021/acs.chemrev.0c00451?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c00451?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c00451?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01110?rel=cite-as&ref=PDF&jav=VoR

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Review

(39) Liebsch, G.; Klimant, I.; Krause, C.; Wolfbeis, O. S. Fluorescent
Imaging of PH with Optical Sensors Using Time Domain Dual
Lifetime Referencing. Anal. Chem. 2001, 73 (17), 4354 4363.

(40) Ungerbock, B.; Charwat, V.; Ertl, P.; Mayr, T. Microfluidic
Oxygen Imaging Using Integrated Optical Sensor Layers and a Color
Camera. Lab Chip 2013, 13 (8), 1593 1601.

(41) Valeur, B. Molecular Fluorescence: Principles and Applications, 1st
ed.; Wiley-VCH, 2001.

(42) Mousavi Shaegh, S. A.; De Ferrari, F.; Zhang, Y. S.; Nabavinia,
M.; Binth Mohammad, N.; Ryan, J.; Pourmand, A.; Laukaitis, E.;
Banan Sadeghian, R.; Nadhman, A.; Shin, S. R.; Nezhad, A. S;
Khadembhosseini, A.; Dokmeci, M. R. A Microfluidic Optical Platform
for Real-Time Monitoring of PH and Oxygen in Microfluidic
Bioreactors and Organ-on-Chip Devices. Biomicrofluidics 2016, 10
(4), 044111.

(43) Zhang, Y. S.; Aleman, J.; Shin, S. R;; Kilic, T.; Kim, D.; Shaegh,
S. A, M.; Massa, S.; Riahi, R.; Chae, S.; Hu, N.; Avci, H.; Zhang, W.;
Silvestri, A.; Nezhad, A. S.; Manbohi, A.; De Ferrari, F.; Polini, A;;
Calzone, G.; Shaikh, N.; Alerasool, P.; Budina, E.; Kang, J.; Bhise, N.;
Ribas, J.; Pourmand, A.; Skardal, A.; Shupe, T.; Bishop, C. E;
Dokmeci, M. R.; Atala, A.; Khademhosseini, A. Multisensor-
Integrated Organs-on-Chips Platform for Automated and Continual
in Situ Monitoring of Organoid Behaviors. Proc. Natl. Acad. Sci. U. S.
A. 2017, 114 (12), E2293 E2302.

(44) Ishai, P. B.; Talary, M. S.; Caduff, A.; Levy, E.; Feldman, Y.
Electrode Polarization in Dielectric Measurements: A Review. Meas.
Sci. Technol. 2013, 24, 102001.

(45) Griep, L. M.; Wolbers, F.; de Wagenaar, B.; ter Braak, P. M.;
Weksler, B. B.; Romero, I. A.; Couraud, P. O.; Vermes, I.; van der
Meer, A. D.; van den Berg, A. BBB ON CHIP: Microfluidic Platform
to Mechanically and Biochemically Modulate Blood-Brain Barrier
Function. Biomed. Microdevices 2013, 15, 145 150.

(46) Yeste, J.; Garcia-Ramirez, M,; llla, X.; Guimera, A.; Hernandez,
C.; Simo, R.; Villa, R. A Compartmentalized Microfluidic Chip with
Crisscross Microgrooves and Electrophysiological Electrodes for
Modeling the Blood-Retinal Barrier. Lab Chip 2018, 18 (1), 95 105.

(47) Mermoud, Y.; Felder, M.; Stucki, J. D.; Stucki, A. O.; Guenat,
O. T. Microimpedance Tomography System to Monitor Cell Activity
and Membrane Movements in a Breathing Lung-on-Chip. Sens.
Actuators, B 2018, 255, 3647 3653.

(48) Inacio, P. M. C.; Mestre, A. L. G.; De Medeiros, M. D. C. R;;
Asgarifar, S.; Elamine, Y.; Canudo, J.; Santos, J. M. A.; Braganca, J.;
Morgado, J.; Biscarini, F.; Gomes, H. L. Bioelectrical Signal Detection
Using Conducting Polymer Electrodes and the Displacement Current
Method. IEEE Sens. J. 2017, 17 (13), 3961 3966.

(49) Pereda, M.D.; Reigosa, M.; Fernandez Lorenzo de Mele, M.
Relationship between Radial Diffusion of Copper lons Released from
a Metal Disk and Cytotoxic Effects. Comparison with Results
Obtained Using Extracts. Bioelectrochemistry 2008, 72 (1), 94 101.

(50) Zhang, S.; Du, C.; Wang, Z; Han, X.; Zhang, K.; Liu, L.
Reduced Cytotoxicity of Silver lons to Mammalian Cells at High
Concentration Due to the Formation of Silver Chloride. Toxicol. In
Vitro 2013, 27 (2), 739 744.

(51) Booth, R,; Kim, H. Characterization of a Microfluidic in Vitro
Model of the Blood-Brain Barrier (MBBB). Lab Chip 2012, 12 (10),
1784 1792.

(52) Henry, O. Y. F,; Villenave, R.; Cronce, M. J.; Leineweber, W.
D.; Benz, M. A;; Ingber, D. E. Organs-on-Chips with Integrated
Electrodes for Trans-Epithelial Electrical Resistance (TEER)
Measurements of Human Epithelial Barrier Function. Lab Chip
2017, 17 (13), 2264 2271.

(53) Sze, S. M. Semiconductor Devices: Physics and Technology, 2nd
ed.; John Wile & Sons, 1985.

(54) Quirds-Solano, W. F.; Gaio, N.; Silvestri, C.; Pandraud, G.;
Dekker, R.; Sarro, P. M. Metal and Polymeric Strain Gauges for Si-
Based, Monolithically Fabricated Organs-on-Chips. Micromachines
2019, 10 (8), 536.

2945

(55) Zhang, X.; Wang, W.; Li, F.; Voiculescu, I. Stretchable
Impedance Sensor for Mammalian Cell Proliferation Measurements.
Lab Chip 2017, 17 (12), 2054 2066.

(56) Brischwein, M.; Herrmann, S.; Vonau, W.; Berthold, F.;
Grothe, H.; Motrescu, E. R.; Wolf, B. Electric Cell-Substrate
Impedance Sensing with Screen Printed Electrode Structures. Lab
Chip 2006, 6 (6), 819 822.

(57) Tandon, N.; Marsano, A.; Maidhof, R.; Numata, K.; Montouri-
Sorrentino, C.; Cannizzaro, C.; Voldman, J.; Vunjak-Novakovic, G.
Surface-Patterned Electrode Bioreactor for Electrical Stimulation. Lab
Chip 2010, 10 (6), 692 700.

(58) van der Helm, M. W.; Odijk, M.; Frimat, J. P.; van der Meer, A.
D.; Eijkel, J. C. T, van den Berg, A.; Segerink, L. I. Direct
Quantification of Transendothelial Electrical Resistance in Organs-on-
Chips. Biosens. Bioelectron. 2016, 85, 924 929.

(59) Ferrell, N.; Desai, R. R.; Fleischman, A. J.; Roy, S.; Humes, H.
D.; Fissell, W. H. A Microfluidic Bioreactor with Integrated
Transepithelial Electrical Resistance (TEER) Measurement Electro-
des for Evaluation of Renal Epithelial Cells. Biotechnol. Bioeng. 2010,
107 (4), 707 716.

(60) Douville, N. J.; Tung, Y.-C.; Li, R.; Wang, J. D.; El-Sayed, M. E.
H.; Takayama, S. Fabrication of Two-Layered Channel System with
Embedded Electrodes to Measure Resistance Across Epithelial and
Endothelial Barriers. Anal. Chem. 2010, 82 (6), 2505 2511.

(61) van der Helm, M. W.; Henry, O. Y. F.; Bein, A.; Hamkins-Indik,
T.; Cronce, M. J.; Leineweber, W. D.; Odijk, M.; van der Meer, A. D;
Eijkel, J. C. T.; Ingber, D. E.; van den Berg, A.; Segerink, L. . Non-
Invasive Sensing of Transepithelial Barrier Function and Tissue
Differentiation in Organs-on-Chips Using Impedance Spectroscopy.
Lab Chip 2019, 19 (3), 452 463.

(62) Perrier, R.; Pirog, A.; Jaffredo, M.; Gaitan, J.; Catargi, B.;
Renaud, S.; Raoux, M.; Lang, J. Bioelectronic Organ-Based Sensor for
Microfluidic Real-Time Analysis of the Demand in Insulin. Biosens.
Bioelectron. 2018, 117, 253 259.

(63) Yeste, J; llla, X.; Gutiérrez, C.; Solé, M.; Guimera, A.; Villa, R.
Geometric Correction Factor for Transepithelial Electrical Resistance
Measurements in Transwell and Microfluidic Cell Cultures. J. Phys. D:
Appl. Phys. 2016, 49, 375401.

(64) Kang, Y. T.; Kim, M. J; Cho, Y. H. A Cell Impedance
Measurement Device for the Cytotoxicity Assay Dependent on the
Velocity of Supplied Toxic Fluid. J. Micromech. Microeng. 2018, 28,
045012.

(65) Gimenez-Gomez, P.; Rodriguez-Rodriguez, R.; Rios, J. M.;
Perez-Montero, M.; Gonzalez, E.; Gutierrez-Capitan, M.; Plaza, J. A;
Munoz-Berbel, X.; Jimenez-Jorquera, C. A Self-Calibrating and
Multiplexed Electrochemical Lab-on-a-Chip for Cell Culture Analysis
and High-Resolution Imaging. Lab Chip 2020, 20 (4), 823 833.

(66) McKenzie, J. R.; Cognata, A. C.; Davis, A. N.; Wikswo, J. P.;
Cliffel, D. E. Real-Time Monitoring of Cellular Bioenergetics with a
Multianalyte Screen-Printed Electrode. Anal. Chem. 2015, 87 (15),
7857 7864.

(67) Weltin, A.; Slotwinski, K.; Kieninger, J.; Moser, I.; Jobst, G.;
Wego, M.; Ehret, R.; Urban, G. A. Cell Culture Monitoring for Drug
Screening and Cancer Research: A Transparent, Microfluidic, Multi-
Sensor Microsystem. Lab Chip 2014, 14 (1), 138 146.

(68) Brischwein, M.; Grothe, H.; Wiest, J.; Zottmann, M.; Ressler, J.;
Wolf, B. Planar Ruthenium Oxide Sensors for Cell-on-a-Chip
Metabolic Studies. Chem. Anal. (Warsaw) 2009, 54, 1193.

(69) Mani, G. K.; Morohoshi, M.; Yasoda, Y.; Yokoyama, S.;
Kimura, H.; Tsuchiya, K. ZnO-Based Microfluidic PH Sensor: A
Versatile Approach for Quick Recognition of Circulating Tumor Cells
in Blood. ACS Appl. Mater. Interfaces 2017, 9 (6), 5193 5203.

(70) Pachauri, V.; Ingebrandt, S. Biologically Sensitive Field-Effect
Transistors: From ISFETs to NanoFETs. Essays Biochem. 2016, 60
(1), 81 90.

(71) Lehmann, M.; Baumann, W.; Brischwein, M.; Ehret, R.; Kraus,
M.; Schwinde, A.; Bitzenhofer, M.; Freund, 1.; Wolf, B. Non-Invasive
Measurement of Cell Membrane Associated Proton Gradients by lon-
Sensitive Field Effect Transistor Arrays for Microphysiological and

https://doi.org/10.1021/acsbiomaterials.0c01110
ACS Biomater. Sci. Eng. 2021, 7, 2926 2948


https://doi.org/10.1021/ac0100852?ref=pdf
https://doi.org/10.1021/ac0100852?ref=pdf
https://doi.org/10.1021/ac0100852?ref=pdf
https://doi.org/10.1039/c3lc41315b
https://doi.org/10.1039/c3lc41315b
https://doi.org/10.1039/c3lc41315b
https://doi.org/10.1063/1.4955155
https://doi.org/10.1063/1.4955155
https://doi.org/10.1063/1.4955155
https://doi.org/10.1073/pnas.1612906114
https://doi.org/10.1073/pnas.1612906114
https://doi.org/10.1073/pnas.1612906114
https://doi.org/10.1088/0957-0233/24/10/102001
https://doi.org/10.1007/s10544-012-9699-7
https://doi.org/10.1007/s10544-012-9699-7
https://doi.org/10.1007/s10544-012-9699-7
https://doi.org/10.1039/C7LC00795G
https://doi.org/10.1039/C7LC00795G
https://doi.org/10.1039/C7LC00795G
https://doi.org/10.1016/j.snb.2017.09.192
https://doi.org/10.1016/j.snb.2017.09.192
https://doi.org/10.1109/JSEN.2017.2703834
https://doi.org/10.1109/JSEN.2017.2703834
https://doi.org/10.1109/JSEN.2017.2703834
https://doi.org/10.1016/j.bioelechem.2007.11.008
https://doi.org/10.1016/j.bioelechem.2007.11.008
https://doi.org/10.1016/j.bioelechem.2007.11.008
https://doi.org/10.1016/j.tiv.2012.12.003
https://doi.org/10.1016/j.tiv.2012.12.003
https://doi.org/10.1039/c2lc40094d
https://doi.org/10.1039/c2lc40094d
https://doi.org/10.1039/C7LC00155J
https://doi.org/10.1039/C7LC00155J
https://doi.org/10.1039/C7LC00155J
https://doi.org/10.3390/mi10080536
https://doi.org/10.3390/mi10080536
https://doi.org/10.1039/C7LC00375G
https://doi.org/10.1039/C7LC00375G
https://doi.org/10.1039/b602987f
https://doi.org/10.1039/b602987f
https://doi.org/10.1039/b917743d
https://doi.org/10.1016/j.bios.2016.06.014
https://doi.org/10.1016/j.bios.2016.06.014
https://doi.org/10.1016/j.bios.2016.06.014
https://doi.org/10.1002/bit.22835
https://doi.org/10.1002/bit.22835
https://doi.org/10.1002/bit.22835
https://doi.org/10.1021/ac9029345?ref=pdf
https://doi.org/10.1021/ac9029345?ref=pdf
https://doi.org/10.1021/ac9029345?ref=pdf
https://doi.org/10.1039/C8LC00129D
https://doi.org/10.1039/C8LC00129D
https://doi.org/10.1039/C8LC00129D
https://doi.org/10.1016/j.bios.2018.06.015
https://doi.org/10.1016/j.bios.2018.06.015
https://doi.org/10.1088/0022-3727/49/37/375401
https://doi.org/10.1088/0022-3727/49/37/375401
https://doi.org/10.1088/1361-6439/aaab39
https://doi.org/10.1088/1361-6439/aaab39
https://doi.org/10.1088/1361-6439/aaab39
https://doi.org/10.1039/C9LC01051C
https://doi.org/10.1039/C9LC01051C
https://doi.org/10.1039/C9LC01051C
https://doi.org/10.1021/acs.analchem.5b01533?ref=pdf
https://doi.org/10.1021/acs.analchem.5b01533?ref=pdf
https://doi.org/10.1039/C3LC50759A
https://doi.org/10.1039/C3LC50759A
https://doi.org/10.1039/C3LC50759A
https://doi.org/10.1021/acsami.6b16261?ref=pdf
https://doi.org/10.1021/acsami.6b16261?ref=pdf
https://doi.org/10.1021/acsami.6b16261?ref=pdf
https://doi.org/10.1042/EBC20150009
https://doi.org/10.1042/EBC20150009
https://doi.org/10.1016/S0956-5663(00)00065-8
https://doi.org/10.1016/S0956-5663(00)00065-8
https://doi.org/10.1016/S0956-5663(00)00065-8
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01110?rel=cite-as&ref=PDF&jav=VoR

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Review

Bioelectronical Applications. Biosens. Bioelectron. 2000, 15 (3 4),
117 124

(72) Pourciel-Gouzy, M. L.; Sant, W.; Humenyuk, 1.; Malaquin, L.;
Dollat, X.; Temple-Boyer, P. Development of PH-ISFET Sensors for
the Detection of Bacterial Activity. Sens. Actuators, B 2004, 103 (1
2), 247 251.

(73) Castellarnau, M.; Zine, N.; Bausells, J.; Madrid, C.; Juarez, A.;
Samitier, J.; Errachid, A. Integrated Cell Positioning and Cell-Based
ISFET Biosensors. Sens. Actuators, B 2007, 120 (2), 615 620.

(74) Kwon, D.-H.; Cho, B.-W.; Kim, C.-S.; Sohn, B.-K. Effects of
Heat Treatment on Ta205 Sensing Membrane for Low Drift and
High Sensitivity PH-ISFET. Sens. Actuators, B 1996, 34 (1 3), 441
445,

(75) Schéning, M. J.; Brinkmann, D.; Rolka, D.; Demuth, C;
Poghossian, A. CIP (Cleaning-in-Place) Suitable “Non-Glass” PH
Sensor Based on a Ta205-Gate EIS Structure. Sens. Actuators, B 2005,
111 112, 423 429.

(76) Moser, 1.; Jobst, G.; Urban, G. A. Biosensor Arrays for
Simultaneous Measurement of Glucose, Lactate, Glutamate, and
Glutamine. Biosens. Bioelectron. 2002, 17 (4), 297 302.

(77) Pereira Rodrigues, N.; Sakai, Y.; Fujii, T. Cell-Based
Microfluidic Biochip for the Electrochemical Real-Time Monitoring
of Glucose and Oxygen. Sens. Actuators, B 2008, 132 (2), 608 613.

(78) Talaei, S.; van der Wal, P. D.; Ahmed, S.; Liley, M.; de Rooij, N.
F. Enzyme SU-8 Microreactors: Simple Tools for Cell-Culture
Monitoring. Microfluid. Nanofluid. 2015, 19, 351 361.

(79) Shin, S. R.; Kilic, T.; Zhang, Y. S.; Avci, H.; Hu, N.; Kim, D;
Branco, C.; Aleman, J.; Massa, S.; Silvestri, A.; Kang, J.; Desalvo, A;
Hussaini, M. A.; Chae, S.-K.; Polini, A.; Bhise, N.; Hussain, M. A;
Lee, H.; Dokmeci, M. R.; Khademhosseini, A. Label-Free and
Regenerative Electrochemical Microfluidic Biosensors for Continual
Monitoring of Cell Secretomes. Adv. Sci. 2017, 4 (5), 1600522.

(80) Shin, S. R.; Zhang, Y. S.; Kim, D. J.; Manbohi, A.; Avci, H.;
Silvestri, A.; Aleman, J.; Hu, N.; Kilic, T.; Keung, W.; Righi, M,;
Assawes, P.; Alhadrami, H. A.; Li, R. A.; Dokmeci, M. R;
Khademhosseini, A. Aptamer-Based Microfluidic Electrochemical
Biosensor for Monitoring Cell-Secreted Trace Cardiac Biomarkers.
Anal. Chem. 2016, 88 (20), 10019 10027.

(81) Riahi, R.; Shaegh, S. A. M.; Ghaderi, M.; Zhang, Y. S.; Shin, S.
R.; Aleman, J.; Massa, S.; Kim, D.; Dokmeci, M. R.; Khademhosseini,
A. Automated Microfluidic Platform of Bead-Based Electrochemical
Immunosensor Integrated with Bioreactor for Continual Monitoring
of Cell Secreted Biomarkers. Sci. Rep. 2016, 6, 24598.

(82) Nock, V.; Alkaisi, M.; Blaikie, R. J. Photolithographic Patterning
of Polymer-Encapsulated Optical Oxygen Sensors. Microelectron. Eng.
2010, 87 (5 8), 814 816.

(83) zhu, H.; Tian, Y.; Bhushan, S.; Su, F.; Meldrum, D. R. High
Throughput Micropatterning of Optical Oxygen Sensor for Single
Cell Analysis. IEEE Sens. J. 2012, 12 (6), 1668 1672.

(84) Thomas, P. C.; Halter, M.; Tona, A.; Raghavan, S. R.; Plant, A.
L.; Forry, S. P. A Noninvasive Thin Film Sensor for Monitoring
Oxygen Tension during in Vitro Cell Culture. Anal. Chem. 2009, 81
(22), 9239 9246.

(85) Zhao, Y.; Liu, L.; Luo, T.; Hong, L.; Peng, X.; Austin, R. H.;
Qu, J. A Platinum-Porphine/Poly(Perfluoroether) Film Oxygen
Tension Sensor for Noninvasive Local Monitoring of Cellular Oxygen
Metabolism Using Phosphorescence Lifetime Imaging. Sens. Actuators,
B 2018, 269, 88 95.

(86) Huang, S.-H.; Huang, K.-S.; Liou, Y.-M. Simultaneous
Monitoring of Oxygen Consumption and Acidification Rates of a
Single Zebrafish Embryo during Embryonic Development within a
Microfluidic Device. Microfluid. Nanofluid. 2017, 21, 3.

(87) Zhu, H.; Zhou, X.; Su, F.; Tian, Y.; Ashili, S.; Holl, M. R;;
Meldrum, D. R. Micro-Patterning and Characterization of PHEMA-
Co-PAM-Based Optical Chemical Sensors for Lab-on-a-Chip
Applications. Sens. Actuators, B 2012, 173, 817 823.

(88) Grist, S. M.; Oyunerdene, N.; Flueckiger, J.; Kim, J.; Wong, P.
C.; Chrostowski, L.; Cheung, K. C. Fabrication and Laser Patterning

2946

of Polystyrene Optical Oxygen Sensor Films for Lab-on-a-Chip
Applications. Analyst 2014, 139 (22), 5718 5727.

(89) Ehgartner, J.; Sulzer, P.; Burger, T.; Kasjanow, A.; Bouwes, D.;
Kruhne, U.; Klimant, I.; Mayr, T. Online Analysis of Oxygen inside
Silicon-Glass Microreactors with Integrated Optical Sensors. Sens.
Actuators, B 2016, 228, 748 757.

(90) Vollmer, A. P.; Probstein, R. F.; Gilbert, R.; Thorsen, T.
Development of an Integrated Microfluidic Platform for Dynamic
Oxygen Sensing and Delivery in a Flowing Medium. Lab Chip 2005, 5
(10), 1059 1066.

(91) Herzog, C.; Beckert, E.; Nagl, S. Rapid lIsoelectric Point
Determination in a Miniaturized Preparative Separation Using Jet-
Dispensed Optical PH Sensors and Micro Free-Flow Electrophoresis.
Anal. Chem. 2014, 86 (19), 9533 9539.

(92) Gruber, P.; Marques, M. P. C.; Sulzer, P.; Wohlgemuth, R.;
Mayr, T.; Baganz, F.; Szita, N. Real-Time PH Monitoring of
Industrially Relevant Enzymatic Reactions in a Microfluidic Side-
Entry Reactor (MSER) Shows Potential for PH Control. Biotechnol. J.
2017, 12 (6), 1600475.

(93) Tahirbegi, I. B.; Ehgartner, J.; Sulzer, P.; Zieger, S.; Kasjanow,
A.; Paradiso, M.; Strobl, M.; Bouwes, D.; Mayr, T. Fast Pesticide
Detection inside Microfluidic Device with Integrated Optical PH,
Oxygen Sensors and Algal Fluorescence. Biosens. Bioelectron. 2017, 88,
188 195.

(94) Pfeiffer, S. A.; Borisov, S. M.; Nagl, S. In-Line Monitoring of
PH and Oxygen during Enzymatic Reactions in off-the-Shelf All-Glass
Microreactors Using Integrated Luminescent Microsensors. Micro-
chim. Acta 2017, 184, 621 626.

(95) Etzkorn, J. R; Wu, W.-C.; Tian, Z; Kim, P.; Jang, S.-H.;
Meldrum, D. R.; Jen, A. K.-Y.; Parviz, B. A. Using Micro-Patterned
Sensors and Cell Self-Assembly for Measuring the Oxygen
Consumption Rate of Single Cells. J. Micromech. Microeng. 2010, 20
(9), 095017.

(96) zhan, W.; Seong, G. H.; Crooks, R. M. Hydrogel-Based
Microreactors as a Functional Component of Microfluidic Systems.
Anal. Chem. 2002, 74 (18), 4647 4652.

(97) Lee, S; lIbey, B. L,; Coté, G. L.; Pishko, M. V. Measurement of
PH and Dissolved Oxygen within Cell Culture Media Using a
Hydrogel Microarray Sensor. Sens. Actuators, B 2008, 128 (2), 388
398.

(98) Ehgartner, J.; Strobl, M.; Bolivar, J. M.; Rabl, D.; Rothbauer,
M.; Ertl, P.; Borisov, S. M.; Mayr, T. Simultaneous Determination of
Oxygen and PH Inside Microfluidic Devices Using Core-Shell
Nanosensors. Anal. Chem. 2016, 88 (19), 9796 9804.

(99) Sticker, D.; Rothbauer, M.; Ehgartner, J.; Steininger, C.; Liske,
O.; Liska, R.; Neuhaus, W.; Mayr, T.; Haraldsson, T.; Kutter, J. P.;
Ertl, P. Oxygen Management at the Microscale: A Functional Biochip
Material with Long-Lasting and Tunable Oxygen Scavenging
Properties for Cell Culture Applications. ACS Appl. Mater. Interfaces
2019, 11 (10), 9730 9739.

(100) Zirath, H.; Rothbauer, M.; Spitz, S.; Bachmann, B.; Jordan, C.;
Muller, B.; Ehgartner, J.; Priglinger, E.; Muhleder, S.; Redl, H,;
Holnthoner, W.; Harasek, M.; Mayr, T.; Ertl, P. Every Breath You
Take: Non-Invasive Real-Time Oxygen Biosensing in Two- and
Three-Dimensional Microfluidic Cell Models. Front. Physiol. 2018, 9,
815.

(101) Yabuki, Y.; lwamoto, Y.; Tsukada, K. Micro/Nano Particle-
Based Oxygen Sensing Film for Monitoring Respiration of Cells
Cultured in a Microfluidic Device. Jpn. J. Appl. Phys. 2019, 58 (SD),
SDDKO03.

(102) Lesher-Pérez, S. C.; Kim, G.-A.; Kuo, C.; Leung, B. M.; Mong,
S.; Kojima, T.; Moraes, C.; Thouless, M. D.; Luker, G. D.; Takayama,
S. Dispersible Oxygen Microsensors Map Oxygen Gradients in Three-
Dimensional Cell Cultures. Biomater. Sci. 2017, 5 (10), 2106 2113.

(103) Bonk, S. M.; Stubbe, M.; Buehler, S. M.; Tautorat, C;
Baumann, W.; Klinkenberg, E.-D.; Gimsa, J. Design and Character-
ization of a Sensorized Microfluidic Cell-Culture System with Electro-
Thermal Micro-Pumps and Sensors for Cell Adhesion, Oxygen, and
PH on a Glass Chip. Biosensors 2015, 5 (3), 513 536.

https://doi.org/10.1021/acsbiomaterials.0c01110
ACS Biomater. Sci. Eng. 2021, 7, 2926 2948


https://doi.org/10.1016/S0956-5663(00)00065-8
https://doi.org/10.1016/j.snb.2004.04.056
https://doi.org/10.1016/j.snb.2004.04.056
https://doi.org/10.1016/j.snb.2006.01.057
https://doi.org/10.1016/j.snb.2006.01.057
https://doi.org/10.1016/S0925-4005(96)01938-7
https://doi.org/10.1016/S0925-4005(96)01938-7
https://doi.org/10.1016/S0925-4005(96)01938-7
https://doi.org/10.1016/j.snb.2005.03.053
https://doi.org/10.1016/j.snb.2005.03.053
https://doi.org/10.1016/S0956-5663(01)00298-6
https://doi.org/10.1016/S0956-5663(01)00298-6
https://doi.org/10.1016/S0956-5663(01)00298-6
https://doi.org/10.1016/j.snb.2007.12.025
https://doi.org/10.1016/j.snb.2007.12.025
https://doi.org/10.1016/j.snb.2007.12.025
https://doi.org/10.1007/s10404-015-1562-8
https://doi.org/10.1007/s10404-015-1562-8
https://doi.org/10.1002/advs.201600522
https://doi.org/10.1002/advs.201600522
https://doi.org/10.1002/advs.201600522
https://doi.org/10.1021/acs.analchem.6b02028?ref=pdf
https://doi.org/10.1021/acs.analchem.6b02028?ref=pdf
https://doi.org/10.1038/srep24598
https://doi.org/10.1038/srep24598
https://doi.org/10.1038/srep24598
https://doi.org/10.1016/j.mee.2009.11.076
https://doi.org/10.1016/j.mee.2009.11.076
https://doi.org/10.1109/JSEN.2011.2176930
https://doi.org/10.1109/JSEN.2011.2176930
https://doi.org/10.1109/JSEN.2011.2176930
https://doi.org/10.1021/ac9013379?ref=pdf
https://doi.org/10.1021/ac9013379?ref=pdf
https://doi.org/10.1016/j.snb.2018.04.154
https://doi.org/10.1016/j.snb.2018.04.154
https://doi.org/10.1016/j.snb.2018.04.154
https://doi.org/10.1007/s10404-016-1841-z
https://doi.org/10.1007/s10404-016-1841-z
https://doi.org/10.1007/s10404-016-1841-z
https://doi.org/10.1007/s10404-016-1841-z
https://doi.org/10.1016/j.snb.2012.07.101
https://doi.org/10.1016/j.snb.2012.07.101
https://doi.org/10.1016/j.snb.2012.07.101
https://doi.org/10.1039/C4AN00765D
https://doi.org/10.1039/C4AN00765D
https://doi.org/10.1039/C4AN00765D
https://doi.org/10.1016/j.snb.2016.01.050
https://doi.org/10.1016/j.snb.2016.01.050
https://doi.org/10.1039/b508097e
https://doi.org/10.1039/b508097e
https://doi.org/10.1021/ac501783r?ref=pdf
https://doi.org/10.1021/ac501783r?ref=pdf
https://doi.org/10.1021/ac501783r?ref=pdf
https://doi.org/10.1002/biot.201600475
https://doi.org/10.1002/biot.201600475
https://doi.org/10.1002/biot.201600475
https://doi.org/10.1016/j.bios.2016.08.014
https://doi.org/10.1016/j.bios.2016.08.014
https://doi.org/10.1016/j.bios.2016.08.014
https://doi.org/10.1007/s00604-016-2021-2
https://doi.org/10.1007/s00604-016-2021-2
https://doi.org/10.1007/s00604-016-2021-2
https://doi.org/10.1088/0960-1317/20/9/095017
https://doi.org/10.1088/0960-1317/20/9/095017
https://doi.org/10.1088/0960-1317/20/9/095017
https://doi.org/10.1021/ac020340y?ref=pdf
https://doi.org/10.1021/ac020340y?ref=pdf
https://doi.org/10.1016/j.snb.2007.06.027
https://doi.org/10.1016/j.snb.2007.06.027
https://doi.org/10.1016/j.snb.2007.06.027
https://doi.org/10.1021/acs.analchem.6b02849?ref=pdf
https://doi.org/10.1021/acs.analchem.6b02849?ref=pdf
https://doi.org/10.1021/acs.analchem.6b02849?ref=pdf
https://doi.org/10.1021/acsami.8b19641?ref=pdf
https://doi.org/10.1021/acsami.8b19641?ref=pdf
https://doi.org/10.1021/acsami.8b19641?ref=pdf
https://doi.org/10.3389/fphys.2018.00815
https://doi.org/10.3389/fphys.2018.00815
https://doi.org/10.3389/fphys.2018.00815
https://doi.org/10.7567/1347-4065/ab049b
https://doi.org/10.7567/1347-4065/ab049b
https://doi.org/10.7567/1347-4065/ab049b
https://doi.org/10.1039/C7BM00119C
https://doi.org/10.1039/C7BM00119C
https://doi.org/10.3390/bios5030513
https://doi.org/10.3390/bios5030513
https://doi.org/10.3390/bios5030513
https://doi.org/10.3390/bios5030513
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.0c01110?rel=cite-as&ref=PDF&jav=VoR

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Review

(104) Patel, J.; Radhakrishnan, L.; Zhao, B.; Uppalapati, B.; Daniels,
R. C.; Ward, K. R.; Collinson, M. M. Electrochemical Properties of
Nanostructured Porous Gold Electrodes in Biofouling Solutions. Anal.
Chem. 2013, 85 (23), 11610 11618.

(105) Picher, M. M.; Kupcu, S.; Huang, C.-J.; Dostalek, J.; Pum, D.;
Sleytr, U. B.; Ertl, P. Nanobiotechnology Advanced Antifouling
Surfaces for the Continuous Electrochemical Monitoring of Glucose
in Whole Blood Using a Lab-on-a-Chip. Lab Chip 2013, 13 (9),
1780 1789.

(106) Sabate del Rio, J.; Henry, O. Y. F.; Jolly, P.; Ingber, D. E. An
Antifouling Coating That Enables Affinity-Based Electrochemical
Biosensing in Complex Biological Fluids. Nat. Nanotechnol. 2019, 14,
1143 1149.

(107) Alexandrovskaya, A. Yu.; Melnikov, P. V.; Safonov, A. V.;
Naumova, A. O.; Zaytsev, N. K. A Comprehensive Study of the
Resistance to Biofouling of Different Polymers for Optical Oxygen
Sensors. The Advantage of the Novel Fluorinated Composite Based
on Core-Dye-Shell Structure. Mater. Today Commun. 2020, 23,
100916.

(108) Samy, R.; Glawdel, T.; Ren, C. L. Method for Microfluidic
Whole-Chip Temperature Measurement Using Thin-Film Poly-
(Dimethylsiloxane)/Rhodamine B. Anal. Chem. 2008, 80 (2), 369
375.

(109) Lasave, L. C.; Borisov, S. M.; Ehgartner, J.; Mayr, T. Quick
and Simple Integration of Optical Oxygen Sensors into Glass-Based
Microfluidic Devices. RSC Adv. 2015, 5 (87), 70808 70816.

(110) Basabe-Desmonts, L.; Benito-Lopez, F.; Gardeniers, H. J. G.
E.; Duwel, R.; van den Berg, A.; Reinhoudt, D. N.; Crego-Calama, M.
Fluorescent Sensor Array in a Microfluidic Chip. Anal. Bioanal. Chem.
2008, 390, 307 315.

(111) Nock, V.; Blaikie, R. J.; David, T. Patterning, Integration and
Characterisation of Polymer Optical Oxygen Sensors for Microfluidic
Devices. Lab Chip 2008, 8 (8), 1300 1307.

(112) PyroScience GmbH. https://www.pyroscience.com (accessed
July 22, 2020).

(113) Campbell, S. B.; Wu, Q.; Yazbeck, J.; Liu, C.; Okhovatian, S.;
Radisic, M. Beyond Polydimethylsiloxane: Alternative Materials for
Fabrication of Organ-on-a-Chip Devices and Microphysiological
Systems. ACS Biomater. Sci. Eng. 2020, DOI: 10.1021/acshiomater-
ials.0c00640.

(114) Ramadan, Q.; Zourob, M. Organ-on-a-Chip Engineering:
Toward Bridging the Gap between Lab and Industry. Biomicrofluidics
2020, 14 (4), 041501.

(115) Kim, H. J.; Huh, D.; Hamilton, G.; Ingber, D. E. Human Gut-
on-a-Chip Inhabited by Microbial Flora That Experiences Intestinal
Peristalsis-like Motions and Flow. Lab Chip 2012, 12 (12), 2165
2174.

(116) Ramadan, Q.; Ting, F. C. W. In Vitro Micro-Physiological
Immune-Competent Model of the Human Skin. Lab Chip 2016, 16
(10), 1899 1908.

(117) Stucki, J. D.; Hobi, N.; Galimov, A.; Stucki, A. O.; Schneider-
Daum, N.; Lehr, C. M.; Huwer, H.; Frick, M.; Funke-Chambour, M;
Geiser, T.; Guenat, O. T. Medium Throughput Breathing Human
Primary Cell Alveolus-on-Chip Model. Sci. Rep. 2018, 8, 14359.

(118) Brown, J. A; Pensabene, V.; Markov, D. A.; Allwardt, V.;
Neely, M. D.; Shi, M.; Britt, C. M.; Hoilett, O. S.; Yang, Q.; Brewer, B.
M.; Samson, P. C.; McCawley, L. J.; May, J. M.; Webb, D. J,; Li, D,;
Bowman, A. B.; Reiserer, R. S.; Wikswo, J. P. Recreating Blood-Brain
Barrier Physiology and Structure on Chip: A Novel Neurovascular
Microfluidic Bioreactor. Biomicrofluidics 2015, 9 (5), 054124,

(119) Booth, R.; Noh, S.; Kim, H. A Multiple-Channel, Multiple-
Assay Platform for Characterization of Full-Range Shear Stress Effects
on Vascular Endothelial Cells. Lab Chip 2014, 14 (11), 1880 1890.

(120) Bei ner, N.; Mattern, K.; Dietzel, A.; Reichl, S. DynaMiTES -
A Dynamic Cell Culture Platform for in Vitro Drug Testing PART 2 -
Ocular DynaMiTES for Drug Absorption Studies of the Anterior Eye.
Eur. J. Pharm. Biopharm. 2018, 126, 166 176.

(121) Mattern, K.; BeifRner, N.; Reichl, S.; Dietzel, A. DynaMiTES -
A Dynamic Cell Culture Platform for in Vitro Drug Testing PART 1 -

2947

Engineering of Microfluidic System and Technical Simulations. Eur. J.
Pharm. Biopharm. 2018, 126, 159 165.

(122) Li, J.; Wen, A. M.; Potla, R.; Benshirim, E.; Seebarran, A.;
Benz, M. A; Henry, O. Y. F.; Matthews, B. D.; Prantil-Baun, R.;
Gilpin, S. E.; Levy, O.; Ingber, D. E. AAV-Mediated Gene Therapy
Targeting TRPV4Mechanotransduction for Inhibition of Pulmonary
Vascular Leakage. APL Bioeng. 2019, 3 (4), 046103.

(123) Schuller, P.; Rothbauer, M.; Kratz, S. R. A.; Héll, G.; Taus, P.;
Schinnerl, M.; Genser, J.; Bastus, N.; Moriones, O. H.; Puntes, V.;
Huppertz, B.; Siwetz, M.; Wanzenbdck, H.; Ertl, P. A Lab-on-a-Chip
System with an Embedded Porous Membrane-Based Impedance
Biosensor Array for Nanoparticle Risk Assessment on Placental Bewo
Trophoblast Cells. Sens. Actuators, B 2020, 312, 127946.

(124) Wu, Q.; Wei, X.; Pan, Y.; Zou, Y.; Hu, N.; Wang, P. Bionic 3D
Spheroids Biosensor Chips for High-Throughput and Dynamic Drug
Screening. Biomed. Microdevices 2018, 20, 82.

(125) Oyunbaatar, N. E.; Dai, Y.; Shanmugasundaram, A.; Lee, B.
K.; Kim, E. S.; Lee, D. W. Development of a Next-Generation
Biosensing Platform for Simultaneous Detection of Mechano- And
Electrophysiology of the Drug-Induced Cardiomyocytes. ACS Sens.
2019, 4 (10), 2623 2630.

(126) Rothbauer, M.; Charwat, V.; Bachmann, B.; Sticker, D.;
Novak, R.; Wanzenbock, H.; Mathies, R. A.; Ertl, P. Monitoring
Transient Cell-to-Cell Interactions in a Multi-Layered and Multi-
Functional Allergy-on-a-Chip System. Lab Chip 2019, 19 (11), 1916
1921.

(127) Khalid, M. A. U; Kim, Y. S;; Ali, M.; Lee, B. G,; Cho, Y. J;
Choi, K. H. A Lung Cancer-on-Chip Platform with Integrated
Biosensors for Physiological Monitoring and Toxicity Assessment.
Biochem. Eng. J. 2020, 155, 107469.

(128) Tran, T. B.; Baek, C.; Min, J. Electric Cell-Substrate
Impedance Sensing (Ecis) with Microelectrode Arrays for Inves-
tigation of Cancer Cell - Fibroblasts Interaction. PLoS One 2016, 11
(4), No. e0153813.

(129) Jarvinen, P.; Bonabi, A.; Jokinen, V.; Sikanen, T. Simultaneous
Culturing of Cell Monolayers and Spheroids on a Single Microfluidic
Device for Bridging the Gap between 2D and 3D Cell Assays in Drug
Research. Adv. Funct. Mater. 2020, 30 (19), 2000479.

(130) Qian, F.; Huang, C.; Lin, Y. D.; Ivanovskaya, A. N.; O'Hara, T.
J.; Booth, R. H.; Creek, C. J.; Enright, H. A.; Soscia, D. A.; Belle, A.
M.; Liao, R.; Lightstone, F. C.; Kulp, K. S.; Wheeler, E. K.
Simultaneous Electrical Recording of Cardiac Electrophysiology and
Contraction on Chip. Lab Chip 2017, 17 (10), 1732 1739.

(131) Tran, T. B.; Nguyen, P. D.; Baek, C.; Min, J. Electrical Dual-
Sensing Method for Real-Time Quantitative Monitoring of Cell-
Secreted MMP-9 and Cellular Morphology during Migration Process.
Biosens. Bioelectron. 2016, 77, 631 637.

(132) Schmid, Y. R. F.; Burgel, S. C.; Misun, P. M.; Hierlemann, A,;
Frey, O. Electrical Impedance Spectroscopy for Microtissue Spheroid
Analysis in Hanging-Drop Networks. ACS Sens. 2016, 1 (8), 1028
1035.

(133) Pan, Y.; Hu, N.; Wei, X.; Gong, L.; Zhang, B.; Wan, H.; Wang,
P. 3D Cell-Based Biosensor for Cell Viability and Drug Assessment by
3D Electric Cell/Matrigel-Substrate Impedance Sensing. Biosens.
Bioelectron. 2019, 130, 344 351.

(134) Hyvérinen, T.; Hyysalo, A.; Kapucu, F. E.; Aarnos, L.
Vinogradov, A.; Eglen, S. J.; Yl&-Outinen, L.; Narkilahti, S. Functional
Characterization of Human Pluripotent Stem Cell-Derived Cortical
Networks Differentiated on Laminin-521 Substrate: Comparison to
Rat Cortical Cultures. Sci. Rep. 2019, 9, 17125.

(135) Gaio, N.; van Meer, B.; Solano, W. Q.; Bergers, L.; van de
Stolpe, A.; Mummery, C.; Sarro, P. M.; Dekker, R. Cytostretch, an
Organ-on-Chip Platform. Micromachines 2016, 7 (7), 120.

(136) Kujala, V. J.; Pasqualini, F. S.; Goss, J. A.; Nawroth, J. C,;
Parker, K. K. Laminar Ventricular Myocardium on a Microelectrode
Array-Based Chip. J. Mater. Chem. B 2016, 4 (20), 3534 3543.

(137) Huang, S.-H.; Lin, S.-P.; Liang, C.-K.; Chen, J.-J. J.
Impedimetric Monitoring of IGF-1 Protection of in Vitro Cortical

https://doi.org/10.1021/acsbiomaterials.0c01110
ACS Biomater. Sci. Eng. 2021, 7, 2926 2948


https://doi.org/10.1021/ac403013r?ref=pdf
https://doi.org/10.1021/ac403013r?ref=pdf
https://doi.org/10.1039/c3lc41308j
https://doi.org/10.1039/c3lc41308j
https://doi.org/10.1039/c3lc41308j
https://doi.org/10.1038/s41565-019-0566-z

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Review

Neurons under Ischemic Conditions. Biomed. Microdevices 2013, 15,
135 143.

(138) zZhang, N.; Stauffer, F.; Simona, B. R.; Zhang, F.; Zhang, Z.
M.; Huang, N. P.; Voros, J. Multifunctional 3D Electrode Platform for
Real-Time in Situ Monitoring and Stimulation of Cardiac Tissues.
Biosens. Bioelectron. 2018, 112, 149 155.

(139) Matsumoto, S.; et al. Integration of an Oxygen Sensor into a
Polydymethylsiloxane Hepatic Culture Device for Two-Dimensional
Gradient Characterization. Sens. Actuators, B 2018, 273, 1062 1069.

(140) Moya, A.; Ortega-Ribera, M.; Guimera, X.; Sowade, E.; Zea,
M.; llla, X.; Ramon, E.; Villa, R.; Gracia-Sancho, J.; Gabriel, G. Online
Oxygen Monitoring Using Integrated Inkjet-Printed Sensors in a
Liver-on-a-Chip System. Lab Chip 2018, 18 (14), 2023 2035.

(141) Wegener, J.; Seebach, J. Experimental Tools to Monitor the
Dynamics of Endothelial Barrier Function: A Survey of in Vitro
Approaches. Cell Tissue Res. 2014, 355, 485 514.

(142) McCain, M. L.; Agarwal, A.; Nesmith, H. W.; Nesmith, A. P.;
Parker, K. K. Micromolded Gelatin Hydrogels for Extended Culture
of Engineered Cardiac Tissues. Biomaterials 2014, 35 (21), 5462
5471.

(143) Caspi, O.; Itzhaki, I.; Kehat, I.; Gepstein, A.; Arbel, G.; Huber,
I.; Satin, J.; Gepstein, L. In Vitro Electrophysiological Drug Testing
Using Human Embryonic Stem Cell Derived Cardiomyocytes. Stem
Cells Dev. 2009, 18 (1), 161 172.

(144) Tertoolen, L. G. J.; Braam, S. R.; van Meer, B. J.; Passier, R.;
Mummery, C. L. Interpretation of Field Potentials Measured on a
Multi Electrode Array in Pharmacological Toxicity Screening on
Primary and Human Pluripotent Stem Cell-Derived Cardiomyocytes.
Biochem. Biophys. Res. Commun. 2018, 497 (4), 1135 1141.

(145) Simmons, C. S.; Sim, J. Y.; Baechtold, P.; Gonzalez, A;
Chung, C.; Borghi, N.; Pruitt, B. L. Integrated Strain Array for
Cellular Mechanobiology Studies. J. Micromech. Microeng. 2011, 21
(5), 054016.

(146) Mechanobiology. https://www.nature.com/collections/
yInpdzxvgn (accessed July 22, 2020).

(147) Lacour, S. P.; Chan, D.; Wagner, S.; Li, T.; Suo, Z
Mechanisms of Reversible Stretchability of Thin Metal Films on
Elastomeric Substrates. Appl. Phys. Lett. 2006, 88 (20), 204103.

(148) Ortega, M. A.; Fernandez-Garibay, X.; Castano, A. G.; De
Chiara, F.; Hernandez-Albors, A.; Balaguer-Trias, J.; Ramon-Azcon, J.
Muscle-on-a-Chip with an on-Site Multiplexed Biosensing System for
in Situ Monitoring of Secreted IL-6 and TNF- . Lab Chip 2019, 19
(15), 2568 2580.

(149) Li, Y.; Sella, C.; Lemaitre, F.; Guille-Collignon, M.; Amatore,
C.; Thouin, L. Downstream Simultaneous Electrochemical Detection
of Primary Reactive Oxygen and Nitrogen Species Released by Cell
Populations in an Integrated Microfluidic Device. Anal. Chem. 2018,
90 (15), 9386 9394.

(150) Matharu, Z.; Enomoto, J.; Revzin, A. Miniature Enzyme-Based
Electrodes for Detection of Hydrogen Peroxide Release from Alcohol-
Injured Hepatocytes. Anal. Chem. 2013, 85 (2), 932 939.

(151) Inoue, K. Y.; Ino, K.; Shiku, H.; Kasai, S.; Yasukawa, T.;
Mizutani, F.; Matsue, T. Electrochemical Monitoring of Hydrogen
Peroxide Released from Leucocytes on Horseradish Peroxidase Redox
Polymer Coated Electrode Chip. Biosens. Bioelectron. 2010, 25 (7),
1723 1728.

(152) Endo, K.; Miyasaka, T.; Mochizuki, S.; Aoyagi, S.; Himi, N.;
Asahara, H.; Tsujioka, K.; Sakai, K. Development of a superoxide
sensor by immobilization of superoxide dismutase. Sens. Actuators, B
2002, 83 (1 3),30 34.

(153) Ohsaka, T.; Tian, Y.; Shioda, M.; Kasahara, S.; Okajima, T. A
superoxide dismutase-modified electrode that detects superoxide ion.
Chem. Commun. 2002, No. 9, 990 991.

(154) Wang, X.; Han, M.; Bao, J.; Tu, W.; Dai, Z. A superoxide
anion biosensor based on direct electron transfer of superoxide
dismutase on sodium alginate sol-gel film and its application to
monitoring of living cells. Anal. Chim. Acta 2012, 717, 61 66.

2948

(155) McNeil, C. J.; Athey, D.; On Ho, W. Direct electron transfer
bioelectronic interfaces: application to clinical analysis. Biosens.
Bioelectron. 1995, 10 (1 2), 75 83.

(156) Xiang, C.; Zou, Y.; Sun, L.-X.; Xu, F. Direct electron transfer
of cytochrome ¢ and its biosensor based on gold nanoparticles/room
temperature ionic liquid/carbon nanotubes composite film. Electro-
chem. Commun. 2008, 10 (1), 38 41.

(157) Luo, Y.; Liu, H.; Rui, Q.; Tian, Y. Detection of Extracellular
H,0, Released from Human Liver Cancer Cells Based on TiO,
Nanoneedles with Enhanced Electron Transfer of Cytochrome. Anal.
Chem. 2009, 81 (8), 3035 3041.

(158) Gruber, P.; Marques, M. P. C.; Szita, N.; Mayr, T. Integration
and Application of Optical Chemical Sensors in Microbioreactors.
Lab Chip 2017, 17 (16), 2693 2712.

(159) Ges, I. A;; Ivanov, B. L.; Schaffer, D. K.; Lima, E. A.; Werdich,
A. A.; Baudenbacher, F. J. Thin-Film IrOx PH Microelectrode for
Microfluidic-Based Microsystems. Biosens. Bioelectron. 2005, 21 (2),
248 256.

(160) Brischwein, M.; Motrescu, E. R.; Cabala, E.; Otto, A. M.;
Grothe, H.; Wolf, B. Functional Cellular Assays with Multiparametric
Silicon Sensor Chips. Lab Chip 2003, 3 (4), 234 240.

(161) Ponte, R.; Giagka, V.; Serdijn, W. A. Design and Custom
Fabrication of a Smart Temperature Sensor for an Organ-on-a-Chip
Platform. 2018 IEEE Biomedical Circuits and Systems Conference,
BioCAS 2018 - Proceedings 2018, 1 4.

(162) Werr, G.; Khaji, Z.; Ohlin, M.; Andersson, M.; Klintberg, L.;
Searle, S. S.; Hjort, K.; Tenje, M. Integrated Thin Film Resistive
Sensors for in Situ Temperature Measurements in an Acoustic Trap. J.
Micromech. Microeng. 2019, 29 (9), 095003.

(163) Inal, S.; Hama, A.; Ferro, M.; Pitsalidis, C.; Oziat, J.; landolo,
D.; Pappa, A. M.; Hadida, M.; Huerta, M.; Marchat, D.; Mailley, P.;
Owens, R. M. Conducting Polymer Scaffolds for Hosting and
Monitoring 3D Cell Culture. Adv. Biosyst. 2017, 1 (6), 1700052.

(164) Li, J; Yang, S.; Lei, R.; Gu, W.; Qin, Y.; Ma, S.; Chen, K;;
Chang, Y.; Bai, X;; Xia, S.; Wu, C.; Xing, G. Oral Administration of
Rutile and Anatase TiO2 Nanoparticles Shifts Mouse Gut Microbiota
Structure. Nanoscale 2018, 10 (16), 7736 7745.

(165) Kalmykov, A.; Huang, C.; Bliley, J.; Shiwarski, D.; Tashman,
J.; Abdullah, A.; Rastogi, S. K.; Shukla, S.; Mataev, E.; Feinberg, A. W.;
Hsia, K. J.; Cohen-Karni, T. Organ-on-e-Chip: Three-Dimensional
Self-Rolled Biosensor Array for Electrical Interrogations of Human
Electrogenic Spheroids. Sci. Adv. 2019, 5 (8), No. eaax0729.

https://doi.org/10.1021/acsbiomaterials.0c01110
ACS Biomater. Sci. Eng. 2021, 7, 2926 2948



