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Microsensor systems for cell metabolism - from
2D culture to organ-on-chip (2019-2024)

Johannes Dornhof, @ Jochen Kieninger,@
Stefan J. Rupitsch and Andreas Weltin (D}

Cell cultures, organs-on-chip and microphysiological systems become increasingly relevant as in vitro
models, e.g., in drug development, disease modelling, toxicology or cancer research. It has been
underlined repeatedly that culture conditions and metabolic cues have a strong or even essential influence
on the reproducibility and validity of such experiments but are often not appropriately measured or
controlled. Here we review microsensor systems for cell metabolism for the continuous measurement of
culture conditions in microfluidic and lab-on-chip platforms. We identify building blocks, features and
essential advantages to underline the relevance of these systems and to derive appropriate requirements
for development and practical use. We discuss different formats and geometries of cell culture,
microfluidics and the resulting consequences for sensor placement, as the prerequisite for understanding
the various approaches and classification of the systems. The major chemical and biosensors based on
electrochemical and optical principles are discussed for general understanding and to contextualize current
developments. We then review selected recent sensor systems with real-world implementations of sensing
in cell cultures and organs-on-chip, employing a helpful characterization. That includes formats and cell
models, microfluidic systems and sensor types applied in static and dynamic monitoring of 2D and 3D cell
cultures, as well as single spheroids. We discuss notable advances, particularly with respect to sensor
performance and the demonstration of long-term continuous measurements. We outline current
approaches to system fabrication technologies, material choice, and interfacing, and comment on recent
trends. Finally, we conclude with critical remarks on the current state of sensors in cell culture monitoring
and identify avenues for future improvements for both developers and users of such systems, which will
lead to better and more predictive in vitro models.

time, fabrication technologies, miniaturized sensors and

Background and motivation

Organs-on-chip, 3D cell cultures, spheroids or microtissues
are increasingly relevant in vitro models in biology and
biomedicine. Classical 2D monolayer cell cultures still
remain a cornerstone of cell biological and biomedical
research. Countless microfluidic and lab-on-a-chip systems
exist for growing and handling cell cultures and organs-
on-chip, and many have integrated sensors to monitor
some form of cellular state or the culture conditions. In
general, the cellular state can range from simple general
parameters such as viability, cell growth or cellular
adhesion, over the basic energy metabolism to more
complex signalling molecules and biomarkers. At the same
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transduction principles continuously advance through
progress in biotechnology, materials science and micro-/
nanofabrication. Interestingly, even basic sensor integration
into cell culture systems and organs-on-chip is not as
widespread despite the promise of robust and powerful
applications. Many aspects of cell cultures and organs-on-
chip will strongly benefit from sensor integration, ranging
from basic requirements, such as standardization of
culture conditions, to ambitious future perspectives, such
as personalized treatment in cancer therapy. The overall
fields of application span from drug discovery and
screening, over basic cancer research and therapy, disease
modelling and personalized medicine, toxicology and the
replacement/3R of animal models, to the assessment of
food and environmental safety, or specific use cases such
as research in spaceflight. Beyond the culture of human
and other mammalian cells, e.g., plant cell models on-chip
will become more relevant and can equally benefit from
sensor integration.
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It has been clear for over a century that even the basic
aspects of cellular energy metabolism, such as the availability
of oxygen and glucose, can strongly determine the cell state,
ranging from the simple survival of the cells in culture, to
playing a central role, e.g., in both tumour progression and
therapeutic resistance." In light of this importance, it is
surprising how many cell culture systems to this day do not
control or verify the respective metabolite levels in the cell
culture, particularly not in the direct vicinity of the cells.”
Klein, et al, vividly called out a substantial lack of
environmental control in mammalian cell culture altogether,
putting reproducibility of results at risk.* In a meta-analysis,
Al-Ani, et al., reported a fully reproducible description of
oxygenation conditions in only 6% of all published works.*
On a more anecdotal but far-reaching level: a reviewer for
one of our cell culture monitoring systems argued that
oxygen sensors for cell fundamentally
unnecessary because all the relevant values are set at the
incubator door. Naturally, we could not disagree more: the
incubator atmosphere in the gas phase is certainly
controlled, even though primarily by mixing air with carbon
dioxide in a fixed ratio, and already non-atmospheric oxygen
levels require more advanced hypoxia setups. It should be
considered that the mass transport of metabolites and
signaling molecules to and from cells primarily relies on
diffusion. It has been shown that even under normoxic
incubator culture conditions, highly metabolizing cancer cell
cultures can easily reach hypoxic or even anoxic pericellular
oxygen concentrations within the timeframe between typical
medium exchange.>®

From a historical perspective, the 1990s saw the rise of
many chip-based cell culture monitoring systems, then
predominantly called microphysiometers, that allowed cell
culture on-chip with several integrated sensors for
extracellular acidification, cellular respiration, adhesion and
more.” " These systems promised high-content drug
screening, and several products were commercially available.
Most of these platforms have since disappeared for various
reasons, such as high cost, limited option for parallelization
and possibilities for high throughput screening, handling
difficulties and incompatibility with routine workflow in cell
labs, but possibly also for being too early for the surge in
organoid and organ-on-chip use. In contrast, today's state-of-
the-art microfluidic organ-on-chip platforms allow, e.g., the
chip-based parallel phenotypic screening of a library of 1537
individual drug candidate compounds wusing a 3D
angiogenesis assay in 64-chip microtiter plates and optical
read-out of cell stainings."

For sensor integration in cell cultures, these examples
raise the questions that we aim to trace throughout this
review: how can sensor integration in cell cultures and organ-
on-chip systems be motivated; which challenges have to be
met for the various culture formats and sensor types; what is
the recent progress, and what is holding back sensor
integration; and which points have to be addressed in the
future?

cultures are
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Scope of the article, terminology, and state-of-the-art

This review continues our review on microsensors for cell
metabolism in 2018."° Here, we continue to explore the
integration of sensors for cell metabolism into cell culture
and organ-on-chip systems by putting recent developments
and trends into the context of the existing literature.

Sensors for cell metabolism. A sensor is generally
considered a device that converts a physical or chemical
quantity into a useable, most commonly electrical, signal.
However, there are overlapping definitions and
understandings of the term sensor with varying strictness,
depending on the scientific background. Over the last years,
there has been a clear and lamented trend to soften the
understanding of what constitutes a sensor'*'® by also
including simple sensor and transduction principles,
analytical techniques or just the marker molecules.

For the scope of this review, we generally prefer the more
classical sensor definition of a self-integrated device, either
within the cell culture platform or a discrete device that
generates a typically quantitative, marker-free, time-
dependent and reversible signal."*™"” In the cell culture
monitoring  application, the aforementioned sensor
properties are often understood as key selling points because
sensors for living cells and organs-on-chip can enable the
continuous recording of real-time or near real-time signals
about the cell state while preferably interfering with the cells
as minimally as possible. Reversibility of the signal and, thus,
the ability to show dynamics and recovery effects of cell
metabolism sets sensors apart from classical end-point
analyses. The term monitoring typically implies both real-
time readout and the reversibility of the signal. There
certainly exist grey areas with respect to strict classifications,
starting with optical sensors based on sensor patches with
the optically active material in the cell culture and an
external read-out, to particles and markers embedded within
cellular structures such as spheroids, to bioengineered
markers directly expressed by the cells. All of these
approaches can fulfill the above-mentioned requirements for
sensors and have tremendous merits in their respective
application scenarios.

In this review, we consider sensors for cell metabolism, in
line with the above-mentioned criteria, that measure
biochemical quantities continuously and in situ that are
either produced or consumed by the cells in the culture. That
encompasses primarily small molecules of cellular energy
metabolism, such as oxygen, glucose, lactate, pH,
neurotransmitters, reactive species and signalling molecules.
We do not cover purely electrical signals, such as impedance,
or transendo-/epithelial electrical resistance (TEER), which
have been summarized recently,'® or electrical activity such
as measured by microelectrode array chips for the
neurosciences,' although sensing capabilities have been
shown.?”*" With respect to the scope of this journal, we
focus on sensor-integrated, lab-on-a-chip scale devices that
are miniaturized and share to some degree the prospect of

This journal is © The Royal Society of Chemistry 2025
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automated or mass fabrication. We do not cover industrial-
grade macroscopic sensors, such as those used in classical
bioprocess monitoring, e.g., in batch (micro-)reactors, even
though this is a highly relevant field. Nonetheless, some
sensor principles, design criteria, and challenges in sensor
performance may be of similar relevance across the fields.

Cell models and organs-on-chip. Within the scope of this
article, we cannot fully cover the relevance of cell cultures,
organoids and particularly organs-on-chips themselves. There
has been tremendous scientific progress in this field in the
last years along with numerous highly recommended reviews.
Lutolf and Hofer outlined engineering organoids, including
tissue derivation, engineering approaches and an overview of
general analytical methods.>* LeSavage, et al., as well as Drost
and Clevers, reviewed cancer organoids for patient-specific
tumour models with detailed information on cell sourcing,
available organoids and strategies for personalized treatment
and drug development.”*** Sontheimer-Phelps, et al,
reviewed cancer models in microfluidic organs-on-chips and
how the tumor microenvironment can be modelled in
technical systems to create relevant in vitro models.>® Ingber
more broadly reviewed disease modelling, drug discovery and
personalized medicine with human organs-on-chips.*® The
article includes detailed lists of chip platforms, cell types and
the modelled clinical responses for various diseases. Low,
et al., outlined the directions for organs-on-chips for the next
decade, in which they emphasized the need for real-time
sensors in the systems.”” The article also features relevant
commentary on the current stage of organs-on-chips in the
“technology hype cycle” and a timeframe for reaching a
productive plateau within 5-10 years. Leung, et al, took a
similar approach with their guide to the organ-on-chip.*® This
article gives a valuable overview of technology milestones,
materials and fabrication techniques in organs-on-chip, as
does Rogal, et al.**

The industry perspective on microphysiological systems
was discussed by Ewart and Roth, reflecting both the
positions of organ-on-chip device manufacturers and pharma
end users.*® Despite strong claims in the technology-centric
literature, they confirm that up to then, no regulatory
submission ever included data from microphysiological
systems. With the FDA Modernization Act 2.0 from 2022, the
FDA has now allowed organs-on-chips as a potential
alternative to animal experiments at the end of 2022.*" Vulto
and Joore gave another perspective on the industry adoption
of organ-on-chip-systems.*” Sensors in cell culture systems
and organs-on-chip have recently been reviewed,**° while
others focused on the materials,®® or reviewed the gap
between tumours-on-chip and clinical practice.”” Recently,
Reyes, et al, gave an interesting perspective on the
standardization in microphysiological systems with an
overview of stakeholders and available standards and
guidelines that are relevant for a broad adoption of such
systems.g'8

In this article, we outline the relevance of sensors in cell
cultures and organs-on-chip. We discuss the requirements for
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sensor integration in such systems, taking into account the
different cell culture formats and the resulting challenges for
sensor integration. Various sensor types and parameters are
briefly introduced and classified. We then review selected
sensor systems for 2D, 3D, and single spheroid/organoid
culture to discuss the recent advances in sensing with a focus
on sensor performance and actual demonstration by long-
term measurements. We outline fabrication
techniques and materials and comment on current trends.
Finally, we conclude with a summary of recent developments
and a critical evaluation of challenges that must be
addressed.

current

Cell culture models and sensor
integration
Relevance, principles, requirements and challenges

To understand and motivate sensor integration in such
systems, the generic relevance and function of sensors in
organ-on-chip and cell culture monitoring systems is
summarized in Fig. 1, along with building blocks, challenges
and feedback loops. The essential building blocks include
the cell model, the microstructures and, optionally, the
microfluidics. The cell model is imposed by the desired
application and can be broadly classified based on the origin.
This ranges from established cell lines, over patient-derived
stem cells, to organoid and tissue models usually derived
from stem cells. The cells often need to be confined by
microstructures, such as barrier structures to confine
artificial extracellular matrices, to trap or agglomerate cells
and microtissues, and to form microchannels with the
appropriate interfaces between matrix and liquid medium.
The resulting microfluidics can then perform a variety of
functions. One of the most basic requirements is to
periodically or continuously supply the cells with fresh
medium containing the nutrients/metabolites and to remove
waste products of cellular metabolism. The medium
exchange can be also used to supply drugs and other stimuli,
and with the help of appropriate layouts, dynamic or static
concentration gradients of both nutrients/metabolites can be
generated. Besides, the removed medium can be used for
sample collection and external analysis, e.g., of signaling
molecules.

Microsensors can be integrated directly in the cell culture
area or volume, in the microchannels in direct vicinity to the
cells, in a downstream microchannel on-chip, or in the
microfluidic circuit but off-chip in a modular approach. A
modular approach may be practically beneficial, but short-
lived or lowly concentrated analytes require a sensor
placement as close as possible. The sensors typically generate
a continuous, time-dependent output signal from which
cellular metabolic rates, eg., oxygen consumption or
acidification can be derived.

The sensor signals can be used for various purposes in cell
culture systems on the side of the system, e.g., verification of
the methods and the experimental design such as the culture

Lab Chip, 2025, 25, 1149-1168 | 1151
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Relevance of sensors in cell culture monitoring
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System, methods, design
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Sensor signals

Applications

Purpose

= Standardization, quality control

= Drug/toxicity screening

» Disease modelling

= Tissue engineering

= Personalized medicine

= Cell therapy

» Replacement of animal models, 3R

Biological, cellular

Microfluidics
« Cell trapping/agglomeration
« Cell perfusion
« Gradient generation
= Delivery of stimuli/drugs
* Sample collection

* Matrix permeability

» Verification and adjustment of culture conditions

= Drug exposure and dosing . ic trar i (eg.,
= Metabolic cues/stimuli (e.g., hypoxia)

= Dynamic in situ monitoring

= Controlling intercellular communication

= Cell viability, growth
. ic rates (e.g., irati idil ion)

= Recovery effects, dose response
= Biomarkers
= Intercellular/Interorgan signalling

Fig. 1
system side or the biological side, and use cases.

conditions, microfluidic regimes or matrix permeability in
3D cultures. In combination with the microfluidic flow, they
can be used to modulate metabolic cues and stimuli, such as
hypoxia or tailored drug exposure and dosing. Adjustment of
the flow, in combination with sensor feedback, can be used
for real-time in situ monitoring under dynamic conditions or
even to control intercellular communication by interrupting
diffusion pathways with the flow.

On the side of the biological relevance, sensor signals
derived from cells can be simple indicators of cell viability
and growth. If a stop/flow regime is applied, metabolic rates
can be extracted, but only in the temporal resolution of the
stop/flow phases because each cycle typically leads to one
rate. True real-time measurements of metabolism are also
possible but may be challenging due to the boundary
conditions of the mass transport situation. These transient
metabolic data can then be used to reveal metabolic
transformations, e.g., the shift from aerobic to anaerobic
metabolism, or the pharmacodynamics during drug
exposure, including recovery effects thanks to the time-
continuous signals, together with the option to dynamically
switch back and forth between blank medium and drug
exposure. More complex biomarkers or signaling molecules
are challenging to measure in situ and in real-time. For such
substances microsensors can also be placed in downstream
microfluidics or used with samples of the medium.

Cell culture system formats and sensor integration

Sensor access to cell cultures and sensor integration into the
systems must be understood in the context of the cell culture
format. This is particularly important because all sensor
signals are dependent on the mass transport of the analyte to
the sensor. Fig. 2 summarizes different spatial and fluidic
concepts of cell cultures, surrounding microsystems and
microfluidics, as well as the positioning of the sensors within
the lab-on-chip or as external devices.

152 | Lab Chip, 2025, 25, 1149-1168

Overview of the relevance of sensor integration in cell culture systems and organs-on-chip, including basic building blocks, benefits for the

Static 2D and 3D cultures. The most basic way to
accommodate cells in static models are simple vessels, such
as plates, wells, or flasks and similarly constructed lab-on-
chip devices and systems. The cells grow at the bottom of the
vessel, either as an adherent monolayer in 2D or as 3D
agglomerates within a layer of an artificial extracellular
matrix [Fig. 2A and C]. The cell culture medium rests
stagnant above these layers. Because of the low convection in
the liquid medium, the metabolites are not actively brought
to the cells, and the analytes are not actively brought to the
sensors but spread primarily by diffusion. With a comparably
large medium volume of hundreds of microliters or even
millilitres, the concentration changes are relatively slow, as
reflected in the typical timeframes of medium exchange in
classical cell culture every few days.

For meaningful sensor readings, it is essential to find a
suitable sensor position considering the development of
strong gradients. Most critical is the formation of gradients
for oxygen, and a look into the underlying physics and
metrics of oxygen levels is highly recommended.*® Those
gradients can range from atmospheric dissolved oxygen
concentration (approx. 19-21%) at the top of the medium in
a flask and almost anoxic conditions (<1%) near cancer cells
under a few millimetres of medium.®*° Therefore, sensors in
2D cultures should ideally be integrated at the bottom, next
to the cells (“pericellular”), to measure meaningful
pericellular concentrations. A gradient in the vertical
direction can be accessed either by a vertically positioned
sensor array or a moving needle-type sensor probe.

In matrix-based, static 3D cultures [Fig. 2C], the situation
is more complex because, radial gradients towards the cell
agglomerates can develop additionally. Sensors at fixed
positions can give representative values only if a homogenous
concentration distribution is assumed, which is even more
critical inside a gel with slower diffusion. For example, with
the incubator atmosphere above being the only oxygen
source, it has to be considered that cells at the top of the 3D

This journal is © The Royal Society of Chemistry 2025
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Cell culture/organ-on-chip monitoring formats and sensor integration
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Fig. 2 Cell culture monitoring and organ-on-chip formats, illustrating the cell placement in relation to the surrounding medium/microfluidics,
and the corresponding sensor integration on the example of microelectrodes (grey) and optical sensor patches (green). A: 2D static cell culture,
e.g., cell culture flask. B: 2D dynamic culture, e.g., a classical microphysiometer system. C: 3D static culture, e.g., a multiwell plate. D: 3D dynamic
cell culture, e.g., compartmentalized organs-on-chip. E: Approaches for single spheroid monitoring, such as sensor-equipped microwells, hanging

droplets and microneedles.

layer are closer to the source. Here, vertically movable,
needle-type sensor probes can give a more accurate
representation.*’

Dynamic 2D and 3D cultures. In contrast to static models,
which are open and where the gas phase is in direct contact
with the liquid, platforms for dynamic cultures usually must
be sealed to allow a pressure drop along which the medium
can flow [Fig. 2B and D]. The ratio of medium volume to cell
number is drastically reduced to several microliters or even
nanoliters, resulting in faster concentration changes. Often,
the cells are cultivated in an open well with a larger volume
until a certain cell number is achieved, and the volume is
then reduced for measurements. Instead of days, e.g., hypoxic
conditions can be achieved within minutes, and waste
products will accumulate accordingly.**** Therefore, the
culture medium has to be exchanged periodically with stop/
flow cycles through appropriate perfusion channels. At the
same time, suitable stop/flow cycles allow the determination
of production or consumption rates of analytes for
quantitative comparisons. Microfluidic channels allow for
more sensor placement options. Therefore, determining the
right position for the microsensor is more crucial in these
models, as a different type of metabolic information will be
obtained.

In 2D models, the perfusion channel itself or a dedicated
larger chamber acts as the culture surface [Fig. 2CJ.** If it is
expanded with integrated pores, 3D cell agglomerates may
also be embedded in it.** In both cases, the medium flows
over the cells. This fluid movement may induce shear stress,
which can be intentional (e.g., polarization of endothelial
cells) but can also lead to undesired cell detachment. The
microsensors can be positioned between the cells, similar as

This journal is © The Royal Society of Chemistry 2025

in static systems to obtain pericellular values. Due to the
lower height of the medium column above the cells, the
sensor placement above the cell culture at the ceiling of the
channel [Fig. 2C] can also lead to a meaningful
measurement.”® Alternatively, sensors can be placed in the
downstream microchannel as well as upstream for reference.
The spatial separation of the sensor and cell culture may be
necessary if sensors are incompatible with cells or if sensors
need to be replaced or calibrated independently of the cell
culture. How well the sensor signals represent the pericellular
concentrations, has to be carefully considered. It has been
shown that undiluted media can be transported to sensors
with microfluidics,** but dispersion by diffusion will occur
over longer distances and times. Short-lived analytes may
decompose, and the in- or outflux of volatile substances such
as dissolved oxygen has to be considered.

In matrix-based 3D cultures, the perfusion channel must
be separated from the culture volume [Fig. 2D]. Typically,
this is achieved by barrier structures comprising free-
standing posts,”® phaseguides,"” or a combination of
both.”®> The barrier structures confine and hold the
artificial extracellular matrix gel, while the interface allows
substance exchange from the gel to the liquid in the
channel. Sensors can be either integrated into the channels
or directly in the cell compartments. Sensors in the
compartments can directly provide pericellular
concentrations. With the placement in the channel, the
diffusional transport out of the gel has to be considered to
about pericellular levels. Even fast
diffusing molecules will take several minutes to diffuse
through submillimetre-scale dimensions and generate a
meaningful particle flux to the sensor or to the cells.

draw conclusions

Lab Chip, 2025, 25, 149-1168 | 1153
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Spheroids, organoids and single cells. If precise
measurements of metabolic rates are required, single
multicellular spheroids and organoids are attractive targets
for metabolic monitoring because they can be spatially
isolated, and cell numbers can still be determined accurately.
Regarding single cells, the focus has clearly shifted towards
single-cell metabolomics and other omics, which rarely
includes classical sensing but more advanced offline
methods.*®**° This field aims at individual single cells, which
are often part of a larger cell layer, agglomerate or
microtissue, and not isolated single cells, which are often not
representative in vitro models. Therefore, monitoring with
sensors focuses primarily on cell agglomerates such as
spheroids. In contrast to single cells alone, single spheroids
or organoids are valuable in vitro models. Obtaining
meaningful continuous readings from single spheroids or
organoids is still challenging due to smaller concentration
changes caused by the few hundreds to thousands of cells
that form a spheroid, in comparison to larger 2D and 3D
cultures. To generate measurable differences, the culture
volume must be drastically reduced to the lower microliter
and nanoliter range, and the sensor must be in close
proximity to the spheroid during the entire measurement
while having a small footprint. It has been demonstrated that
single spheroid metabolism can be measured in standard 96-
plates.”  Integrating sensors into  trapping
microstructures is also an option® [Fig. 2E], and multiple
trapped spheroids may be combined in a microfluidic system
for increased concentration changes.’* Advances in flexible
devices are highly promising for interfacing with 3D cultures
and spheroids/organoids because they are able to conform to
the 3D shape. Recently, a few interesting concepts for
electrical interfacing with spheroids have been shown.’*>®

well

Basic principles for chemo- and biosensors

View Article Online
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While thin foils and flexible substrates can follow a 3D shape
by bending, the mechanical stiffness of typical flexible
electronics materials such as polyimide or parylene is still far
higher than that of the biological material. Even for silicone-
and soft-polymer-based approaches a true mechanical match
between sensor and biological material is a considerably
tough goal for future research.

Ideally, measurements inside spheroids are also attractive,
but can be achieved only with the smallest footprint needle-
type sensors, and may unfavourably affect the cellular
behaviour, in addition to the challenging and cumbersome
handling. External microneedles may be used to determine
spheroid metabolism at close distance and with the smallest
spatial resolution [Fig. 2E]. Hanging droplets have been
established as a capable technique for handling spheroid cell
cultures, and sensor-equipped systems exist where the sensor
electrodes are placed at the ceiling of the droplet and access
the single spheroid metabolism [Fig. 2E].>*>”

Basic sensor principles

An overview of basic sensor principles for metabolic
monitoring in cell cultures and organs-on-chip is shown in
Fig. 3. optical principles are
predominant in the biochemical monitoring of cell cultures.

Electrochemical and
These principles describe almost all of today's chemical and
biochemical sensors in cell culture systems directly or can be
deduced from them with minor adaptations.

Electrochemical sensors

Amperometric sensors
Direct amperometric sensors. Fig. 3A shows a typical
example of a direct amperometric electrochemical sensor.”®

A: Direct amperometric (oxygen sensor)

B: Clark-type amperometric (oxygen sensor)

C: Biosensor (glucose)
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Fig. 3 Basic principles for chemo- and biosensors for small molecules of cell metabolism and cellular state in cell cultures. A: Direct

amperometric electrochemical sensors, e.g.,

for dissolved oxygen. B: Clark-type amperometric sensors, e.g.,

for dissolved oxygen. C:

Amperometric biosensor, e.g., glucose sensor. D: Potentiometric sensor, e.g., pH sensor. E: Electrical impedance-based sensor, e.g., cellular

adhesion/proliferation. F: Optical sensors, e.g., oxygen by luminescence.
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In this principle, the working electrode (WE) is polarized to
an appropriate potential with respect to the reference
electrode (RE) by a potentiostat. The resulting current
through the working and counter electrode (CE) is
proportional to the electrochemical reaction that occurs at
the working electrode. In case of a direct amperometric
oxygen sensor, the current is generated by the
electrochemical reduction of the oxygen molecule in a
4-electron process at a platinum electrode. If the mass
transfer of the oxygen is limited by diffusion, e.g., by the use
of an appropriate membrane, the transfer function of current
over concentration becomes linear, as governed by Fick's first
law. Such amperometric sensors need to be calibrated in
almost any case because no absolute quantitative
relationship between current and concentration can be
formulated. Direct amperometric sensors are often found
also for other electroactive small molecules, such as reactive
oxygen and nitrogen species, hydrogen peroxide, or
catecholamine neurotransmitters such as dopamine.

General advantages of electrochemical sensors are the
linearity across the measurement range with low offset, the
many options to tune sensitivity, linear range and selectivity
for a variety of analytes, the high temporal and spatial
resolution and the straightforward multiplexing. Challenges

are the inherent analyte consumption and possible
interference with the medium. Achieving selectivity and
stability in complex media includes stabilizing the
biointerface. The requirement for appropriate
electrochemical instrumentation limits large-scale
parallelization.

Clark-type  principle. The principle of the direct

amperometric oxygen sensor is sometimes called “pseudo-
Clark-type”, as opposed to a true Clark-type sensor shown in
Fig. 3B. Importantly, the Clark-type oxygen sensor has a gas-
permeable membrane, such as a silicone, that separates the
inner electrolyte from the solution. The oxygen molecule has
to permeate from the outer liquid through the solid
membrane into the inner liquid. In line with Clark and Lyons
original formulations, the membrane is ion impermeable,
and the inner electrolyte is therefore electrically and ionically
isolated.” It should be noted that the original design by
Clark did not have a noble metal cathode and used a
2-electrode setup. The third electrode, which can regenerate
at the anode the oxygen that is consumed by the sensing

cathode, was later introduced by Ross.®* Early
microfabricated 2- and 3-electrode Clark-type sensors
61,62

followed the concept of a silicone membrane.

Advantages of the Clark principle are good selectivity,
especially in biological environments with many interfering
molecules, and good stability. The transfer function is ideally
linear, as for the direct amperometric sensor, but with lower
sensitivity due to a stronger mass transfer limitation.
Miniaturization of this principle is challenging because of
the confinement and proper isolation of the inner electrolyte
and, thus, sealing and integrity of the membrane, as well as
keeping the pH of the inner electrolyte stable. Recently, there

This journal is © The Royal Society of Chemistry 2025
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have been confusing implementations in the literature, which
seemingly omit the inner electrolyte, use water/ion-permeable
membranes, or have one electrode outside the inner
electrolyte, raising the question about aqueous
electrochemistry at the electrode, the current path, or the
true implementation of the principle. Several examples
certainly would not have worked if they had been properly
fabricated as described.

Biosensors. Biosensors include a biological recognition
element such as enzymes or antibodies in spatial contact
with the transducer as per IUPAC definition.'® Sensors that
simply measure a biological quantity without a biological
recognition element are not biosensors. We strongly
encourage that the terminology is followed more carefully in
the literature. Most biosensors are electrochemical sensors,
and most electrochemical biosensors are direct amperometric
Sensors, but potentiometric or impedimetric
implementations also exist. Fig. 3C shows the common
example of an electroenzymatic glucose biosensor. The
enzyme as the biological recognition element is immobilized
in a membrane on the electrode. The enzyme converts
glucose together with oxygen to hydrogen peroxide. The
hydrogen peroxide is then oxidized at the electrode in a
2-electron process according to the direct amperometric
principle. If mass transport of glucose is not limited, the
transfer function will follow the Michaelis-Menten enzyme
kinetics. To obtain the preferred linear transfer function,
mass transport must be limited by diffusion, e.g., with an
additional  diffusion-limiting membrane. Ideally the
membrane limits glucose diffusion more than oxygen
diffusion, so that the signal is not limited by oxygen
availability, because physiological glucose concentrations (5-
20 mM) are typically more than one magnitude higher than
dissolved oxygen concentrations (<200 puM). Other typical
electroenzymatic  biosensors are lactate, pyruvate or
glutamate sensors. A myriad of biorecognition elements exist,
ranging from enzymes over antibodies to aptamers, but not
all approaches are suitable for real-time sensing. For time-
continuous sensor signals that are practically useable both
the binding to the recognition element and the electron/
signal transfer must be reversible, such as, eg, in a
combination of an aptamer and methylene blue.®

The general advantage of biosensors is their ability to
detect non-electroactive or non-optically active species that
would be impossible to access without the help of the
biological recognition element. The immobilization of the
recognition element is challenging, and stability, especially
with respect to temperature, but also chemical degradation
can be limited. A long-term loss in sensitivity is not
uncommon.

Potentiometric sensors. Fig. 3D shows the potentiometric
measurement principle, in which the potential change
between a working electrode and a reference electrode is
measured without current flow. The appropriate instruments
are  typically high  inputimpedance  electrometer/
instrumentation amplifiers, which can also be found at the

Lab Chip, 2025, 25, 149-1168 | 1155


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00437j

Open Access Article. Published on 08 January 2025. Downloaded on 4/6/2026 11:16:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical review

reference electrode input of potentiostats. The electrode
surface interacts with the analyte, and the electrode
equilibrium potential changes, as shown here for a pH sensor
based on iridium oxide. Other metal-oxide-based sensors are
common, and ion-selective sensors using selective
membranes share this principle. The transfer function
governed by the Nernst equation or a Donnan potential is
generally logarithmic, which becomes a linear relationship,
e.g., for pH as a logarithmic quantity.

Advantages of potentiometric sensors are the fact that they
do not consume the analyte because the electrode is in
equilibrium and their relatively simple instrumentation,
which requires only an amplifier without a feedback loop.
However, achieving a high enough input impedance to fulfil
the zero-current premise is critical, and leakage currents can
lead to the disturbance of the equilibrium of the electrode,
changes in electrode properties or unwanted accumulation of
charge, which can all negatively affect sensor performance.
Insufficiently high input-impedance is especially critical for
microsensors.

Electrical impedance-based sensors. Cell culture
monitoring often includes impedance-based sensing [Fig. 3E],
although not necessarily to detect individual molecules but
the changes of the electrode/cell/medium electrical circuit
to quantify cell health by cellular adhesion. The
electrochemical impedance measurement involves the
application of a small AC signal of a fixed or variable
frequency to the working electrode. The working electrode
can optionally be biased to a DC potential with respect to a
reference electrode. A simple electrical equivalent circuit for
the electrode/electrolyte interface is the double layer
capacitance, the charge transfer resistance representing
faradaic reactions at the electrode and the solution
resistance. The presence of a cell adds at least a
capacitance parallel to a resistor to this circuit, and many
different equivalent circuits are possible. Cell growth or
better attachment and better membrane integrity typically
increase these values and can serve as a parameter for cell
health. In the context of monitoring, the measured transfer
quantity can be represented, e.g., by impedance magnitude
or capacitance over time. Advantages of impedance-based
sensing are their relatively easy implementation and
instrumentation. However, signals are rather unspecific and
correct modelling and interpretation is required.

Optical sensors. Optical chemical sensors are either
based on the direct measurement of the optical properties
of the analyte or the indirect measurement by detecting its
interaction with an immobilized indicator molecule.”> A
number of colorimetric, spectroscopic, interferometric,
absorptive or emissive techniques exist, and the question is
whether they can provide online and reversible sensing in
the context of cell culture monitoring. The measurement of
small molecules in cell mostly done by
photoluminescence via indicator molecules [Fig. 3F]. In this
principle, a light source illuminates and excites the
indicator molecule. The analyte interacts with the indicator,

cultures is
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e.g., luminescence quenching for oxygen, and the changes
in emitted light are recorded. Read-out methods include
fluorescence intensity, lifetime or phase shift. If the
quenching process follows the Stern-Volmer kinetics, the
transfer function as the ratio of intensities with and
without the analyte becomes non-linear. The indicator
molecule can be immobilized in a patch or particle that is
located inside the cell culture vessel or system, and the
light needs to penetrate the walls. Alternatively, the
indicator can be on an optical fibre that serves as a
waveguide.

Advantages of optical sensors are that they do not
consume oxygen and do not interfere with the medium, and
that they do not require physical contact between the
transducer and read-out unit, which means one read-out unit
can easily address multiple sensor points in sequence.
Challenges are the inherent non-linearity, especially at low
concentrations, the need for optical transparency, and the
stability of the indicator in cell culture environment. The
quenching process leads to an excited state of the analyte
molecule, potentially causing harm to the cells. Therefore,
dyes are typically applied in combination with a scavenger or
embedded in a membrane, ensuring a high enough diffusion
length to prevent the short-lived state from reaching the
cells.

Selected cell culture sensor systems
and sensor performance

In this section, we will review recent selected sensor systems
for cell cultures and organ-on-chip, focusing on their sensor
performance. We will largely adhere to the aforementioned
classifications but will discuss systems beyond the scope if
relevant advances, e.g., in approach, design, sensing or
fabrication technology were made. A useful categorization of
cell culture monitoring systems is challenging due to the
complex interplay of cell model, platform format and
integrated sensors, which makes grouping difficult because
overlaps and exceptions exist. However, we consider the
following key aspects for the grouping formats, in which all
types of sensor integration can be found:

e Static cell culture conditions (labware, simple vessels,
stagnant medium) vs. dynamic cell culture conditions
(microfluidics, perfusion systems)

e 2D monolayer cell culture (mostly adherent to a rigid
surface) or bilayer co-culture (mostly on a membrane) vs. 3D
agglomerates as, e.g., spheroids, matrix-based cultures and
other organotypic models. Here, the lines are often blurred
between cells simply distributed in a 3D environment and 3D
agglomerates that actually recapitulate 3D structures or
organotypic functions

» Monitoring of single isolated 3D agglomerates or spheroids

Different systems are summarized in Tables 1 and 2
according to these categories, and their properties include:

e The exact cell model

e The dimension of the cell model and its format

This journal is © The Royal Society of Chemistry 2025
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Table 1 Overview of selected static and dynamic 2D and 3D sensor-based cell culture and organ-on-chip monitoring systems

Author, year Cell model Dim./format pFluidics Parameter Principle Time-scale Notable achievements Ref.
Static 2D
Kieninger, Breast/brain cancer 2D monolayer No O,, pH EC 5d Integration in standard 40
2018 (T-47D/T98G) labware, 2-parameter
long-term
Marzioch, 2019 Breast cancer (T-47D) 2D monolayer No 0O, EC 5d First photodynamic therapy 64
on-chip
Tanumihardja, Endothelial (HUVEC) 2D monolayer No 0O,, pH EC 3d Two principles using the 65
2021 same electrode material
Tanumihardja, Pluripotent stem 2D monolayer No NO EC <1h Demonstration of selectivity 66
2021 cell-derived cardiomyocytes and cellular NO release
(hPSC CM)
Liebisch, 2020  Breast cancer (T-47D) 2D monolayer No 0, EC 8d True Clark-type, dry 67
fabrication, zero
consumption
Hsueh, 2021 (Bacteria only) — No 0, EC 1h True Clark-type, dry 68
fabrication
Static 3D
Eggert, 2021 Breast cancer 3D matrix No 0, OPT 28d 96-Well format, sequential 41
(MDA-MB-231) vertical microprofiling of O,
Dynamic 2D
Miiller, 2021 Lung cancer (A549) 2D monolayer Yes 0O,, pH OPT 6.5 h Optical pH sensor calibration 69
data
Zirath, 2021 Lung/colorectal cancer 2D monolayer Yes 0O, OPT 3h Four dual-channels, 70
(A549/Caco-2), HUVEC nanoparticle exposure
Fuchs, 2022 Induced pluripotent stem 2D monolayer Yes O,, pH OPT <3h Use of pluripotent stem cells 71
cells (hiPSC)
Fuchs, 2023 Supernatant only — Yes G OPT 5d Long-term optical glucose 72
sensing
Busche, 2022 Primary hepatocytes (PHH) Unspecified Yes 0, OPT <1d Use of liver-on-chip model 73
Bouquerel, Lung cancer (A549) 2D monolayer Yes 0, OPT 1h Advanced perfusion system 74
2022 for O, control
Cognetti, 2022  Bronchial epithelial 2D monolayer Yes Cytokines Photonic <6 h Cytokine monitoring, 75
photonic chip in cell culture
Dynamic bilayer/3D
Alexander, Hepatocyte (HepG2) 3D Yes O,, pH EC 2.d Multi-parametric 76
2018 multi-spheroid respiration/acidification,
multi-spheroid insert for
microfluidic sensor chip
Azizgolshani,  Kidney proximal tubule 2D bilayer Yes, 2-ch  O,, TEER OPT 250 min  96-Well automated platform, 77
2021 epithelial (hRPTEC), 2 microchannels
Kann, 2022 Retinal microvascular 2D monolayer Yes, 2-ch O, OPT <10 min  Cellular consumption rates, 78
endothial (RMVEC) drug exposure
Kann, 2023 2D bilayer Yes, 2-ch O, OPT 11d Automated high-throughput 79
long-term
Kref3, 2022 Adipose-derived mesench. 3D matrix Yes 0,, pH, OPT,EC 5d Microperfusion of 3D matrix 80
stem cells (adMSC), G, L and downstream sensing
fibroblast (NHDF),
keratinocyte (HaCaT)
Dornhof, 2022  Breast cancer stem cell 3D matrix Yes, 3-ch 0,,G,L  EC 8.5d Microfluidic matrix-based 43
(BCsC1) culture, long-term
3-parameter
Scheinpflug, Osteoblasts in scaffolds 3D matrix Yes 0, OPT 1d Oxygen regulation, control of 81
2023 mechanical load
Schliinder, Pancreatic pseudo-islets 3D matrix Yes 0, OPT 4h O, consumption at various 82
2024 glucose levels

EC = electrochemical, OPT = optical, TEER = transepithelial electrical resistance, G = glucose, L = lactate.

e The realization of microfluidics, including the number

of individually addressable channels
e Sensor parameters
e Sensor principle

This journal is © The Royal Society of Chemistry 2025

e The time-scale on which sensor-based measurements of
cell metabolism are demonstrated

¢ Notable achievements of the presented system, including,
e.g., sensor principles, sensor performance and biological relevance
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Table 2 Overview of selected sensor-based systems for single spheroid monitoring
Principle/electrode
Author, year Spheroid cell model Param. Format (0} Time-scale Notable achievements Ref.
Rousset, Colorectal cancer (H116) Glucose Hanging EC, 400 um 2.5h Spheroid glucose consumption, 83
2022 drop deduction of intra-spheroid
network situation
Mukomoto, Breast cancer (MCF-7) 0, - EC, 20 um 2h Spheroid respiration rates, 84
2020 correlation with necrotic core
Nashimoto, Lung fibroblast (hLF), HUVEC O, Microfluidic EC, 20 pm <1h Spheroid respiration rates 85
2023 perfusion dependent on vascular perfusion,
drug exposure
Nashimoto, Colorectal cancer 0, Conical EC, 1-10 um — Cell lines vs. patient-derived, 86
2023 (HCT116/HT29), CRC-derived wells variability in respiration rates of
organoids (KUC16) subpopulations
Dornhof, Breast cancer (MCF-7) 0, Sensor wells EC, 200 pm 6 h Parallel bioprinting onto sensor 52
2022 chip, respiration in minutes, drug

EC = electrochemical.

Monitoring of 2D cell cultures

Static 2D cell culture monitoring. Static 2D culture
monitoring typically aims at sensor integration in systems
that are most similar to classical disposable labware formats
such as flasks or microwells. The main advantage is that cell
handling, protocols and laboratory routines can be similar to
classical cell culture, and little additional instrumentation is
required. The main challenges in sensor integration are the
typically large media volumes or high media to cell ratios
with slow concentration changes. Therefore, changes in
metabolic rates can be determined only at a low frequency,
and metabolic cues can only be introduced infrequently.
Nonetheless, integrated sensors can provide essential
information on culture conditions such as hypoxia or
nutrient depletion.

Sensor integration in standard labware was shown by
Kieninger, et al., with an electrochemical multiparametric
sensor chip for oxygen and pH in a standard cell culture
flask, including six sensor electrodes in one flask and a
multiplexer rack for four flasks in parallel [Fig. 6A].*°
Amperometric  platinum-based oxygen sensors and
potentiometric iridium oxide-based pH sensors allowed
precise measurements of cell respiration and acidification
over up to 5 days in brain or breast cancer cells. Strong
hypoxic conditions were found for both normoxic cultures at
atmospheric incubator conditions and hypoxic cultures at 4%
incubator oxygen. These results further underline the need
for in situ monitoring of culture conditions directly at the
cellular level because strong gradients develop in standard
cell culture practice.

Marzioch, et al., used a chip-based electrochemical oxygen
sensor platform to measure the metabolic effects of
photodynamic therapy (PDT) on cancer cells [Fig. 6B].°* The
transparent chip allowed illumination with a fibre optical
system to trigger a photosensitizer in the culture medium.
The application of PDT led to a reduced cellular respiration,
and a repopulation effect was shown even for the treated cells

158 | Lab Chip, 2025, 25, 1149-1168
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during continuous measurements up to 5 days. Further, the
spatial efficacy of PDT could be demonstrated by simply
shading half the cell culture area during PDT and using a
line array of four sensors, underlining the capabilities of
multi-channel  chip-based  pericellular
monitoring.’” The same platform was also used to rapidly
determine patient-derived brain cancer cell respiration rates
within minutes by temporarily reducing the medium volume
with an insert.®®

A multiparametric electrochemical sensor platform for cell
cultures was developed by Tamnumihardja, et al.®>*® pH and
oxygen sensors by ruthenium oxide electrodes were
established using potentiometric and amperometric
principles, respectively, having the advantage of using the
same electrode material for both methods and parameters.®
Oxygen consumption rates of cardiomyocytes in a transwell-
style setup were determined over approx. 3 days, but no
sensor stability data were shown, and electrodes were fairly
large at 3 mm diameter. The ruthenium oxide nanorod
electrode was also applied as a sensor for nitric oxide, but
data are limited to durations below 1 h.°® Notably, the
comparison with Pt electrodes was shown, and selectivity, e.g.
against nitrite, was demonstrated.

A true Clark-type oxygen microsensor system integrated in
a cell culture flask was developed by Liebisch, et al®” A
silicone membrane sealed a hydrogel-supported inner
electrolyte pre-impregnated with the buffer salts and
hydrated via water vapour through the membrane. The
sealing of the gas-permeable membrane was verified by
impedance measurements and sensor operation in deionized
water was possible. Notably, the Ross-principle was
implemented and verified, in which the counter electrode
regenerates the oxygen that is consumed during the
measurement and therefore enables net-zero consumption in
the inner electrolyte, further underlining the long-term
stability of the electrochemical cell in the isolated inner
electrolyte. Monitoring oxygen for more than a week was
demonstrated using a breast cancer cell line. Hsueh, et al.,

simultaneous
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fabricated a miniaturized Clark-type sensor in a similar
approach for bacterial cultures, but used a 2-electrode setup
and demonstrated stability over 12 h [Fig. 4A].°® The work
was extended by a bipolar Clark-type array, in which oxygen
was measured by electrochemiluminescence (ECL) through
the reaction in a confined chamber at the anode.*® Another
ECL approach was presented by Hiramoto, et al. A potential
step electrochemical protocol was applied to gold electrodes
to generate hydrogen peroxide from the oxygen reduction as
a sensitizer for the luminophore, which was then used for
mapping oxygen around spheroids over time with good
oxygen sensitivity and spatial resolution.’®

Dynamic 2D cell culture monitoring. Dynamic monitoring
adds the dynamic and periodic medium exchange via
microfluidics to traditional cell culture. This drastically
increases the cell-to-medium volume ratio, thereby enabling
fast and strong concentration changes and making such
systems ideal for the investigation of pharmacodynamics.
However, reliable microfluidics are required for medium
exchange making overall equipment and instrumentation
effort more complex. Fluidics also allow sensor placement in
the microchannels, which can facilitate recalibration.

A number of systems incorporating fibreoptical oxygen,
pH and glucose sensors from Pyroscience with direct
involvement or from associated research groups have been
introduced in the last years. Different thermoplastic-based
microfluidic platforms were introduced [Fig. 4B and
6C and D].**’° Optical oxygen and pH sensors were
integrated at the ceiling of the channels, while cells grew in a
monolayer at the channel bottom. Stop flow experiments
allowed determination of respiration rates and extracellular
acidification, including alterations due to nanoparticle
exposure. Oxygen scavenging by a tailored material on-chip
was demonstrated in an ischemic stroke model.”* Fuchs,
et al., used a comparable setup and monitored respiration
and acidification of human induced pluripotent stem cells
(iPS).”* The same group reported the realization of an optical
glucose sensor for microfluidic cell cultures.”” The enzymatic
principle features immobilized glucose oxidase and is based
on the measurement of the oxygen consumption of the
enzymatic reaction. Stability over 5 days with a drift of 3%
per day was reported. The linear range up to 10-30 mM
covers the relevant range. This results in comparably high
detection limits of 200-700 uM, and sensor spots at 1 mm
are large. Cell measurements were reported from
supernatants only. The need for advanced oxygen control was
addressed by Bouquerel, et al, using commercial
microfluidic chips and optical oxygen sensors from
Pyroscience and Presens in the chip and both up- and
downstream.”* The adjustment of oxygen levels under
elaborate perfusion conditions and the influence of materials
were shown. Bussooa, et al, used a Presens fibreoptical
oxygen sensor to material properties of
thermoplastics in microfluidic systems.””> The paper
compares the oxygen dynamics of PDMS-based systems to
cyclic-olefin-based systems.

evaluate

This journal is © The Royal Society of Chemistry 2025

View Article Online

Critical review

2D cell culture formats and sensor integration
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O, and pH sensors® (Copyright: the authors, reproduced under the
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A largely automated, 96-well-format organ-on-chip platform
was introduced by Azizgolshani, et al., and further applied and
characterized by Kann, et al [Fig. 4C and 6H].”””° The
microfluidic plate features 96 2-channel microfluidic systems
that are vertically separated by a membrane. The channels
feature optical oxygen sensors from Pyroscience, integrated
TEER-based sensors, automated fluidic control, and
transparency allows advanced optical analysis. Oxygen readings
from each channel pair were acquired sequentially every 30
min over 2.5 h at static and dynamic conditions.”” Transient
oxygen levels were measured in a stop/flow regime, and
corresponding cellular consumption rates were modelled and
determined in a membrane-bilayer format, including drug
exposure and alteration of respiration rates.’”® In a
nephrotoxicity cell model, oxygen consumption rates over 11 d
were measured, and a 5 d dose response for a
chemotherapeutic was successfully demonstrated.”® Time- and
dose-dependent oxygen measurements showed more robust
results than classical colorimetric read-out, especially at later
time points of compound exposure.
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A photonic chip with ring resonators was employed for
the first time in cell cultures to measure four different
inflammatory  cytokines such as interleukin-6 and
interleukin-18.”> An 8-fibre array on a waveguide chip
detected cytokine secretion from bronchial epithelial cells in
a microfluidic setup. Non-linear sensor performance with
real-time detection in the 1-100 ng mL ™" range was achieved
for up to 6 h.

Monitoring 3D cell cultures

Static 3D cell culture monitoring. Besides the
requirements for 2D static monitoring, 3D cell culture aims
at a more representative culture format compared with a
simple 2D monolayer. In 3D, cells or cell agglomerates grow
within a matrix such as a gel or other scaffold. Keeping the
3D culture viable in a static environment has its limitations
because metabolite transport is limited to diffusion only,
which typically mandates the switch to dynamic conditions.
Sensor access is also challenging because external sensors
will not measure representative values, and sensors within in
the 3D matrix are difficult to realize.

Microprofiling of 3D cell cultures using a fibreoptical
oxygen sensor from Presens and a robotic stage in an
incubator was demonstrated by Eggert, et al, [Fig. 5A and
61].*" The fibre was scanned vertically through single wells of
a 96-well plate, which contained a 60 pL/500-um-thick 3D
breast cancer construct at the bottom and around 4 mm of
medium supernatant on top. A vertical scanning step size of
250 pm revealed strong vertical gradients in oxygen and
hypoxic conditions at the well bottom for different cell
densities and over multiple days of cell growth. This
highlights the inherent limitation of static 3D cultures
regarding metabolite transport. A chemotherapeutic dose
response with six compound doses successfully
performed using 54 wells in parallel, and data up to 35 days
are shown, although not continuously measured.

Dynamic 3D cell culture monitoring. Dynamic 3D
monitoring combines the advantage of dynamic media
exchange and the predictive power of 3D cultures. In addition
to the general challenges of dynamic monitoring, 3D
constructs are more difficult to access with microfluidics.
Channels and fluidic access must be spared out in the 3D
construct, and the cell agglomerates must be stabilized
against the flow. In addition, the cells are arranged or
distributed in a volume, which makes direct sensor access
more difficult and mass transport more complex. However, a
good representation of the in vivo situation makes this
advanced format very attractive for fundamental research and
development of therapies.

The above-mentioned optical Pyroscience-based systems
include only 2D monolayers at the channel bottom or on a
membrane. To address more complex organ-on-chip models,
Busche, et al., integrated similar oxygen sensors into their
liver-on-chip  to  monitor primary  hepatocytes.”>%*
Scheinpflug, et al., developed a bone formation model by
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Fig. 5 Practical implementations of 3D cell cultures with integrated
sensors. A: 3D matrix-based culture with static monitoring by vertically
profiling the culture wells with optical O, sensors*! (reproduced with
permission from the American Chemical Society). B: 3D matrix-based
microfluidic culture for dynamic monitoring with electrochemical O,
sensors*® (Copyright: the authors, reproduced under the CC BY 4.0
license). C: Single spheroid electrochemical glucose monitoring in
hanging droplets (left)®® (Copyright: the authors, modified and
reproduced under the CC BY 4.0 license). Probing of tumor spheroid
microenvironment with needle-type electrochemical oxygen sensors
(right)®* (reproduced with permission from the Royal Society of
Chemistry).

PS substrate

embedding osteoblasts inside scaffolds into a microfluidic
system [Fig. 6F].*" The complex system features, gas and
liquid perfusion loops, a perfusion chamber for cell laden
scaffolds and optical oxygen sensors. Continuous oxygen
sensing at approx. 7% oxygen was shown over 24 h. The
influence of different oxygen levels and mechanical loads on
the cell-laden scaffolds was investigated. An advanced
microphysiological pancreas-on-chip system with integrated
optical oxygen sensors was introduced by Schliinder, et al.®®
The system includes a vascular-like perfusion channel,
separated by a membrane with spheroid trapping holes from
the tissue channel, where spheroids are embedded in a
hydrogel, potentially also allowing co-culture. The gas-tight
system enabled the determination of oxygen consumption at
different glucose levels, substantially enhancing the offline
analysis of insulin secretion. Rivera, et al., demonstrated
another optical oxygen measurement system in microfluidics

with a phosphorescence-based principle.®® Cells were

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00437j

Open Access Article. Published on 08 January 2025. Downloaded on 4/6/2026 11:16:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

Selected sensor-based cell culture monitoring systems

i
Kl“'LL:

Ll\l

Cell compartment/
el loading ports.

Glucose and lactate.
3)  biosensor electrodes

1 s :
/ / Clamme
Microchannels (6™ 1

,\Qamﬂ ! """ Contact pads

s\us
ez

Gel iling with 10 il pipette|

View Article Online

Critical review

30 cell culture

-

perfusion bioreactor

Working Counter Reference

lid lifter

needle-type
cell culture microsensor

incubator

sensor
positioning
unit

B sensor unit

sample
— transport
unit

sensor washing station

Fig. 6 Sensor-based cell culture monitoring systems. A: Sensing cell culture flask for electrochemical O, and pH monitoring*® (Copyright: the
authors). B: Sensing cell culture well for electrochemical O, monitoring®* (Copyright: the authors, modified and reproduced under the CC BY 4.0

license). C: Thermoplastic multi-channel device for optical O, monitoring70

(Copyright: the authors, modified and reproduced under the CC BY-

NC 3.0 license). D: Thermoplastic device for optical O, monitoring®? (Copyright: the authors, reproduced under the CC BY 4.0 license). E:
Microfluidic organ-on-chip platform for matrix-based cultures and electrochemical O,, glucose and lactate monitoring*® (Copyright: the authors).
F: Microfluidic platform for monitoring scaffold-based bone formation with integrated optical O, sensors® (Copyright: the authors, modified and
reproduced under the CC BY-NC 3.0 license). G: Bioreactor with microperfusion setup and downstream sensing (Copyright: the authors, modified
and reproduced under the CC BY 4.0 license). H: Hanging droplet network platform with integrated electrochemical glucose sensors®® (Copyright:
the authors, modified and reproduced under the CC BY 4.0 license). |: Automated 96-well plate format system for bilayer culture with integrated
optical O, monitoring”” (Copyright: the authors, modified and reproduced under the CC BY-NC 3.0 license). J: Setup for automated vertical
profiling of 3D cultures in microwells with optical O, sensors** (reproduced with permission from the American Chemical Society).

embedded in a hydrogel which was covered by medium and
a gas-exchange channel above. Gas-tightness and simple
respiration measurements from undefined 3D agglomerates
were shown. Besides discrete sensor patches or fibres, recent
approaches also successfully demonstrated time-transient
oxygen measurements by optical sensor beads embedded in
perfused 3D.%>%°

Sanchez-Salazar, et al, have recently pursued the
interesting approach of using a commercially available
continuous glucose monitoring system designated for
subcutaneous application in cell culture measurements.’’
This has the advantage of an already established, accurate,
autonomous and stable sensor system, together with an easy
read-out via a smartphone. Continuous data over 14 days at
approx. 3-5 mM glucose concentrations were shown in
microfluidic colorectal cancer cell-laden microsphere culture.
Another interesting concept is using a perfusion bioreactor
for 3D culture and embedding an openflow microperfusion
probe centrically in the matrix by layering it between cell-

This journal is © The Royal Society of Chemistry 2025

laden collagen fleeces [Fig. 6G].* Microscale optical pH and
oxygen, as well as electrochemical glucose and lactate sensors
were located downstream to analyse the perfusate. All four
parameters were measured continuously over 5 days
highlighting the discrepancy between medium supernatant
and interstitial fluids for different cells.

A platform for multi-parametric monitoring of 3D breast
cancer spheroids with microfluidics, matrix-based 3D culture,
and electrochemical sensors in both channels and cell
chambers, integrated on one chip was demonstrated by
Dornhof, et al, [Fig. 5B and 6E].** Cancer organoids
developed in microfluidic culture in Matrigel compartments
over days from single patient-derived triple-negative breast
cancer stem cells. Electrochemical oxygen sensor stability in
medium was demonstrated over one week of continuous
measurement with no detectable drift, and respiration rates
could be determined in both the cell compartments and the
adjacent channels with similar validity. Enzymatic glucose
and lactate sensors allowed reproducible determination of

Lab Chip, 2025, 25,1149-1168 | 1161
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cellular metabolic rates at relevant concentrations
throughout the entire measurement. The system is gas-tight,
which allows the adjustment of oxygenation in hypoxic
cultures purely via medium perfusion.

Monitoring of single spheroids and organoids

The monitoring of single spheroids and organoids aims at
monitoring the metabolism of a single 3D cell agglomerate.
Modern organoids and microtissues can reflect target tissue
properties very well even at small size. The inherent
challenge is the low cell number that mandates small and
sensitive sensors, as well as good control of the geometry,
and often also the handling of small media volumes. If these
challenges are met, accurate deductions of cell metabolism
are possible, because the absolute cell number is more easily
controlled and determined, as are the boundary conditions
of the metabolite transport.

Rousset, et al., expanded on the group's previous work on
sensor-equipped hanging droplet networks®®>” by measuring
glucose dynamics of single cancer spheroids in hanging
droplet networks.*> Eight interconnected droplets included
electrochemical glucose-oxidase-based and blank
microsensors [Fig. 5C and 6H]. Sensors were tuned for high
sensitivity with a limit of detection below 1 uM glucose and a
consequently rather linear range. The elaborate
modelling of glucose mass transport and sensor signals
allowed insight into the situation inside the spheroid via
external sensors and statements on the fraction of
metabolically active cells within the spheroid. A downside is
that the selected enzyme immobilization is not very long-
term stable, but is acceptable if spheroids consume the
available glucose in a droplet within 20-40 min.

A microneedle-type electrochemical oxygen sensor to
probe the surroundings of spheroids was demonstrated by
Mukomoto, et al, [Fig. 5C].**®* The platinum microdisk
electrode inside a glass capillary from a scanning
electrochemical microscope (SECM) setup had a 20 pm
diameter. Consumption rates of breast cancer spheroids were
determined and a correlation to the development of a
necrotic core could be made with the conclusion that the
core contributes only minimally to oxygen consumption.®*
Vascularized spheroids on a micropore membrane and
perfused from below were investigated similarly.®
Differences in extracellular oxygen gradients upon substance
exposure of cancer organoids could be resolved depending
on the perfusion of the vasculature. Metabolic differences in
subpopulations of patient-derived spheroids were later also
shown, underlining metabolic heterogeneity in cancer.®®

Dornhof, et al., demonstrated for the first time the
bioprinting of a single spheroid into a sensor platform to
directly measure single spheroid metabolism.”” Breast cancer
spheroids were dispensed in droplets into a gel-filled
microwell that featured an electrochemical microsensor at
the bottom. Oxygen consumption rates could be accurately
determined from a 55 nl volume within minutes by gas-tight

low
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sealing of the well. Linear sensitivity with negligible offset
<2% and a relative error <2.5% across the entire
atmospheric range was demonstrated. The sensor's oxygen
consumption, however, is not negligible compared to that of
the spheroid and needs to be subtracted, which is only
possible with accurate and stable sensors.

Trends in fabrication technologies, materials and interfacing
of cell culture monitoring and organ-on-chip platforms

In the past, advances in miniaturization and microfabrication
technologies have largely driven the material choices and
technologies for sensors and sensor platforms in cell culture.
Since the purely technological limitations and the reliance on
microelectronic and microsystems manufacturing have been
largely overcome, fabrication and material choices have
noticeably shifted towards more application-oriented routes
for fabrication of cell culture monitoring and organs-on-chip.
In addition, on the one hand, there is a justifiable desire for
a facile and decentralized fabrication with limited investment
costs, which, eg, stimulates additive manufacturing
techniques. On the other hand, the demand for
parallelization and automation in biology and compliance
with standard manufacturing practices drives the adherence
to highly scalable standard processes such as found in
standard labware.

Material choice and fabrication strategies. Driven by the
users' demand to visually observe cells by microscope, almost
all current and recent systems are optically transparent and
made from polymers and/or glass [Fig. 6A-I], as opposed to,
e.g., silicon. Selected material choices and key properties are
summarized in Table 3. Optical transparency addresses the
need for transmitted light microscopy as the standard to
observe cellular behaviour and morphology, as well as the
ever progressing imaging techniques for high content
screening. If electrical chips are used, they are most often
made from glass. The use of silicon and the integration of
electronics on-chip has largely disappeared because system
complexity and cost run contrary to preferably disposable
chips. Microfluidic systems or channels are most often
realized in polymeric materials, mostly thermoplastics.
Clearly, fabrication strategies have been adopted from
standard labware. With respect to mass fabrication and
throughput, both the fabrication methods for disposable
labware such as injection moulding, thermoforming, or
polymeric foil- and laminate-based processes are arguably
more efficient than cleanroom processes. Sometimes
commercially available microfluidic chips are used and
sensors are just added. Therefore, instead of focusing on and
promoting essentially complicated, non-scalable fabrication
techniques, the design and fabrication of organ-on-chip
sensor systems should, at least, be developed with the
aforementioned efficient processing routes in mind. Material
choice is increasingly influenced by the need for oxygen
impermeability and gas-tightness because it is abundantly
clear that in vivo conditions are never reflected by in vitro

This journal is © The Royal Society of Chemistry 2025
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Table 3 Overview of selected materials, features and fabrication pathways for sensor-based cell culture and organ-on-chip monitoring platforms

Author, year System type pFluidics Materials Gas-tight Notable features Ref.
2D and 3D cell culture
Marzioch, 2019, Sensing cell culture well No Glass/SU-8 Nol/yes Glass-based chip with PMMA tube, optional 64,
Weltin, 2023 chip barrier/PMMA w. insert PMMA insert 88
well
Gehre, 2020 Multichannel microfluidic ~ Yes PMMA/adhesive  Yes PMMA channel plate, PDMS cell carriers, glass 95
system tape/glass cover
Zirath, 2021 Multichannel microfluidic  Yes Glass/adhesive Yes Xurographic rapid prototyping approach, transfer 70
system tape/glass or to injection molding
COC
Fuchs, 2022 Multichannel Yes Acrylic Yes Commercial microfluidic chips outfitted with 71
microcapillary system optical sensors
Bouquerel, 2022 Microfluidic chip Yes Glass/COC Yes Commercial glass or COC chips outfitted with 74
optical sensors
Busche, 2020, 24-Well plate with Yes COP plate/COP  Yes 24-Well plate format, integrated electrophoresis 93,
2022 channels foil electrodes 73
Azizgolshani, Microfluidic Yes COC/COP/FEP Yes Advanced 96-well plate scale multilayer 77
2021 membrane-based bilayer multilayer lamination of microchannel, fluidic port and
system laminate optical layers
Kref3, 2022 Bioreactor with Yes Resin by Yes Additive manufacturing by stereolithography of 80

microperfusion and
downstream sensing
Microfluidic 3D-matrix Yes

SG, clear)
Dornhof, 2022

monitoring chip barrier/PMMA
cover
Scheinpflug, Perfused 3D scaffold Yes COC
2023 platform
Schliinder, 2024 Membrane-bilayer system  Yes PC/PMMA

Single spheroid

Rousset, 2022 Single spheroid, hanging  Yes

drop barrier
Dornhof & Single spheroid, sensor No Glass chip/SU-8
Zieger, 2022 well chip barrier/glass
cover
Nashimoto, Single spheroid, needle Yes PDMS
2023 sensor

systems at atmospheric oxygen saturation, and particularly
for stem cells, oxygen is a major differentiation cue.
Consequently, there have been a number of recent systems
with a focus on generating hypoxia or defined dissolved
oxygen levels within the microfluidic system and the
adjustment of oxygen levels via the fluidic periphery.
Automation and parallelization. Standard cell biological
procedures have a strong emphasis on automation and
parallelization for high throughput. Laboratory routines and
workflows should ideally not be disrupted by technological
constraints. Sensor integration has fallen behind in this
regard because time-transient sensor signals often cannot be
extracted in parallel and continuously from a high number of
channels. Some systems have now come closer to the vision
of a sensing 96-well plate.*™”” Simple electrical impedance or
TEER measurements can be multiplexed easily because
signals do not change rapidly, and continuous electrical
connection is not required. The alignment of optical fibres
with sensor patches has been practically solved to a degree
that multiplexing over a 96-well plate is possible within a
reasonable timeframe. However, most applied optical sensor
patches are still fairly large at 0.5-1 mm size, limiting their

This journal is © The Royal Society of Chemistry 2025

formlabs (dental

Glass chip/SU-8

Glass chip/SU-8

parts in contact with cells

Yes Advanced barriers for Matrigel integration, 43
demonstration of gas-tightness, adjustment of
hypoxia via flow only

Yes Injection molded COC for main system, 3D 81
printed peripherals

Yes Thermally bonded, laser-structured PMMA and 82
PC layers

No Interconnected fluidic sensor-integrated hanging 83
droplet network

Yes Gas-tight sensor well for respiration monitoring 52

in single spheroids

No Perfused spheroid platform 85

spatial resolution. Generally, the parallelization of highly
resolved, fast, precise, time-transient, continuous sensor
signals is still not sufficiently solved, which is the domain of
electrochemical sensors. Here, multiplexing is not always
possible because sensors require continuous polarization,
and regulated feedback loop circuits, such as in
potentiostats, cannot be easily parallelized. There is still a
need for more cost effective and preferably embedded
hardware.”®"

Biocompatibility, sterility and compatibility with cell
culture environments. Biocompatibility in the sense that
sensor and platform materials do not negatively interfere
with the biological material, e.g. the cells, is certainly a
prerequisite for successful cell culture monitoring. Nowadays,
the biocompatibility of those components rarely limits their
application in cell cultures, and a wide choice of surface and
material modifications to enhance biocompatibility exist. The
aforementioned increased use of standard labware materials
further fosters this progress. In addition to the sensor itself,
the components and readout instrumentation should ideally
be compatible with the cell culture environment. Cell culture
incubators with their humidity and elevated temperature
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pose particular challenges. The placement of electronics
within such environments should be carefully considered,
and sealing and encapsulation procedures should be
explored. Additionally, the possibility to externally clean and
sanitize devices, e.g., by wiping down with ethanol, should be
considered if devices shall be used in cell culture labs.
Sterility and low bioburden are often not discussed in the
literature but have utmost practical relevance. In a laboratory
or research environment, ethanol disinfection and/or UV
exposure may be sufficient for successful cell cultures.
However, in standard industry biotechnological and
biomedical applications, biological manufacturing practices
simply demand non-negotiable sterilization procedures such
as gamma-ray/ionizing irradiation or autoclaving and similar
heat/steam treatments. While this requirement may not be a
factor for standard labware, it should be considered that both
sensor elements and electronic components may not
withstand these procedures. Particularly, biological sensor
components, e.g., enzymes or antibodies, but also materials
such as polymers will not necessarily withstand high heat or
high doses of ionizing irradiation. This limitation extends to
the point at which it may not be feasible at all to combine
the cell culture area or vessel and sensor device, and instead
have the sterile barrier in between. Consequently, this limits

the perspective of single-chip solutions for real-world
applications.

Additive manufacturing techniques. Additive
manufacturing is attractive and increasingly popular,

particularly for decentralized, low resource fabrication.
Without a doubt, additive manufacturing techniques or 3D
printing approaches have made progress in the recent years.
However, aside from the tremendous advances in printing
the biomaterials themselves, such as scaffolds, hydrogels,
cells and tissues,'®"*°*> the impact and relevance of additive
manufacturing in sensor-based organ-on-chip platforms and
associated microfluidics is arguably exaggerated. The purely
microfluidic aspects must be separated from sensor-
integrated approaches. While it is certainly desirable, e.g., in
a low resource setting, to have quick and relatively cost-
effective (with respect to investment) access to certain
platforms, this is mostly relevant for rapid prototyping, but
the successful implementation of in vitro models is likely
limited by other constraints.

Classical, commercial 3D printers allow the facile
fabrication of microfluidic structures such as channels and
chambers. Differentiated evaluations of common 3D printing
modalities are rarely found.'®*'** The shortcomings of the
materials and processes range from limited feature size,
dimensional accuracy, the surface quality and optical clarity,
potential  absorption = of  molecules, to  unclear
biocompatibility of the materials, hindering cell culture
applications.*® In contrast, both mass fabricated polymeric
platforms and standard cleanroom techniques can easily
avoid many of these drawbacks. For example, microfabricated
barrier structures for contact angle pinning, which require
smooth surfaces and sharp edges are not easily realized via
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additive manufacturing, but easily moulded and/or fabricated
directly via clean room processing. Regarding sensor
integration, two common limitations of additive
manufacturing stand out in particular. First, it is difficult to
co-integrate electrodes in order to seamlessly include
electrical and electrochemical sensors. Second, optical clarity
of the materials is often not sufficient, which is detrimental
for both high quality imaging and the integration of optical
sensors. Additive manufacturing of novel material classes,
such as the 3D printing of glass'*'°® or metals,'”” and even
their potential co-integration are highly promising. Glass, in
contrast to polymers, offers excellent chemical and thermal
stability, low absorption of chemicals, a larger variety of
surface modifications, excellent optical clarity, and defined
optical properties, in addition to a different level of
sustainability. At the same time, advanced additive
manufacturing processes allow geometries and shapes that
otherwise cannot be realized at all, e.g., hollow, porous and
multilayer structures.

Conclusions

Sensors can be very useful in cell cultures because even basic
environmental parameters are extremely determinant for the
experimental outcome. The need for standardization and
control of cultures conditions, and thereby reproducibility
and biological relevance of in vitro models, has been
identified and recently emphasized in various papers from
the biological perspective. Numerous studies with continuous
sensor data have underlined that assumed culture conditions
and the actual pericellular microenvironment may differ
strongly from each other. Other measurements have shown
how metabolic cues can significantly influence cellular
behaviour and are often the key to the validity of the in vitro
model. Therefore, this overall challenge can barely be
addressed without applying sensors in the cell culture. While
the cost for sensor integration may appear prohibitive,
lowering the cost and increasing accessibility of extremely
expensive therapies, such as cell and gene therapy, is also
imperative and well justifies sensor integration.

Nonetheless, in situ sensors and sensor systems are still
far from being standard in cell culture practice, particularly
not in normal routines in the laboratory or industrial
applications. The reasons for that are numerous: the
difficulty of sensor integration in cell culture and handling
and manufacturing practices, lack of straightforward
parallelization and automation, lack of stability over relevant
timeframes, but also the apparent complexity of the data and
low drive for adoption and understanding of their relevance
from the end user side. In light of these observations, we
formulate the following concluding remarks for the future
development of sensors and sensor-equipped platforms for
cell cultures and organs-on-chip:

In sensor principles, optical sensors see an apparent
increase in popularity due to their non-invasiveness, lack of
on-chip electrical components and somewhat better options

This journal is © The Royal Society of Chemistry 2025
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for multiplexed read-out, but are largely limited to oxygen
and pH. Electrochemical sensors are advantageous if sensors
need to be small, which is why they dominate in single
spheroid monitoring, and a larger variety of parameters
exists. For glucose and lactate as the primary energy
metabolites, or glutamine and glutamate to cover the
nitrogen metabolism, optical techniques are fairly limited,
and electro-enzymatic sensors are the standard or the only
alternative. Interestingly, a detailed look at real-world long-
term performance data of solid implementations does not
hint at substantial performance difference between the two
principles, particularly not a clear advantage of optical
sensors, as often claimed. More direct comparison studies of
both principles under comparable conditions would be
attractive. Despite decades of sensor development, the
stability of biochemical sensors over a timeframe of, e.g., four
weeks as desired for meaningful in vitro models, is still far
from standard. With respect to the much desired need for
parallelization in biology, there is also an argument for the
development of more affordable and more multi-channel
instrumentation, such as embedded hardware, independent
of the individual sensor principle or platform.

Most cell culture microsystems still feature 2D adherent
cell cultures because they allow the easiest sensor access,
certainly not because they have the highest biological
relevance. Extracting meaningful signals from 3D cultures
is hard, especially from those growing heterogeneously in a
matrix, which has arguably the highest in vivo relevance.
There are still very few systems that can measure from
matrix-based 3D culture, because culture integration is
challenging, and mass transfer is complex, resulting in
high demands for sensor location and performance. It is
still not widely acknowledged that biochemistry overall and
sensing of metabolites in particular are inevitably linked to
the understanding and study of the molecule mass transfer.
A solid understanding, modelling and verification of the
mass transfer in cell culture monitoring systems are
essential and should be emphasized more. Interestingly,
oxygen control and the relevance of hypoxia have taken
hold in system design, and gas-tightness is an increasingly
implemented system property that also affects material
choice.

The trends in materials point towards simpler, disposable
materials and easier, more efficient fabrication processes
with generally fewer electrical or electronic components.
Almost all recent systems are fully transparent for optical
access, such as high content imaging, and made from gas-
impermeable polymers or glass. Silicone, e.g., PDMS, for
microfluidics is being replaced due to its oxygen permeability
and unfavourable absorption of various compounds, as is
silicon as a chip material for not being transparent. The
usage of thermoplastics and relatively easily scalable
fabrication techniques is increasing. Materials and processes
are preferably close to those of the standard labware. Despite
other claims, additive manufacturing plays little to no role in
advanced embodiments of sensor-equipped cell culture

This journal is © The Royal Society of Chemistry 2025
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systems, due to low scalability and fabrication efficiency,
questionable material properties, lack of optical clarity, and
difficult electrical sensor integration.

The technological community should, therefore, overcome
their own endless technology hype cycles that include sensor
materials and fabrication processes, in combination with a
substantial tendency to overestimate the relevance of
technology in contrast to the constraints and requirements
imposed by the biological model. Despite a high number of
apparent innovations in sensor materials and technology, the
number of translations to meaningful cell experiments is
surprisingly low and relatively conservative. The focus should
particularly be directed towards a more realistic assessment
of sensor performance, which includes more long-term data
up to the relevant time-scales of weeks under real-world
conditions. We encourage reviewers for journals but also for
funding bodies to reconsider and re-evaluate their criteria. A
shift has to be made from apparent novelty as an end in itself
and from, often unnecessary, technological complexity,
towards a more goal-oriented approach. A Dbetter
understanding and honest assessment of needs, capabilities
and limitations from both the technological and biological
side will facilitate a more widespread application of sensors
in cell cultures and organs-on-chip, lead to better and more
predictive in vitro models, and will improve transdisciplinary
connectivity and collaboration.
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