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Demand for biocompatible, non-invasive, and continuous real-
time monitoring of organs-on-chip has driven the development
of a variety of novel sensors. However, highest accuracy and
sensitivity can arguably be achieved by integrated biosensing,
which enables in situ monitoring of the in vitro microenviron-
ment and dynamic responses of tissues and miniature organs
recapitulated in organs-on-chip. This paper reviews integrated
electrical, electrochemical, and optical sensing methods within
organ-on-chip devices and platforms. By affording precise

1. Introduction

For decades researchers have been dependent on in vitro cell
cultures, let alone non-human animals, to study biological
processes and the response of tissues to various therapies in
pre-clinical settings. However, due to their simplistic nature, it is
increasingly clear that standard cell cultures may not fully
mimic the primary aspects of human physiology." As they
stand, in vitro cell cultures do not normally account for cell-
matrix and cell-cell interaction, perfusion, external stimulation,
and three-dimensional organization, which are conversely
critical for recapitulating (patho)physiological responses. The
pharmaceutical industry on the other hand routinely performs
drug testing invivo through organismic models based on
animals, such as rodents, chimps, or pigs. Despite this, a non-
negligible number of drug candidates fail in clinical trials, or
even after regulatory approval and commercialization, due to
serious shortcomings.”® Drugs that pass pre-clinical testing in
animal models may still fail to demonstrate efficacy or cause
severe toxicities in humans."* Conversely, drugs and molecules
potentially effective and safe in humans might not even reach
clinical trials if discarded out of contradictory results in animal
testing. Though animal models can inherently generate
systemic responses from multiple organs, which is currently
difficult with conventional in vitro systems, eliciting and differ-
entiating cell- or tissue-specific physiological responses therein
can be hard and even lead to complications and misinter-
pretations. Moreover, animal models fall short of adequately
representing human physiology due to important fundamental
differences;” and ethical concerns have pushed scientists and
organizations worldwide to reduce, refine, and replace (3R’s)
the animal models used in research.®'® These issues prompted
the need for developing in vitro models more closely reproduc-
ing human physiological functions.

An organ-on-chip (OoC) is a microfluidic device containing a
living engineered tissue structure, capable of recapitulating one
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detection of analytes and biochemical reactions, these methods
expand and advance the monitoring capabilities and reproduci-
bility of organ-on-chip technology. The integration of these
sensing techniques allows a deeper understanding of organ
functions, and paves the way for important applications such as
drug testing, disease modeling, and personalized medicine. By
consolidating recent advancements and highlighting challenges
in the field, this review aims to foster further research and
innovation in the integration of biosensing in organs-on-chip.

or multiple features of the (patho)physiology of invivo
organs."” OoC models can mimic human organ responses more
closely than conventional in vitro models. The (sub)millimetric
size of OoC devices (OoCs) offers precise control of the cellular
microenvironment and culture conditions and reduces the
amount of cells and reagents needed, resulting in increased
throughput and cost-effectiveness."? OoCs could be used to
study onset and prognosis of diseases, discover new drugs, test
their efficacy, and screen their toxicity.">'¥ There currently
persists a great variance in the response toward drugs and
therapies in different ethnic as well as genetic
subpopulations."”™ 0oC models could encode personalized
biological responses accounting for genotypic variations among
patients, opening to personalized medicine applications."®

In the early 2000s, the exploration of microfluidics to
construct microphysiological systems laid the foundation for
the OoC field."” In 2010, a groundbreaking achievement was
witnessed with the demonstration of the first microfluidic
devices capable of simulating specific organ functions, notably
the lung-on-a-chip model. This pioneering device featured a
pair of stacked microchannels vertically separated by a
pneumatically-stretchable porous membrane.® After this mile-
stone, focus was swiftly diversified, leading to the creation of
analogous models for other organs such as gut and blood-
brain-barrier (BBB)."** These breakthroughs prompted studies
in drug absorption, metabolism, and toxicity testing. As the
field matured, the cross-talk between multiple single-organ
models became a focal point to recapitulate complex inter-
actions between diverse organs. A significant advancement was
achieved in 2018 with the development of a multi-organ-on-
chip (multi-OoC) system dedicated to drug metabolism
research.”"! This system featured up to ten organ models
coupled through integrated fluidic circuitry, facilitating the
study of organ interactions in a physiologically-relevant context.
Concurrently, efforts intensified towards the integration of
sensors within OoC systems for real-time sensing to predict
drug responses and guide personalized treatment strategies
based on patient-specific reactions.?? A representative example
is the high-throughput microphysiological platform PREDICT-
96.%¥ This microfluidic system was designed to recapitulate
hepatocyte functions under dynamic and re-circulating con-
ditions within a 96-well microfluidic array. The latter and similar
examples confirm that, to support its attractive perspectives
and consolidate its reproducibility, a preeminent requirement
of OoC technology lies in precise control and therefore close
monitoring of the microenvironmental conditions within OoCs.
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Accurate in situ measurement of biological and biochemical
parameters can thereby be achieved by embedding biosensors
in OoC devices and platforms.

2. Integrated Sensing in Organs-on-Chip

Much of ongoing OoC research focuses on the development of
diverse organ models recapitulating human in vivo functionality.
There consequently arises the need to monitor as well as
analyse various biochemical markers and physical parameters
within OoCs, as they affect cell growth, function, differentiation,
and viability. Detecting biochemical, mechanical, and electrical
responses to stimuli indicative of cell metabolism and function
is similarly crucial. Conventional methods involve manual
sample collection and off-chip analysis to characterize and
evaluate cellular microenvironment,  function, and
organization.”” These methods often depend on single or
endpoint measurements, leading to disturbance, frequent
interruption, and termination of experiments. In particular,
cellular analysis and response to stimuli are usually demarcated
by optical and fluorescent microscopy with the use of labelling
stains, which can interact with cells and other species of
interest, thereby affecting the analysis. Alternatively, OoC
monitoring can be made possible by endowing OoCs with
sensors.”” Integrated and in-line sensing - ideally providing
continuous, label-free, real-time sampling and analysis with
minimal interference - enables sustained, reliable, and high-
quality retrieval of abundant data,®® an important and only
partly met need in the OoC field.

Along with the cellular microenvironment, it is also crucial
to monitor cell behaviour, which provides critical insights into
cellular activity at the microscale”” The establishment and
sustenance of concentration gradients of ions, oxygen, and
biochemical species are vital for the functionality of physiolog-
ically-relevant OoCs.”® Integrated sensors play a crucial role in
spatio-temporal assessment of the effect of gradients on cell-
cell and cell-matrix interactions in microphysiological systems.
Uncertainty in the evaluation of such a wide range of
parameters and functions of the microenvironment can lead to
misinterpretation of analyses,”” and to adverse effects on cells
and tissues cultured in 00Cs.*” Hence, OoC-integrated bio-
sensors should ideally have specific features for controlled
monitoring and parameter quantification of OoCs, as summar-
ized in Figure 1 and Table 1 which presents synoptic compar-
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Figure 1. Characteristics of ideal sensors for OoC devices and platforms.

ision of different sensors. The following sections provide a brief
overview of integrated sensing options for OoCs.

3. Electrical Sensing
3.1. Trans-epithelial/endothelial electrical resistance

Trans-epithelial/endothelial electrical resistance (TEER) is a
crucial parameter in evaluating the epithelial/endothelial cell
layer’s barrier function.®" In its basic form, TEER is measured by
the voltage drop across the tissue barrier caused by an input
current. TEER measurement is label-free and can be conducted
continuously. The TEER value is an indicator of confluency of
cells and integrity of the cell barrier, used to assess the efficacy
of barriers in disease models, as well as to investigate the
toxicological impact of compounds. Physiological tissue barriers
have TEER values associated with their function. With TEER
values varying from 1,500 to 8,000 Qcm? the blood-brain
barrier is the tightest, while for the proximal conduit in the
kidney TEER measures nearly 70 Q cm?.5>*¥

In a standard invitro transwell apparatus, the resistance
across a cell layer is evaluated after physically inserting electro-
des into both the upper and bottom sections of the transwell.
Resistance increases as the cell membrane becomes more
constrictive.®" However, applying this method in microphysio-
logical systems can be challenging due to the confined and
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closed nature of the devices. Additionally, compared to trans-
well systems, cell cultivation areas in OoCs are typically much
smaller, making the exact positioning and proximity of the
electrodes to the cells crucial for stable and reproducible
readings. Accordingly, TEER values obtained from microfluidic
devices may differ from those obtained from transwell barrier
systems using the same kind of cells.?” Integration of the
electrodes in the devices can minimize the disturbances caused
by manual handling.

TEER sensing electrodes have recently been incorporated
into a variety of OoC models. Barrier models, including blood-
brain barrier,?¥ gut® and Ilung,*? greatly benefit from
integrated TEER electrodes, typically fabricated using thin film
deposition and photolithography techniques. Other applica-
tions include heart (Figure 2A)®” and epidermis,”*® and real-time
measurement of electric activity of cells during proliferation.””
An electrode array integrated in an OoC platform for continu-
ous TEER monitoring was fabricated using screen printing and
laser processing.*” The electrodes showed substantial stability
with change in resistance of less than 0.02 Q. An interesting
opportunity lies in the integration of TEER sensing electrodes
on flexible substrates, specifically for stretching tissues, as
demonstrated in lung-on-chip devices.*" TEER in OoC systems
faces challenges due to lack of standardization in measurement
setup and protocol, and accurate invivo replication. Over-
coming these issues involves optimizing cell cultures and
establishing standards for operations and geometry of electro-
des and tissue culture areas.

3.2. Electric cell-substrate impedance sensing

Electric cell-substrate impedance sensing (ECIS) is used to assess
various aspects of cellular monolayers in OoCs. ECIS involves
cultivating cells on co-planar electrodes to measure their
electrical impedance at multiple frequencies. Extracted data can
help evaluating cell growth and viability, spreading and attach-
ment, morphology, motility, response to stimuli, cytotoxicity,
and the healing of wounds.**** ECIS can provide a qualitative
analysis of variation in cellular activity and thereby differs from
TEER, which mainly measures barrier function.”

In ECIS and similar electrode-based sensors, smaller working
electrodes and a larger counter electrode with minimal
impedance are typically employed because electrode impe-
dance rises as the electrode size diminishes. Electrode arrays
can obtain local impedance evaluations as a function of
position. ECIS has been successfully integrated into different
0oC models based on hydrogel® as well as polydimeth-
ylsiloxane (PDMS) (Figure 2B)."® However, prolonged contact
with cell growth medium can cause the surface of in situ sensor
electrodes to get fouled. Frequent cleaning, shortening of
experiments, or incorporation of antifouling layers are recom-
mended to minimize fouling."”

3.3. Multielectrode arrays

Extracellular field potential variations result from alterations in
the polarization of the cell membrane in electrogenic cells, such
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Figure 2. Examples of electrical sensors integrated on chip. (A) TEER-MEA heart-on-chip with gold TEER electrodes and platinum-black MEA. (Reprinted from®”
with permission of the Royal Society of Chemistry, 2017) (B) Microfluidic gut-on-a-chip device with patterned gold electrodes on polycarbonate substrate for
TEER measurements. Reprinted from®*“® with permission of the Royal Society of Chemistry, 2017, 2019) (C) Microfluidic chip with MEA featuring transparent
graphene electrodes for retinal electrophysiological studies. (Reprinted from®? with permission of the Royal Society of Chemistry, 2023) (D) Microfluidic multi-

organ system with MEA chips (cMEA) for recording electrical signals and cantilever chips (CL) for mechanical function. (Reprinted from

Wiley-VCH, 2019).
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as cardiomyocytes and neurons, and can be captured by
voltage-sensing devices. Multielectrode arrays (MEAs) are sets
of distinct (micro)electrodes that can measure the field
potential of cells spatially and temporally."® MEAs readout can
keep track of voltage peaks that appear above a predetermined
threshold. MEAs have numerous applications, including models
of neuromuscular junctions, heart, neuronal systems, and
muscle contraction.*” Studies of neural network processes,
electro-physiological pathways linked to pathological ailments,
and the impact of drugs on groups of cells are all made possible
by using MEAs to detect extracellular bioelectrical potential
in vitro. For instance, a multi-tissue-on-a-chip platform for long-
term analysis was monitored using an MEA by measuring
cardiac beating following exposure to drug metabolites
generated by hepatic metabolism.®>*" A recent study intro-
duced perforated microfluidic MEAs with transparent graphene
electrodes, which have the potential for chemical stimulation
(Figure 2C). These MEAs were used to measure the electrical
response of ganglion cells to stimulation.”

Within an OoC microenvironment, cells should be grown
directly on the surface of MEAs to enable a high degree of
spatial resolution since the electric potential reduces rapidly
with distance. Both high- and low-frequency field potentials can
be detected by using MEAs. Single cells exhibit a high-
frequency potential, whereas linked activity among cells and
total organ physiology is represented in the low frequency
bandwidth (0.25-100 Hz).®¥ The electrophysiological activity of
cultured cells can be described by various spatiotemporal
parameters, including time duration of field potential and inter-
peak range.””

The majority of current MEAs are limited to a planar (2D)
configuration, which restricts their ability to fully capture the
intricate three-dimensional (3D) nature of electric tissue activity,
especially within the complexities of the brain. The develop-
ment and utilization of 3D MEAs are key to overcome this
limitation and provide a comprehensive understanding of the
signal dynamics occurring within brain tissues. To this purpose,
miniature wafer-integrated MEA caps were designed to enable
3D spatiotemporal electric recording of brain organoid activity
with optically-transparent shells made of self-folding polymer
leaflets and conductive polymer-coated metal electrodes.” The
authors reported a 42% increase in signal-to-noise ratio (SNR)
in 3D shell electrodes compared to 2D planar ones. In another
work, 3D MEAs featuring truncated Si micropyramids with
vertically-arranged TiN microelectrodes were fabricated for
high-throughput 3D spatial recording of neuronal tissue
activity.®™ Simultaneous monitoring of mechanical and electri-
cal cellular activity within a single chip has also been explored
(Figure 2D).5®

4, Electrochemical Sensing
An electrochemical biosensor detects biological entities by
converting the information they contain into an electrical

signal.®” The principal mode of operation is the conversion of a
specific biochemical reaction to an electrical output, with the

ChemBioChem 2023, 202300560 (5 of 11)

purpose of recording changes in voltage or current via electro-
des while simultaneously tracking biochemical responses taking
place during physiological processes. Thanks to their inherent
simplicity, ease of miniaturization, low prices, and outstanding
analytical results, electrochemical sensors are very appealing for
OoC integration.

Electrochemical biosensors with a bio-recognition element
in direct contact with a transduction element lead to a
permanent readout chemical reactivity which interferes with
and affects the OoC microenvironment, though measurements
can still be taken continuously. Numerous analytes are inactive
catalysts or do not interact with catalytically-active enzymes.
The detection method used in such situations is typically based
on the reactions of analytes with corresponding, affinity-based
enzymatic labels. It can be challenging to apply this method in
continuous real-time evaluation of analytes, despite its suit-
ability for end-point analyses. In comparison, both label- and
reagent-free methods of operation are possible for potentio-
metric and impedimetric sensors.

Tanumihardja et al. measured pH and O, in two distinct
modes using a ruthenium oxide (RuOx) electrode on-chip®® The
oxygen level was determined chrono-amperometrically, and a
continuous pH measurement was acquired potentiometrically.
Cardiomyocytes derived from human pluripotent stem cells
were examined using RuOx electrodes to deduce two distinct
metabolic processes. The pH sensor showed lower drift with
0.013 change in pH per hour and a response time of less than
2 s. An electrochemical microsensor was integrated in a breast
cancer-on-chip for the detection of lactate, glucose, and
oxygen.®? A poly(2-hydroxyethyl methacrylate) (pHEMA)-based
hydrogel immobilized on the electrodes measured the equimo-
lar conversion of glucose or lactate into H,0,. The limit of
detection for glucose and lactate sensors was reported at
7.6 uM and 6.1 pM, respectively, and less than 1 uM for oxygen
sensing. A microfluidic device with a magnetic bead sensor was
fabricated to detect proteins in complex culture conditions
(Figure 3A).%"" A redox-labeled aptamer matching the cytokine
interferon-gamma that was to be found in spiked serum was
functionalized onto the beads. The square wave voltammetry
output was altered by the redox label, leaving the detecting
surface as a result of interferon-gamma binding. The sensitivity
of this sensor (6.35 ng/ml) was claimed to be three times higher
than in previous literature. The limit of detection for the
optimized biosensor was reported as 6 pg/ml. To detect tiny
biomarker concentrations of human cardiac troponin | (cTnl), a
promising biomarker for acute myocardial infarction, a highly-
sensitive microfluidic electrochemical array with miniaturized
electrodes reporting a limit of detection of 5 pg/ml was
produced.®"

An integrated microfluidic device with a sensor array based
on a field-effect transistor (FET) and immobilized aptamers as
capture molecules was coupled with an external control
system.® This integrated FET-biosensor platform was devel-
oped to detect cardiovascular markers in serum samples. A
dual-gate FET-based charge sensor was developed by Aydog-
mus et al. and integrated into a transparent microelectrome-
chanical OoC device (Figure 3B).** The overall electrode surface

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. Electrochemical sensors integrated on chip. (A) Microfluidic device integrated with electrochemical aptamer-based sensor for monitoring of
cytokines.* (CC BY 4.0) (B) OoC with integrated FG-FET-based pH sensor and microelectrodes for recording cellular electrical activity.®® (CC BY 4.0) (C)

Electrocatalytic RuOx-based nitric oxide sensor in an OoC. (Reprinted from

with permission of Elsevier, 2021) (D) Inkjet-printed electrochemical oxygen

sensors in a liver-on-a-chip system. (Reprinted from”¥ with permission of the Royal Society of Chemistry, 2018).

area and, consequently, sensor sensitivity were dramatically
improved by the decoration of Ti-sensing electrodes with gold
nanoparticle films.® They verified the biocompatibility of the
sensor and its ability to respond to poly-D-lysine and KCI.

Potentiometric sensors, such as those based on metal oxide
(MOX), ion-sensitive FETs, and organic electrochemical transis-
tors, typically consist of an indicator electrode, the primary site
for electrochemical reactions, and a reference -electrode.
Potentiometric sensors are used for detecting ions, including
carbon dioxide, pH, and sodium ions. MOX-based sensors use
manganese, zing, or iridium as the indicator electrode and silver
and silver chloride as the reference electrode.®™ The efficiency
of MOX for OoC applications is supported by its quick
responsiveness and resilience under extreme conditions such as
extreme temperatures, humidity conditions, and harsh chemical
environments.

A study demonstrated the application of a dual-sensor
approach using colorimetry along with fluorescence for detect-
ing Salmonella using ZnO-capped mesoporous silica-based
nanoparticles for enhancing the biosensing in microfluidics.”*®
In a different work, an electrochemical three-electrode PDMS
microfluidic system with Au electrodes altered by nanosheets of
CeO, was described.”” This device exhibited triple enzyme
mimic activity and could detect H,O, released by living cells. A
change in the color of the solution indicated that CeO,
nanosheets stimulated the breakdown of H,O, to generate OH™
radicals that oxidized the peroxide substrate.

lon-sensitive (IS) membranes are used instead of indicator
electrodes in FET-based sensors manufactured on silicon
substrates (ISFETs). The membrane-to-reference electrode cur-
rent pathway is established by applying an additional voltage.

ChemBioChem 2023, 202300560 (6 of 11)

The biological receptors can be altered on their surfaces for
capturing targets, and the target ions can be detected and
quantified based on the transistor current. The most significant
advantages of ISFETs are their compact design and tiny size,
ideal for miniature systems. In organic electrochemical transis-
tors (OECT) direct electro-chemical doping or de-doping of the
conductive layer can allow the transfer of ions into active
regions. By modifying the gate electrodes, OECTs have the
potential to detect specific metabolism in complicated
systems.”®

Koklu etal. have proposed a sensor that can directly
recognize glucose by eliminating the need for an additional
medium.® They demonstrated an OECT with sideways gate
electrodes modified with an enzyme and n-type compounded
polymer-based channels. Flow-through continuous monitoring
of glucose was enabled via microfluidic integration with
increased SNR and detection limit of 1 nM. Another group
showed that vertical PEDOT:PSS-based OECTs (VOECTs) improve
device density and amplify the signal.”® The spatial resolution
could be increased by placing more transistors in an identified
area using a vertical layout. The study demonstrated the ability
of VOECTs to record concurrently both fast signals, like action
potentials, and slow signals, such as multicellular potentials.

In contrast to potentiometric sensors, amperometric sensors
frequently use a counter electrode as an additional electrode to
safeguard the reference electrode from over-currents and
maintain its half-cell potential. Amperometric sensors for OoCs
should have indicator electrodes which meet the following
criteria: adequate conductivity, biocompatibility, and biochem-
ical stability against redox processes. The electrodes could be
modified with biological recognizing elements. Such a techni-

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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que enables the sensing of non-electrochemically active
species, where secondary current-responsive products could be
delivered as direct inactive species.”” Oxidase enzymes, for
example, may be mounted on the indicator electrodes to
facilitate the conversion of glucose to hydrogen peroxide,
whose electrical signals could be monitored to detect and
quantify glucose. These indirect sensors have demonstrated
significant promise for assessing various electrically inactive
species.”? RuOx nanorods-based electrodes were used in an
amperometric sensor for highly-sensitive and selective online
monitoring of nitric oxide in OoCs (Figure 3C)." They showed
RuOx is 115 times more selective to NO than NaNO, and
reported a limit of detection of 250 mM. Moya et al. presented a
bioreactor platform for liver-on-chip comprising an upper
microfluidic chamber and a static bottom chamber (Fig-
ure 3D)." To measure oxygen concentrations at the inflow,
middle, and outflow of the culture chamber, three amperomet-
ric electrochemical oxygen sensors were inserted in a PTFE
membrane which divided the two compartments. The reported
sensitivity for these sensors was 28 nALmg™' and limit of
detection of 0.11 mgL™' for dissolved oxygen. Electrochemical
sensors in OoC systems are challenged by sensitivity to environ-
mental conditions and real-time monitoring. Overcoming these
involves adding protective coatings for durability and using
specific receptor molecules to enhance selectivity.

5. Optical Sensing

Due to their high sensitivity, smooth integration with micro-
fluidics, label-free and non-invasive operation, optical biosen-
sors represent an appealing choice for OoC technology. These
sensors pick up changes in optical absorption, illumination,
refractive index, or scattering, among other optical properties.
Having the ability to retrieve the signal without the sensing
device making direct contact with the biological substrate is a
crucial benefit of optical sensors,”>’® enabling long-term
analysis and microenvironmental monitoring without disturbing
the cells. For example, Shaegh et al. proposed a multi-analyte
optical sensor with embedded light detectors and an LED to
continuously monitor oxygen and pH concentrations in a
microfluidic system (Figure 4A)."” The pH sensor showed a
sensitivity of 160 mV/pH and good accuracy with a resolution of
0.03 pH, the oxygen sensor a minimum detectable variation of
0.8% O, concentration. Similarly, Khalid etal. used optical
phenol red absorbance to track pH in a lung cancer-on-chip
setup which showed a sensitivity of 489 mV/pH.”® Utilizing the
intrinsic transparency of materials frequently employed in OoC
manufacturing, the incorporation of optical sensors into micro-
fluidic devices has been thoroughly investigated for real-time
evaluation of analytes.” However, to identify specific molecules
in the cell culture, some approaches would need labeled
substrates; and in comparison to electrochemical systems,
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Figure 4. Examples of optical sensors combined with microfluidics. (A) Optical pH and oxygen sensor based on light absorption and quenching in an OoC.
(Reprinted from"”” with the permission of AIP Publishing, 2016) (B) Plasmonic nanohole array-based biosensor for cytokine analysis in a microfluidic system.
(Reprinted from® with permission of the Royal Society of Chemistry, 2017) (C) LSPR based optofluidic platform for sensing analytes in adipose-tissue-on-chip.
(Reprinted from® with permission of the Royal Society of Chemistry, 2018) (D) Microfluidic platform consisting of silver-decorated porous silicon on PDMS for
SERS analysis. (Reprinted from"® with permission of the Royal Society of Chemistry, 2017).
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optical instrumentation can be more expensive and great sensitivity and stability of gold are well recognized,

sophisticated.®

To produce photon responses in luminescence sensors, the
light source must stimulate luminescent sensing components.®"
Marker dyes are used to create or improve luminous responsive-
ness when compounds released during physiological processes
in OoCs lack intrinsic luminescence characteristics. Dynamic
quenching, which influences luminous intensity and lifetime, is
a key component of oxygen sensors frequently employed in
microfluidics.®? Another option is to use an indirect sensing
technique, akin to electrochemical detection. In this technique,
the target analyte is converted by a biological recognition
component, and an indicator dye identifies a byproduct.® In a
perivascular niche-on-chip, Perottoni et al. showed a miniature
system for intracellular assessment of mesenchymal stem cell
activity.® For quantitative analysis of oxygen, they used
fluorescent lifetime imaging microscopy (FLIM) with nano-
particles probe as indicator dyes.

Optical biosensors are commonly used in OoCs for protein
and peptide detection. They employ biorecognition compo-
nents such as antibodies and aptamers (DNA or RNA). A
challenge lies in the abundance of non-specific proteins
compared to the target analyte. To overcome this, a nano-
plasmonic sensor was integrated in an OoC to quantitatively
measure cytokine release in real time without the need for
markers (Figure 4B).®¥ Cytokine binding to an antibody caused
a significant change in the transmitted light wavelength and
showed a sensitivity of 145 pg/ml for vascular endothelial
growth factor detection in complex media. Aptamer-based
biosensors are also employed in OoCs due to their strong target
binding and animal-free manufacturing procedures.®™ In one
study, a chip-mounted aptamer biosensor targeting vascular
endothelial growth factor (VEGF) was used to detect cervical
cancer cells.®” However, aptamers may be susceptible to
degradation in biological fluids containing enzymes.

The ratio of transmitted and incident light intensities across
an analyte with distinctive absorption peaks is the basis for
absorptiometry.®® Indicator dyes are frequently employed to
interact with and change the absorption spectra of analytes
lacking intrinsic spectral absorption features.”” However, due to
the proportionate correlation between attenuation and the
length of the optical path, the efficacy of this detection
approach is reduced in tiny reacting chambers, such as those
present in microfluidic systems.

Surface plasmons (SP) are produced at the metal-dielectric
interface via plasmonic resonance, which happens when light
interacts with metals or other materials that have conductive
electrons.®*” The localized changes in the adjacent medium’s
refractive index caused by molecules adhering to the interface
affect the interfacial propagation of electromagnetic waves.”"
Metallic layers and nanoparticles are frequently used as the
substrate for optical sensors because they can be incorporated
into microfluidic platforms and provide superior sensitivity — as
low as single-molecule level - and rich understanding without
requiring labeling in biomolecular analyses.””

Among the most widely-used substrates for plasmon-based
applications in biomedicine are aluminum, gold, and silver. The
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whereas the oxidation problems of silver are critical.”® Addi-
tionally, due to their huge surface area-to-volume ratio and
significant binding energies, 2D nanomaterials improve electro-
magnetic interaction on the metallic surface, amplifying the
surface plasmon resonance (SPR) effect. Substrates could be
nanopatterned with structures similar to or shorter than the
wavelengths of light, confining surface plasmons inside the
nanostructures, to further increase sensitivity in molecule
recognition.**

For dynamical drug screening and cell adherence measure-
ment, SPR-based sensing methods have been successfully
coupled with in vitro platforms. Sensitive and label-free identi-
fication and measurement of molecules are made possible by
tracing shifts in transmission spectra in real-time in OoCs. An
SPR-based nanohole array, for example, was utilized in a
microfluidic cellular module to identify vascular endothelial
growth factor.”® For label-free surveillance of insulin secretion,
Ortega et al. created a biomimetic islet-on-chip system includ-
ing an on-chip localized surface plasmon resonance (LSPR)-
based sensing component employing modified gold
nanoantennas.”” In this study, the limit of detection of insulin
was reported to be 0.85 pg/ml Another instance is a
biomimetic adipose-tissue-on-chip device that used an LSPR
biosensor array made of gold nanorods coupled with an
antibody to detect cytokine production from adipose tissue
(Figure 4Q).%8

Lens-free imaging (LFI) is an innovative way of imaging on-
chip. The foundation of LFl is the use of a coherent light source,
such as a laser diode, to illuminate a specimen.” An image
sensor is subsequently used to capture the resulting diffraction
pattern. By resolving an inverse model of the light diffraction
pattern, an image of the specimen can be recreated. As the
name suggests, LFl eliminates the need for lenses and other
costly optical elements, and allows imaging systems that are
significantly compact, integrable, and affordable for a wide
range of biological applications."™ LFl is a viable option for
low-cost point-of-care systems intended for resource-con-
strained environments, as it produces high-resolution images
on a field-portable platform.'™ LFI can similarly be a viable
modality for sensing in OoC systems.!*?

An effective method for detecting molecules and determin-
ing their composition, interaction, and conformity, is Raman
spectroscopy."® Surface-Enhanced Raman Spectroscopy (SERS)
considerably increases sensitivity by enhancing Raman signals
using electromagnetic and chemical means. This enables quick
and straightforward generation of molecular vibrational signa-
tures and assessment of the chemical makeup of the specimens
by primary analyses. The distinct spectral fingerprints of the
samples can be recovered by comparison with a database of
well-known chemicals. Recognition or discovery of important
biochemical and structural data can thereby be enhanced by
machine learning tools.

Microfluidics has benefited from the features of SERS
because of its label-free, non-destructive, stable, sensitive on-
chip recognition abilities, especially for trace substances."®
Incorporating SERS in microfluidics has some clear benefits over

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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macroscale platforms, such as repeatable measurement settings
and clearly defined detection domains."™ Its remarkable
efficacy was demonstrated in various biological substrates,
including  bacteria, miRNA, drugs, DNA, and food
pollutants.'*-'% SERS-on-chip innovations raise further interest
in personalized medicine.'™

Metals are largely used as SERS substrates for ultra-sensitive
molecule recognition by virtue of their large enhancing
factor."" Noble metals featuring nanostructures with tailored
size, symmetry, and distinct geometrical characteristics produce
hotspots which significantly improve SERS.'"™"" Using DNA
aptamers for interleukin 6 (IL-6) identification, Muhammad et al.
created a structured array of gold nanoparticles as SERS
substrates."'? IL-6 was quantified in the range of 107'>-107 M
in serum sample with lower limit of detection of 0.8 pM. Wu
et al. utilized silver nanocubes as hotspots for DNA detection,
employing nicking endonuclease signal amplification and
electrically-heated electrodes to enhance sensitivity and attain
the lower limit of detection of 3.1 fM."" To improve SERS
detection, mesoporous silica, polymeric and magnetic nano-
particles can be combined with nanostructured metal."'¥ Chen
etal. created hybrid SERS substrates by combining glycopol-
ymers with in situ-produced Ag nanoparticles, displaying tar-
geted adsorption of proteins and selective Raman amplification
with minimum detection value of 1077 mg/ml .1

In another study, a microfluidic system was created to
maximize interactions among saliva specimens and a SERS
substrate based on suspended Ag nanoparticles to enable quick
drug detection at biologically relevant concentrations."'® They
reported presence of methamphetamine in the sample at a
concentration of 10 nM, which is well below physiological value.
By employing Au and Ag nanoparticles as the substrate for
microfluidic technology, Kline et al. optimized SERS settings and
claimed to attain the lowest possible limits of detection for a
few drugs."” Other studies also included colloidal nano-
particles in media to boost detection."”® Monitoring of intra-
cellular SERS signals for pharmacokinetic assessment was
demonstrated using a configurable microfluidic technology that
used cell co-culture methods."" Integrated SERS systems can
be advantageous for OoC applications. While high-end instru-
ments offer optimal performance, their compatibility with
compact OoC platforms is challenging. Portable Raman systems,
which merge essential optical components such as miniature
lasers, high-quality optics, and sensitive detectors into a
compact design, may solve the issue provided sufficient
accuracy and resolution. They enable real-time SERS experi-
ments within microscale environments, providing insights into
cellular processes without bulky instrumentation.!2'?"

6. Summary and Outlook

This concept review presented arguments and recent highlights
to foster the integration of electrical, electrochemical, and
optical types of sensors in OoCs as an essential axis of research
to address the field’s partly unmet need for accurate and
reliable monitoring. Scientists can analyze cell-specific out-

ChemBioChem 2023, 202300560 (9 of 11)

comes, biochemical alterations, and disease models by incorpo-
rating non-invasive sensing modalities into OoC devices and
platforms, yielding important insights into the aetiology of
pathologies and enabling tailored treatment methods. As OoC
technology progresses, integrated sensing will turn into an
essential instrument for expanding our knowledge of human
biology and hastening the development of drugs, both
conducive to beneficial outcomes for patients.

Before deciding which sensor to incorporate, it is crucial to
thoroughly weigh advantages and limits of each sensor type.
The preferable option may depend on a number of factors,
including sensing mechanism, sensitivity, selectivity, sizes and
interfaces, compatibility with OoC substrates and other sensors,
and sensor performance. Further research is required to
increase sensitivity and selectivity, improve sensor design, and
ease integration within OoCs. Furthermore, the inclusion of
machine learning techniques could improve and automate the
ability of OoC systems to extract, compress, and analyze data,
and anticipate physiological responses in real-time.

Future research should additionally concentrate on multi-
plexing biomarker detection to suit the expanding trend of
multi-OoC devices. The target would be a single multi-sensor
system with automatic biochemical and physical detection
capabilities as well as regulated stimulation. Multi-sensory
platforms should be tailored to accommodate the various needs
and characteristics of OoC models. Though attractive, integrat-
ing various sensing modalities in OoC devices still presents
challenges. One key issue is interference between sensors in
confined spaces, impacting data accuracy. The latter can be
mitigated by signal processing and machine learning algo-
rithms which enhance signal differentiation from various modal-
ities. Additionally, diverse operational requirements pose diffi-
culties. For instance, aligning parameters for different sensors,
such as voltage and current, is crucial but can be problematic
due to inherent differences. Advanced microfabrication is often
employed to integrate sensors precisely in OoC devices. Micro-
and nanoscale engineering solutions can help minimize inter-
ference and optimize space utilization. Standardization efforts
should contribute to establish shared protocols for measure-
ment procedures and setups, reinforcing reliability and reprodu-
cibility of results. To address customization, breakdowns, and
biofouling, the design of modular and adaptable sensing
platforms allowing plug-and-play and smooth sensor substitu-
tion is highly beneficial."? Such platforms offer the advantage
of simplicity while affording the flexibility to incorporate OoC
elements according to needs. Further developments should
ultimately define total analysis systems for OoCs, making them
affordable, user-friendly, robust, and versatile by integrating
multiple sensing modalities.
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Integrated bio-sensing is expected to
address the partly unmet need for
accurate microenvironmental moni-
toring in organs-on-chip. This paper
briefly reviews available options for
integrated electrical, electrochemical,
and optical sensing methods, consoli-
dating and expanding organ-on-chip
capabilities for a widening variety of

applications. We spotlight recent
advances and future prospects for bi-
ocompatible, non-invasive and contin-
uous sensing techniques, and argue
for the significance of highly-sensitive
on-chip sensors for deepening under-
standing of human (patho)physiology
and reproducibility of OoC technol-

ogy.
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