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Abstract

The integration of organoids with biosensors serves as a miniaturized model of human
physiology and diseases, significantly transforming the research frameworks surrounding
drug development, toxicity testing, and personalized medicine. This review aims to provide
a comprehensive framework for researchers to identify suitable technical approaches
and to promote the advancement of organoid sensing towards enhanced biomimicry
and intelligence. To this end, several primary methods for technology integration are
systematically outlined and compared, which include microfluidic integrated systems,
microelectrode array (MEA)-based electrophysiological recording systems, optical sensing
systems, mechanical force sensing technologies, field-effect transistor (FET)-based sensing
techniques, biohybrid systems based on synthetic biology tools, and label-free technologies,
including impedance, surface plasmon resonance (SPR), and mass spectrometry imaging.
Through multimodal collaboration such as the combination of MEA for recording electrical
signals from cardiac organoids with micropillar arrays for monitoring contractile force,
these technologies can overcome the limitations inherent in singular sensing modalities
and enable a comprehensive analysis of the dynamic responses of organoids. Furthermore,
this review discusses strategies for integrating strategies of multimodal sensing approaches
(e.g., the combination of microfluidics with MEA and optical methods) and highlights
future challenges related to sensor implantation in vascularized organoids, signal stability
during long-term culture, and the standardization of clinical translation.

Keywords: biosensors; organoids; multimodal technology; microfluidics; electrochemical
sensors; microelectrode arrays; nanomaterials

1. Introduction

In vitro experiments and animal experiments serve as critical methodologies for dis-
ease modeling and drug screening [1]. Nonetheless, the existing in vitro and animal studies
utilized in drug discovery often fail to replicate the intricate nature of human systems and
organs, which can lead to inaccurate predication of drug toxicity and, consequently, a high
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rate of failure in clinical trials [2]. Organoids, which are three-dimensional cellular struc-
tures and contribute to the functionality of specific organs or tissues, are generated by in-
ducing the differentiation of stem cells or organ progenitor cells through three-dimensional
culture techniques in vitro. These organoids exhibit stable phenotypic and genetic traits,
allowing for prolonged culture in vitro [3]. Due to their miniature three-dimensional cel-
lular aggregates that retain essential structural and functional characteristics of actual
organs, organoids are better equipped to represent the properties of human tissues [4].
They introduce a new research paradigm for clinical investigations and may serve as a
valuable adjunct to traditional preclinical cell culture techniques and in vivo animal studies
in the short term. In the long term, they have the potential to serve as viable alternatives [5].

The rapid advancement of biosensor technology has facilitated the integration of
organoids and biosensors, presenting a new approach for the real-time monitoring of
physiological parameters (Figure 1). The applications of biosensors have the potential to
enhance the early diagnosis and treatment of diseases by monitoring changes in biomarkers
in vivo [6,7]. This convergence has led to the emergence of the innovative research field
known as “organoids-biosensors”. Electrochemical sensors provide real-time insights into
the functional status of organoids by detecting variations in the electrical signals associated
with metabolic molecules, such as glucose and lactate [8]. Additionally, microelectrode
arrays enable the recording of electrophysiological activities in neural and myocardial
organoids with high spatiotemporal resolution [9,10], thereby elucidating the mechanisms
underlying cellular network interactions. Furthermore, optical sensors employing fluores-
cence imaging and Raman spectroscopy [11] facilitate the analysis of metabolic pathways
and structural changes in organoids at the molecular level. The incorporation of these tech-
nologies has transitioned organoid research from static observation to dynamic functional
analysis [12], thereby offering quantitative data that supports a deeper understanding of
organ development and the progression of diseases.

In this context, the advent of multimodal technology has improved the comprehen-
siveness and accuracy of monitoring processes [13]. The convergence of multimodal
technologies has further expanded the dimension of organoid monitoring [14]. By inte-
grating microfluidic perfusion systems, mechanical sensing, and advanced intelligent algo-
rithms [15,16], researchers were able to simultaneously obtain the hydrodynamic parame-
ters, mechanical stress responses, and electrophysiological signals from organoids, thereby
enabling the construction of multidimensional data models. This cross-scale monitoring
system not only improves the accuracy of drug screening, but also establish a technical
foundation for the clinical application of “organoid-on-a-chip” technologies in personalized
medicine [17]. The transition from single-parameter detection to multi-dimensional collab-
orative analysis signifies that the intersection of organoids and biosensors is accelerating
its evolution in the direction of greater integration and intelligence [18,19].
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Figure 1. Overview of organoid research and application fields: technology and application map
from basic research to translational medicine.

2. Organoids and Biosensors

The integration of organoids with biosensors has emerged as a transformative ap-
proach to decode the complex physiological and functional dynamics of these 3D cellular
constructs, bridging the gap between static observation and real-time, quantitative anal-
ysis. Section 2 focuses on the diverse array of biosensing technologies tailored to moni-
tor organoids, encompassing three core dimensions: the microenvironmental cues (e.g.,
metabolites, ions, and mechanical forces) that regulate organoid development, the electro-
physiological activities that reflect functional maturity (particularly in neural and cardiac
organoids), and the signaling molecules (e.g., biomarkers, metabolites) that indicate cellular
states and responses. By exploring technologies such as microfluidic systems, electrochemi-
cal sensors, microelectrode arrays (MEAs), optical sensors, and label-free techniques, this
section elucidates how biosensors enable precise, dynamic, and multi-parametric monitor-
ing of organoids, thereby advancing our understanding of their biology and accelerating
their applications in drug screening, disease modeling, and personalized medicine.

2.1. Organoid Microenvironment Monitoring Sensors
2.1.1. Microfluidic System

Organoid-on-a-chip technology represents an advancement in the field of biotechnol-
ogy, specifically in the simulation of human organ functions through the three-dimensional
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culture of cells utilizing in vitro microarray technology and microfluidic chip technolo-
gies [20]. This innovative approach operates at the microenvironmental level, allowing
for the regulation of fluid perfusion, mechanical tension, and chemical gradient, thereby
enhancing the biomimetic characteristics and functional maturity of organ structures. Com-
pared to traditional organoids, microarray technology offers a more precise simulation of
physiological organ activities, such as blood flow and respiration, while also integrating
sensors for real-time monitoring of cellular responses [21]. In oncological research, this
technology effectively replicates the tumor microenvironment and metastatic processes,
providing a more physiologically relevant alternative for drug testing and mechanistic
research, thus surpassing traditional cancer models [22]. The microfluidic platform fa-
cilitates the efficient screening of drug compounds [23], especially in the application of
anti-cancer drugs, thereby advancing the discovery of novel pharmacological agents. For
example, microfluidic chip-based drug screening can emulate drug metabolism processes
within the human body, allowing for more accurate predictions regarding the biological
effects and toxicity of various drugs [24]. A specific application of this technology involved
the development of a microfluidic system designed for personalized chemotherapy and
immunotherapy testing using pancreatic cancer biopsy tissues [25]. In a previous reported
study, researchers obtained needle biopsy samples from patients, which were subsequently
digested and cultured into organoids. These organoids were then placed into two distinct
microfluidic devices: Type 1 for single-cell seeding and Type 2 for the direct implantation
of intact organoids or fragments through a side injection port (Figure 2a,b). This approach
addresses the problem of insufficient cell numbers typically encountered in traditional
culture methods. To evaluate the efficacy of drug screening within this microfluidic device,
various agents, including encorafenib (a BRAF inhibitor), binimetinib (a MEK inhibitor),
their combinations, and the first-line chemotherapy drug Gemcitabine, were administered.
The findings indicated that the microfluidic organoids accurately reflected drug responses,
exemplified by the significant cytotoxic effect of binimetinib monotherapy on BRAF mutant
organoids. The study confirmed that the microfluidic organoids exhibited phenotypic
and genotypic similarities to the gold standard Matrigel organoids, while also demon-
strating advantages such as spheroid uniformity, reduced dependence on cell numbers,
and the elimination of Matrigel requirements. The integration of chemotherapy drug
testing with natural killer (NK) cells and new biologics for immunotherapy evaluation
provides a promising platform for personalized cancer treatment based on cancer biopsy
analysis, with the potential to evolve into a companion diagnostic tool for chemotherapy
or immunotherapy.

The emergency of microfluidic technology provides new opportunities for the culture
and research of organoids. The design and optimization of microfluidic chips is the key
to achieving effective organoid development. First, fluid dynamics simulations serve as a
valuable tool for researchers to comprehend fluid behavior of fluids within microfluidic
systems, which is vital for optimizing the distribution of nutrients and growth factors
in organoid cultures [26]. The establishment of vascularized organ-on-a-chip systems in
tissue engineering has historically posed significant challenges. Conventional microfluidic
chips often fail to accurately replicate in vivo flow conditions, and achieving functional
vascularization of induced pluripotent stem cell (iPSC)-derived organoids cultured in vitro
remains a challenge. This article outlines a methodology for culturing kidney organoids
on an in vitro microfluidic chip. In a three-dimensional (3D)-printed microfluidic chip,
organoids are perfused with controlled wall shear stresses (i.e., fluid shear stresses), fa-
cilitating their attachment to a gel-brain extracellular matrix (Figure 2c). This method
expands the pool of endogenous endothelial progenitor cells, generates a perfusable lumi-
nal vascular network encircled by parietal cells, and enable vascularized renal organoids
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to develop more mature podocytes and tubular compartments. This maturation process
improves cell polarity and adult gene expression, with glomerular vascular development
resembling that of embryonic mammalian kidneys. Furthermore, endogenous vascular
endothelial growth factor (VEGF) gradients are critical for the integration of blood vessels
with these compartments. This innovative approach paves the way for advanced studies on
kidney development, disease, and regeneration [27]. Similarly, researchers have developed
a new microfluidic platform for the establishment and monitoring endothelial network
formation on a chip, as well as for the functional connectivity of blood organoid chips,
thereby promoting the growth, maturation, and functionality of organoid systems. This
article also describes a microfluidic platform designed for the construction of functional
vascularized organoids [28]. The microfluidic chip is composed of cyclic olefin copolymers
(COCs), which offer long-term stability and favorable optical properties, and features ten
independent microchannels, each equipped with a trap site (Figure 2d) that can be adjusted
according to the size of the organoids. For instance, vascular organoids with a diameter of
approximately 600 pm correspond to traps that are 300 um wide and 800 pm high, while
mesenchymal and pancreatic islet spheres with a diameter of around 300 pm correspond to
traps that are 200 pum wide and 400 um high (Figure 2e). The study demonstrates that the
chip operates in parallel with a ten-channel syringe pump, allowing for precise control of
fluid priming. Based on the Landau-Levich-Bretherton effect, a thin hydrogel layer remains
on the microchannel wall, which promotes the self-organization of endothelial cells into a
vascular network that traverses the trap site, thereby providing nutrient perfusion for the
organoids (Figure 2f). The platform successfully realized the vascularization of mesenchy-
mal spheroids, vascular organoids and pancreatic islet spheroids on the chip for duration
of up to 30 days, significantly enhancing the growth, maturation and functionality of the
organoids, and providing an effective model for the construction of functional vascularized
tissues in vitro.

Microfluidics has emerged as a significant tool for the real-time monitoring of the
organoid culture environments [29]. By integrating sensors, microfluidic chips are capable
of continuously tracking essential parameters such as pH, partial pressure of oxygen, and
nutrient concentrations within the culture medium. For example, gas diffusion techniques
can be used to establish stable oxygen gradients within microfluidic systems [30], thereby
simulating varying oxygen levels characteristic of the tumor microenvironment. This
approach facilitates the investigation of cellular proliferation and migration behaviors,
demonstrating considerable promise in the fields of tumor biology and pharmacological
development. The extracellular matrix (ECM) is vital for preserving tissue architecture and
functionality [31], with the orientation and arrangement of collagen fibers influencing the
directionality and velocity of cellular movement. Microfluidic devices enable the precise
layered deposition of diverse components within a controlled microenvironment, thereby
allowing for the reconstruction of the original structural and functional attributes of tissues [32].
In recent years, the application of microfluidic technology in drug metabolism research
has advanced rapidly, especially in the simulation of liver and kidney functions [33,34].
Microfluidic technology provides a more reliable model for assessing drug toxicity through
the development of body-on-a-chip or organ-on-a-chip systems, which enables the simulation
of the physiological environment of human organs in vitro [35].
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Figure 2. (a) A single-cell seeding microfluidic device with 5 independent chambers featuring
a microwell array [25]. (b) Organoids are inoculated through lateral injection ports by applying
negative pressure [25]. (c) Renal organoids are cultured on an engineered ECM with controlled
fluid shear stress [27]. (d) A computer-aided designed microfluidic chip [28]. (e) U-shaped trapping
regions for capturing organoids [28]. (f) Top view of the microfluidic device. A syringe pump was
connected to the outlet of the channel to introduce fluid perfusion [28].

2.1.2. Electrochemical Biosensors

Electrochemical sensors detect and quantify biomarkers based on the principles of
electrochemical reactions [36], such as glucose and lactic acid. These sensors typically
indicate the concentration of target molecules through changes in the current or voltage
of the electrode. For example, glucose sensors usually utilize enzymes (e.g., glucose
oxidase) to catalyze reactions, generating current changes that are proportional to the
glucose concentration. Similarly, lactic acid sensors may monitor changes in lactic acid
through electrochemical reactions, which is particularly important in metabolic research
and exercise physiology [37].

In addition, in recent years, the design of electrochemical sensors has gradually ad-
vanced towards new materials and novel sensor platforms. For instance, electrochemical
sensors using new two-dimensional materials like MXene have demonstrated excellent elec-
trochemical performance and sensitivity, enabling effective detection of specific biomarkers
in complex biological environments [38]. These advancements have expanded the applica-
tion potential of electrochemical sensors in organoid monitoring, enhancing the capability
for real-time monitoring of physiological states. Electrochemical sensors face challenges
related to sensitivity and selectivity in complex biological environments, such as organoid
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culture media [3]. Strategies to improve sensitivity include the use of nanomaterials with
high surface areas, such as carbon nanotubes and graphene, which can significantly en-
hance the electrochemical reaction rate of the electrode [39], thereby improving the response
capability of the sensor. Furthermore, optimizing the surface chemical properties of the
electrode, such as through functionalization or modification of the electrode surface, can
enhance the specificity of the sensor for target molecules [40] and reduce the impact of
interfering substances.

Molecularly imprinted polymer (MIP) technology is often used for the development
of electrochemical sensors due to its selectivity advantages [41]. This technology enables
the construction of specific recognition sites on the electrode surface, thereby enhancing the
sensor’s selectivity for the target analyte. For example, in the case of glucose sensors, MIP
ensures that the sensor is responsive exclusively to glucose molecules, while significantly
minimizing interference from structurally similar compounds, such as other sugars [42].
In addition, the incorporation of signal amplification techniques, such as the utilization
of organic electrochemical transistors (OECTs) as amplifiers, can further improve the
sensitivity of these sensors, enabling the detection of extremely low concentrations of
biomarkers in practical applications [43].

The ongoing advancements in biomedical research have led to a significant trend
towards the miniaturization and integration of electrochemical sensors [44]. This trend
is anticipated to not only decrease costs, but also improve the portability and real-time
monitoring capabilities of these sensors. The development of miniaturized sensors often
relies on sophisticated manufacturing techniques, such as 3D printing and microfabrication,
which enable sensors to work efficiently within confined spaces [45]. Within organoid
culture systems, the integrated design of the electrochemical sensors enables the real-time
monitoring of physiological parameters in the culture medium. For example, integrated
sensors can be directly embedded into the culture medium, allowing for the continuous as-
sessment of the metabolic status of organoids by monitoring changes in glucose and lactate
levels. This integrated methodology not only improves the accuracy of monitoring, but
also streamlines experimental procedure and minimizes the necessity for sample handling,
thereby mitigating potential interferences. For example, the research group of Professor
Y. Shrike Zhang from Harvard Medical School designed a microfluidic system integrated
with a renewable electrochemical affinity biosensor [46]. Its core goal is to achieve continu-
ous, in situ, and non-invasive monitoring of soluble biomarkers in organ-on-a-chip. The
device is mainly composed of an electrochemical microelectrode, a microfluidic chip, and a
system integration module. The electrochemical microelectrode uses electrochemical active
materials such as gold, and its surface can be automatically functionalized through the
microfluidic system to immobilize biorecognition elements such as aptamers or antibodies,
generating an electrical signal through specific binding to the target biomarker. The mi-
crofluidic chip contains microchannels, valves, and reservoirs, which can precisely control
fluid delivery. The “functionalization—detection-regeneration” process is automatically
completed through valve switching. In the functionalization stage, a solution of recognition
elements is delivered to immobilize biorecognition molecules. In the detection stage, the
culture medium is guided to flow through the electrode to achieve biomarker detection.
In the regeneration stage, a desorbent is delivered to restore the detection ability of the
electrode. The system integration module connects the microfluidic chip with the electro-
chemical detection module and the fluid driving device through a breadboard, and realizes
fully automated control of the whole process by combining the detection circuit and data
analysis code. It is applicable to scenarios such as drug screening, disease modeling, and
personalized medicine research, providing a powerful tool for dynamically analyzing the
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functions of microtissues. In this review, we compare the advantages and disadvantages of

Electrochemical sensors of key technical (Table 1).

Table 1. Electrochemical sensors of key technical principles, advantages and disadvantages.

Category Principle Advantages Disadvantages
Generate electrical signals Face challenges in
. (current, potentla} changes) High sensitivity, fast response §en51tlv1ty an.d selfectwlty
Electrochemical through the reaction between A in complex biological
. . e speed, can be miniaturized and )
sensors biological recognition elements ) . . environments (such as
) integrated, suitable for real-time ) )
(basic) on the electrode surface and S organoid culture media)
monitoring. .
target substances to reflect the and are susceptible to
concentration of the substances. interfering substances.
1. Nanomaterials significantly
. s enhance the electrochemical
Modify electrodes with high .
s reaction rate of electrodes and
specific surface area improve the response capability
nanomaterials (such as carbon P p P Rely on sophisticated
of sensors. . e
. nanotubes, graphene, MXene and e material modification
Material- : . . 2. Surface modification can .
s other two-dimensional materials) . techniques; the
modified . reduce interference and enhance . s .
. to enhance electrochemical i dispersibility and stability
electrochemi- specificity for target molecules.

cal sensors

reaction rates; optimize chemical
properties through surface
functionalization/modification of
electrodes to improve specificity
for target molecules.

3. New two-dimensional
materials (e.g., MXene) exhibit
excellent electrochemical
performance and sensitivity,
suitable for detection in complex
biological environments.

of nanomaterials may
affect the performance
consistency of sensors.

1. Significantly improve the
selectivity of sensors for target

The uniformity of

Molecularly s . molecules and reduce interference e
. Construct specific recognition . recognition sites may be
Imprinted . from structurally similar . .
sites on the electrode surface to insufficient, and
Polymer accurately identify target compounds (e.g,, glucose sensors non-specific binding ma
(MIP) y ytars eliminate interference from other P & may
analytes. occur in complex biological
technology sugars).
. . samples.
2. Relatively low preparation cost
and good stability.
1. Greatly improve sensor o .
. e e ) . Sensitive to environmental
. Act as signal amplifiers, sensitivity, enabling the detection oo
Organic Elec- s L . conditions (such as
. amplifying detection signals of extremely low concentrations -1
trochemical e . . humidity and
. through the sensitivity of organic  of biomarkers.
Transistors . - . . temperature); long-term
semiconductor channels to 2. Suitable for integrated design, 1
(OECTs) . . . . o stability needs further
changes in ion concentration. enhancing real-time monitoring S
- optimization.
capabilities.
1. Reduce costs, improve
portability and real-time
Rely on precision manufacturin monitoring capabilities. . .
Y on br rng & cap . Miniaturized
. technologies such as 3D printing 2. Can be directly embedded into . .
Integration . . . manufacturing requires
o and microfabrication to culture systems to continuously . 2
and minijatur- o . . o high process precision; the
- minijaturize sensors and integrate monitor metabolic indicators (e.g., o
ization of . . compatibility and
. them into the same system (e.g.,  glucose, lactate), enhancing 1
electrochemi- long-term stability of

cal sensors

organoid culture systems) for
simultaneous multi-parameter
monitoring.

monitoring accuracy.

3. Streamline experimental
procedures, reduce sample
handling, and minimize potential
interference.

integrated systems need
continuous optimization.
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In the forthcoming years, electrochemical sensors are anticipated to undergo further
miniaturization and integration, amalgamating various sensing technologies and analytical
capabilities. This advancement will facilitate the simultaneous monitoring of multiple
physiological parameters, thereby providing more powerful tools for personalized medicine
and precision treatment. Such developments are expected to foster the extensive application
of biosensors in clinical settings, particularly in the realms of real-time monitoring and
early diagnosis of diseases, which holds important application prospects.

2.1.3. Field-Effect Transistors (FETs)

FETs have become ideal tools for monitoring the microenvironment of organoids due
to their high sensitivity, rapid response, and miniaturization characteristics. The application
of FET technology enables researchers to monitor changes in the microenvironment of
organoids in real-time without interfering with their growth [47]. For example, FET sensors
can be used to detect changes in the concentration of metabolites in organoid culture media,
which is crucial for understanding cell-to-cell interactions and the mechanisms of disease
occurrence [48]. In addition, the high-throughput detection capability of FETs gives them
unique advantages in drug screening and personalized therapy. They can quickly evaluate
the effects of different drugs on organoids, thereby providing a more accurate basis for the
formulation of clinical treatment plans [49,50]. FET sensors can not only effectively monitor
the biochemical signals of organoids but also be combined with microfluidic technology
to achieve more complex microenvironment simulation and real-time monitoring [51,52].
This combination not only improves the timeliness and accuracy of monitoring but also
provides a new perspective for studying the physiological and pathological characteristics
of organoids. A field-effect transistor (FET) is a semiconductor device that regulates current
through an electric field, mainly consisting of a source, a drain, and a gate. Its working
mechanism is based on adjusting the gate voltage to control the concentration of carriers
in the channel, thereby affecting the magnitude of the channel current. In biosensing
applications, the gate surface of FETs is usually modified with biomolecules. For example,
biomolecules such as antibodies, enzymes, or DNA are immobilized to enable them to bind
to target molecules. When the target molecule binds to the receptor, it changes the charge
distribution on the gate surface, which in turn affects the conductivity of the channel. This
mechanism allows FETs to achieve high sensitivity and rapid detection, and they are widely
used in biosensors [53].

FETs are mainly classified into metal-oxide-semiconductor FETs (MOSFETs), organic
FETs (OFETs), and nanowire FETs (NWFETs). Among them, NWFETs perform particularly
well in the field of biosensing due to their high surface-area-to-volume ratio and low
detection limit. NWFETs can provide higher sensitivity and faster response speed in sensor
applications, especially suitable for the detection of biomolecules. This is because the
small structure of nanowires can increase the contact area with target molecules, thereby
improving the sensitivity and accuracy of detection. In addition, NWFETs also have the
advantages of adjustability and easy combination with other nanomaterials, making them
highly flexible in biosensor design [54,55].

To improve the selectivity of FETs in biosensors, various biofunctionalization strategies
are usually adopted. These strategies include chemical modification and biomolecule
immobilization. Among them, chemical modification methods such as silanization and gold
nanoparticle modification can enhance the surface properties of FETs and their affinity for
target molecules. In addition, by immobilizing biomolecules such as antibodies or aptamers,
highly selective detection of specific biomarkers can be achieved. These functionalization
strategies not only improve the sensitivity of the sensor but also enable efficient detection
of target molecules in complex biological environments [56,57]. Moreover, studies on the
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combination of heterostructures of FETs and 2D materials also provide new development
directions for their application in the field of biosensors and enhance their application
potential [58,59]. The pH value of the organoid culture environment is an important factor
affecting cell metabolism and proliferation. Studies have shown that changes in pH value
can significantly affect the growth state and function of cells. For example, the suitable
pH range is usually between 7.2 and 7.4, and the pH value within this range can promote
cell proliferation and metabolic activity. If the pH value is too low or too high, it may
inhibit cell growth and even cause cell apoptosis. The application of field-effect transistor
(FET) technology, especially the use of H-sensitive membranes (such as TayOs), can realize
real-time monitoring of the pH value in the organoid culture environment. This monitoring
method can not only timely feedback changes in the culture environment but also help
researchers adjust the culture conditions to optimize the growth and function of organoids.
By real-time monitoring of the pH value, researchers can obtain more accurate data, so
as to make dynamic adjustments during the experiment to ensure that cells grow under
optimal physiological conditions, thereby improving the success rate and repeatability of
the experiment [60].

The monitoring of metabolites is one of the important means to evaluate the physiolog-
ical state of organoids. During the culture of organoids, the dynamic changes of metabolites
such as glucose and lactic acid can reflect the metabolic activity and growth state of cells.
FETs modified with glucose oxidase can be used to realize real-time detection of glucose
consumption in organoid metabolic activities. This method has the advantages of high
sensitivity and fast reaction speed, which can timely reflect the utilization of glucose by
cells. When cell activity increases, the consumption of glucose will increase significantly,
which in turn leads to an increase in lactic acid production, and this process can be moni-
tored in real-time by FETs. Studies have shown that changes in glucose metabolism are not
only related to cell proliferation and apoptosis but may also affect the differentiation state
of cells. Therefore, real-time monitoring of changes in the concentration of glucose and
lactic acid provides an important basis for studying the physiological characteristics and
pathological states of organoids, and helps to further understand the regulatory mechanism
of cell metabolism [61,62].

The monitoring of ion concentrations, especially potassium ions (K*) and calcium ions
(Ca2"), plays an important role in studying the electrophysiological activities of organoids.
FETs prepared with ion—selective membranes (such as valinomycin modification) can be
used for the detection of K* concentration. K* plays a key role in maintaining the mem-
brane potential and the balance of the intracellular and extracellular environment, and
changes in its concentration can directly affect the physiological activities of cells, including
cell excitability and signal transduction. Therefore, real-time monitoring of changes in
K* concentration in organoids can not only reflect the electrophysiological state of cells but
also provide important information for studying the mechanism of cell signal transduction.
In addition, Ca?*, as an important medium for intracellular signal transduction, its con-
centration changes can also affect cell proliferation and differentiation. By monitoring the
concentrations of K* and Ca?*, we can more comprehensively understand the physiological
state of organoids, thereby providing data support for the establishment of disease models
and drug testing [63,64].

FET technology shows significant technical advantages in the field of biosensors,
especially when applied in the monitoring of the organoid microenvironment. These ad-
vantages are mainly reflected in several aspects such as high sensitivity, rapid response, and
miniaturization. Firstly, due to their high sensitivity, FET sensors can achieve a detection
limit at the picomolar (pM) level, which makes them have great potential in biomolecule de-
tection. For example, sensors using FET technology can achieve rapid and sensitive signal
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detection in complex biological environments, thereby effectively monitoring biomarkers
in organoids [65]. Secondly, the rapid response characteristic of FET sensors allows them to
complete data collection and processing within seconds, which is particularly important
for real-time monitoring and dynamic analysis. This characteristic enables FET sensors to
provide timely feedback in a rapidly changing biological environment, supporting real-time
decision-making [66]. Finally, the miniaturized design of FETs makes them very suitable for
high-throughput detection. This miniaturization not only improves the integration of the
sensor but also reduces the production cost, which is conducive to large-scale application
and promotion. In addition, the integrability of FETs and their compatibility with other
microelectronic devices make them have broad application prospects in future intelligent
medical devices [67].

2.2. Monitoring of Organoid Electrophysiological Parameters
2.2.1. Microelectrode Array (MEA) Technology

MEA consists of numerous miniature electrodes capable of detecting electrical signals,
such as action potential and field potentials, from neurons or cardiomyocytes with high
throughput. These arrays facilitate the recording and stimulation of neural electrical activity,
and are extensively utilized in brain—-computer interface (BCI) applications, neuroscience
research [68], and drug screening, among other areas. For example, MEAs are employed
in studies related to epilepsy [69], the firing patterns of neurons in Parkinson’s disease,
and the assessment of cardiomyocyte drug toxicity including evaluations of QT interval
prolongation [70].

Brain organoids demonstrate electrical characteristics akin to those of the brain, exhibit-
ing increased firing frequency and synchronization during development, which parallels
the evolution of neural networks in vivo [71]. When neural organoids are cultured on
MEAs, the electrodes can record their spontaneous electrical activity, thereby effectively
reflecting the interconnections and network dynamics among neurons [9]. In contrast,
cardiomyocytes derived from human heart organoids exhibit rhythmic contractions compa-
rable to those of early human embryos, alongside action potentials characteristic of specific
cardiac cell types, such as those found in the ventricles and atria, as well as nodular-like
waveforms. Cardiac organoids successfully replicate the electrophysiological properties of
cardiac tissue, thereby serving a crucial role in drug screening and regenerative medicine
research [72].

MEA can be used to assess the electrophysiological properties and function of car-
diomyocytes, contributing to the understanding of heart disease mechanisms and potential
treatments. By recording the electrical activity of cardiomyocytes, researchers can analyze
the heart’s electrical conduction system and its pharmacological responses, thereby provid-
ing new insights into the treatment of heart diseases [73]. In conclusion, the application
of MEA technology in myocardial and neural organoids provides an important tool and
platform for basic scientific research and clinical translation.

Conventional planar electrodes often encounter spatial constraints when interfacing
with three-dimensional tissues, which can lead to suboptimal signal acquisition. Current
electrophysiological recording techniques, such as patch-clamp, puncture microelectrodes,
planar electrode arrays, and planar flexible electrodes, are inadequate for long-term suspen-
sion recording while preserving the morphology of organoids [74]. The implementation of
a three-dimensional electrode structure can increase the contact area between the electrode
and the organoids, thereby improving the quality and stability of the recorded signals.

In this context, we present a hydrogel-driven three-dimensional microelectrode array
(3D MEA) referred to as the e-Flower. Its core design features a flower-shaped bilayer struc-
ture composed of a polyimide (PI) film and a polyacrylic acid (PAA) hydrogel. Specifically,
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the PI layer serves as the functional substrate, hosting 32 platinum microelectrodes (8 per
petal) and electrical interconnects, while the PAA hydrogel is covalently grafted onto the
backside of the PI petals (Figure 3a). This bilayer configuration is the key to its 2D-to-3D
transformation. The actuation mechanism relies on the differential swelling properties
of the two materials: when immersed in cell culture medium (CCM), the PAA hydrogel
undergoes significant anisotropic swelling (expanding more in area and thickness) due to
its hydrophilic network, whereas the PI layer remains dimensionally stable owing to its
rigid polymer structure. This mismatch in swelling generates a bending torque, driving the
initially flat PI petals to curl inward. The curvature of the petals is precisely tunable: by
optimizing the PAA cross-linker concentration (1%, 0.05 wt% MBAA) and reswelling con-
ditions (37 °C CCM), the e-Flower achieves a minimum bending radius of 300 um—ideally
matching the 500-1000 pm diameter range of cerebral spheroids. The encapsulation process
unfolds in a time-dependent manner: when a preformed cerebral spheroid is placed at the
center of the dry, flat e-Flower and CCM is introduced, the PAA hydrogel begins to swell
within minutes. This triggers the petals to gradually close around the spheroid, with full 3D
enclosure achieved in ~ 109 s (Figure 3b). The conformable contact between the electrodes
and the spheroid surface is ensured by the hydrogel’s soft mechanics, avoiding mechanical
damage to the fragile tissue. Electrophysiological recordings using a commercial MEA-2100
system demonstrated that the e-Flower can detect spontaneous neural activity across the
spheroid surface. The 32 electrodes captured field potential waveforms with an average
duration of ~2 ms (Figure 3c¢).

Notably, this process requires no external actuators or hazardous solvents, and the
e-Flower seamlessly interfaces with commercial recording systems, offering a user-friendly
“plug-and-play” solution for 3D neural tissue electrophysiology [75].

Similarly, Cui’s research team developed a geometrically cut ultra-thin electronic
device named KiriE, which can self-folded from a two-dimensional pattern into a three-
dimensional basket-like configuration (Figure 3d). This device incorporates 32 microelec-
trodes with a diameter of 1 cm and a total thickness of 0.9 um at the center of 1 mm
(Figure 3e). The platform demonstrated the capability to integrate with human cortical
organoids (hCOs) over an extended period. Notably, no significant electrical activity
was observed on day 75 of hCOs differentiation; however, a regular spike was recorded
across multiple channels after day 96, with discharge frequency continuing to rise by day
152 (Figure 3f). When combined with optogenetic technology, the discharge frequency
of hCOs increased from 0.24 & 0.03 Hz to 5.44 & 0.57 Hz through 590 nm photostimula-
tion (Figure 3g). Additionally, the applications of the 4-aminopyridine (4AP) drug via a
perfusion system resulted in an increase in discharge frequency from 0.49 £ 0.08 Hz to
1.60 = 0.25 Hz (Figure 3h), while tetrodotoxin (TTX) almost completely inhibited discharge,
thereby validating the platform’s regulatory response to neural activity [76].

Through the real-time monitoring of these electrical signals, researchers can gain
valuable insights into the electrophysiological properties of cells within organoids and
their mechanisms in response to external stimuli. These innovative 3D electrode technolo-
gies break through the spatial limitations imposed by traditional planar electrodes in the
monitoring of 3D tissues, facilitating not only the recording of electrophysiological activi-
ties of organoids, but also enabling the long-term stable recording and precise regulation.
This advancement provides unprecedented technical support for elucidating the dynamic
functions of complex biological systems and their associated disease mechanisms, thereby
promote further development of high-resolution and long-term monitoring in the field of
“organoid-biosensors”.
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Figure 3. (a) Schematic: e-Flower reconfigures via PAA /Pi layer swelling difference; petals close to
make electrodes attach to brain spheroids [75]. (b) Bright-field image of e-Flower wrapping brain
spheroid, showing spheroid, petals, etc. Scale bar: 200 um [75]. (c) 32-electrode 5 min recording of
e-Flower; 2 channels silent, possibly far from active nerves [75]. (d) Schematic: Neural organoids from
hiPS cells and integration with KiriE [76]. (e) Spiral KiriE connected by concentric rings, 32 electrodes
in central area [76]. (f) 5-channel spontaneous activity maps of hCO at multiple differentiation days,
scale bars 100 ms, 200 uV [76]. (g) Day 138 hCO: single-unit activity heatmaps before/after 4-AP [76].
(h) Day 138 hCO: light stimulation records and raster plots, showing stimulation duration [76].

Multimodal data fusion strategies are becoming increasingly important in the field of
biomedical research. The advent of organ-on-a-chip technology has enabled researchers
to effectively integrate mechanical stress loading with electrophysiological monitoring,
thereby facilitating the quantification of alternations in the electrical activity of myocardial
organoids and neural organoids. This approach aids in elucidating the influence of the
mechanical environment on the function of neural networks [5,8]. A recent study using
flexible MEAs to monitor the electrophysiological activity of myocardial organoids under
dynamic loading conditions revealed that mechanical stress significantly enhanced the
electrical activity of the cells. This observation suggests that mechanical stimulation may
enhance the electrophysiological function of myocardial cells, which holds significant
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implications for understanding the pathological mechanisms underlying heart disease and
its therapeutic interventions [77].

In recent years, graphene has emerged as an excellent nanomaterial capable of substan-
tially reducing the interfacial impedance of electrodes by modification, thereby improving
the electrochemical performance. One study demonstrated that graphene-based electrodes
achieved a reduction in interfacial impedance of approximately 40% by increasing the
efficiency of charge transport [78]. Nanoporous gold electrodes can provide a larger reac-
tion interface, which makes the charge transfer process more efficient, thereby enhancing
the response of the current signal [79]. In summary, MEA technology has shown great
potential in the electrophysiological investigation of neural and myocardial organoids.
Future development in this field will rely on interdisciplinary collaboration and continuous
innovation in technology.

2.2.2. Mechanical Force Transducers

Mechanical force sensors play a key role in biosensor and organoid research, particu-
larly in monitoring the responses of biological tissues and organs to external mechanical
stimuli [80]. Recent advancements in bioengineering technology have broadened the appli-
cation of these sensors across various fields, including tumor biology and cardiovascular
disease research [81], as well as the modeling of neurodegenerative diseases. In these
contexts, mechanical force sensors facilitate the acquisition of real-time, continuous bio-
physical data, thereby elucidating the mechanical properties of cells and tissues under
diverse physiological and pathological states.

Traditional biomechanical assessment methods often fail to accurately reflect the me-
chanical behavior of organoids in physiological states. In contrast, innovative technologies
such as force sensors and micropillar arrays enable the real-time monitoring of organoid
contraction and strain, yielding critical data for understanding cellular interactions with
their microenvironment [82,83]. The development and function of organoids are not only
affected by genetic factors, but also significantly regulated by the mechanical interactions
within their microenvironment. Studies have shown that the growth of cells in a three-
dimensional microenvironment is contingent upon factors such as matrix stiffness and
fluid dynamics.

These mechanical signals regulate cell behavior through mechanical transduction
pathways, especially the YAP/TAZ signaling pathway, which is pivotal for promoting
organoid formation and maturation [84]. As an emerging mechanical characterization
tool, micropillar array technology offers high spatial resolution and accurate local force
measurement capabilities. By quantifying the local forces exerted on the pillars through
deflection monitoring, micropillar arrays provide valuable insights into the mechanical
properties of cells and materials. For example, micropillar arrays have been shown to
be useful for assessing the mechanical properties of cells [85] such as cell contractility
and adhesion, which are essential for the cellular biological behavior and are subject to
alterations in responses to changes in the microenvironment [86]. The study constructed a
microcolumn array with a high aspect ratio on the surface of supramolecular hydrogels via
soft lithography, solving the demolding problem caused by the weak mechanical properties
of hydrogels. This hydrogel (poly(acrylamide-co-methacrylic acid), P(AAm-co-MAAc))
has temperature-regulable mechanical properties (its stiffness increases significantly at
low temperatures, facilitating demolding; it regains softness and stretchability at room
temperature) and shape memory characteristics. The dynamic regulation of wettability
(contact angle) and adhesion performance can be achieved by adjusting the tilt angle of the
microcolumns Figure 4a,b.
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Micropillar array technology can also be combined with fluorescent labeling or image
analysis techniques to monitor dynamic biological processes such as cell proliferation,
migration, and mechanical responses in real time. This combination not only improves
the richness and accuracy of the data, but also provides a new perspective for studying
the mechanical interactions between cells and the microenvironment [87]. This study
proposes the use of single-cell osmotic swelling dynamics as a physical biomarker. Through
a microfluidic device, single cells are captured and subjected to hypotonic stimulation, with
real-time monitoring of swelling dynamic parameters (maximum volume change, time to
reach maximum volume, and swelling rate). This enables high-precision classification of
different cell types (such as HeLa, HEK, Jurkat, and A20) with an accuracy rate of 99%, and
can also detect cytoskeletal disturbances Figure 4c,d. The working principle of piezoelectric
sensors depend on the change in crystal structure within the material. When the external
mechanical pressure exerted by the outside surpasses a certain threshold, the internal
electric dipole inside the material will be displaced, resulting in charge separation on the
surface of the material, resulting in the generation of a voltage signal. The intensity of
this signal is directly proportional to the applied force, allowing for the inference of force
magnitude through voltage measurement. This characteristic has led to a wide range of
applications in medical, industrial, and consumer electronics [88]. Conventional force
sensors face many challenges when tasked with monitoring complex three-dimensional
soft tissues, primarily due to the unique structural and mechanical properties of myocardial
organoids. Therefore, researchers have developed a soft resistance force sensor based on an
ultrasensitive nano-cracked platinum membrane, which is able to make good contact with
organoids, thereby enabling real-time, wireless monitoring of the contractility of myocardial
organoids [89]. A flexible force-sensing membrane based on a nano-cracked platinum film
was developed and integrated into fully soft culture wells [90]. Through an “AFM-like” soft
contact process, it establishes reliable contact with cardiac organoids, enabling real-time
detection of the organoids’ contractile force and beating patterns (such as dynamic changes
in electrical stimulation, drug treatment, and disease modeling), and supports wireless
data transmission (realized through a Bluetooth module for remote monitoring), as shown
in Figure 4e-g.

The integration of multimodal sensing systems has revolutionized the biomedical
field, especially in the simultaneous monitoring of mechanical and biochemical signals.
Real-time data derived from electrophysiological signals can be combined with optical
imaging modalities, such as fluorescence imaging, to simultaneously capture both the elec-
trical activity and morphological changes of cells. The advantage of this approach is that
it provides more comprehensive biological information, enabling researchers to analyze
biological phenomena at higher spatial and temporal resolution [88-90]. The application of
this integrated system to monitor the electrophysiological responses and morphological
changes of cardiomyocytes under different mechanical loads provides important data that
supports for the study of cardiac diseases [91]. Furthermore, the combination of flexible
electronics and microfluidic technology has opened up a new direction for the development
of biosensors. This combination facilitates the execution of more complex tasks within
a compact framework, especially in applications that require real-time monitoring and
analysis of biological signals [92]. In the future, the combination of flexible electronic
devices and microfluidic technology will provide more opportunities for innovation in
medical and biological science research [93]. At the same time, interdisciplinary collabora-
tion will be key to advancing the development of this field, especially the cross-disciplinary
integration of materials science, engineering and biomedicine, which will help to promote
the advancement and application of mechanical force sensor technologies.
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Figure 4. (a) Soft lithography process for hydrogel films with micropillars: PDMS molding, pregel
UV polymerization, etc. [86]. (b) Micrograph of hydrogel film with cubic-arranged micropillars.
Scale bar: 20 pm [86]. (c) Microfluidic CellHangars trap single cells to observe hypotonic swelling
dynamics [88]. (d) Dynamic size changes of cells at different times after hypotonic buffer ex-
change [88]. (e) Fabrication of Pt-based nanocracked force-sensing diaphragm and its interface
with organoids [90]. (f) Pt-based force-sensing diaphragm with probes monitors instantaneous
organoid beating [90]. (g) Resistance changes of force-sensing diaphragm during “AFM-like” probe
approaching /departing organoids [90].

2.3. Sensors That Detect Organoid Marker Signaling Molecules
2.3.1. Optical Biosensors

Biosensors can be classified according to their signal conversion principle and the
nature of the biomolecular components utilized. The primary classifications include electro-
chemical sensors, optical sensors, and piezoelectric sensors, among others. Notably, optical
sensors have attracted great attention in recent years due to their high sensitivity and
non-destructive detection advantages. Fluorescence sensors use changes in fluorescence
signals to detect the presence of target molecules [94,95], while Raman spectroscopy sensors
use molecular vibration information for highly selective detection. As research progresses,
there has been a trend towards the convergence of spectroscopic techniques, exemplified by
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the integration of fluorescence and Raman spectroscopy, which can provide richer chemical
information and specificity molecular identification [96].

Fluorescence imaging techniques have been widely used in organoid research, es-
pecially in detecting tumor cell migration [97] and the responses of tumors to pharma-
cological agents [98,99]. Based on this, a multimodal imaging platform integrating label-
free nanoplasmonic biosensing and fluorescence microscopy was developed to simul-
taneously monitor the internal and external dynamics of single spheres (such as tumor
spheroids) (Figure 5a). A label-free organoid photoacoustic imaging (LFOPI) system enables
high-resolution 3D imaging and volume analysis of tumor organoids for drug screening
(Figure 5b). Additionally, an image-based analysis workflow combined with deep learning
technology was developed to analyze the morphological heterogeneity of colorectal cancer
organoids and their correlation with functional parameters (such as viability and apopto-
sis) (Figure 5c). Forster resonance energy transfer (FRET)-based biosensors are versatile
tools for obtaining insights into various biological processes. Their working principles are
based on nonradiative energy transfer from donor to acceptor fluorophores. This energy
transfer is responsible for a change in fluorescence intensity, which provides a basis for
the detection of biomolecules. Advantageous features of FRET biosensors include their
high sensitivity and specificity [100]. Fluorescent calcium imaging enables live-cell calcium
imaging in three-dimensional myocardial organs, which provides an important tool for
studying physiological processes related to cardiac function [101]. This technique not only
enables monitoring changes in intracellular calcium concentration at the cellular level, but
also provides a new perspective on how tumor cells affect the surrounding microenviron-
ment [102]. Raman spectroscopy is a spectroscopic analysis method based on molecular
vibrational scattering, which can obtain molecular information by analyzing the frequency
change of the scattered light after the incident light interacts with the sample. By monitor-
ing these frequency changes, Raman spectroscopy can generate characteristic molecular
fingerprints that can be used to monitor the dynamics of biological samples to help study
disease progression or efficacy assessment [18]. This includes the analysis of biomolecules
such as DNA, RNA, and proteins, which help us to better understand disease mechanisms
and biological processes [103]. By optimizing the Raman imaging system, scientists have
developed a high-throughput linear illumination Raman microscope, which can acquire
a large amount of Raman spectral data in a short period of time, so as to achieve rapid
imaging and dynamic monitoring of organoids [104]. In studies of Alzheimer’s disease,
Raman spectroscopy was able to accurately classify different patients and their plasma
samples [105].

Surface-enhanced Raman spectroscopy (SERS) is a technique that uses the surface
plasmon resonance effect of metal nanostructures to significantly enhance the Raman
scattering signal, providing unmatched sensitivity for detecting molecules at low concen-
trations [106]. Trace amounts of metabolites in organoid cells were successfully detected
by SERS technology, using functionalized gold nanoparticles as SERS substrates, which
demonstrated superior sensitivity and specificity [107]. SERS not only improves detec-
tion sensitivity, but also provides molecular characterization information for molecular
identification and analysis of complex biological samples. SERS can also enable real-time
monitoring of metabolites in organoids, which provides the possibility of early diagnosis
and personalized treatment of various diseases [108].

In the research focused on the combination of biosensors and organoids, the integra-
tion and miniaturization of the system are the key to realize their practical application. The
integration of optical sensors and organoid culture systems enables real-time monitoring
and analysis of biological samples, which is essential for understanding the interactions
between cells and their microenvironment [109]. The use of miniaturized optical sensors
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in combination with organoid models enables efficient detection of small samples, which
provides a new solution for rapid detection in resource-constrained environments [47].
Fluorescence spectroscopy is known for its high sensitivity and is particularly suitable for
detecting biomolecules at low concentrations. However, in some cases, fluorescence back-
ground signals in biological samples may interfere with results, especially when detecting
complex samples [110]. To address this issue, Raman spectroscopy, as a technique that does
not require sample pretreatment, can provide information about the chemical structure of
molecules, and therefore can be used in combination with fluorescence spectroscopy to com-
plement their respective shortcomings [111,112]. When Raman spectroscopy is combined
with fluorescence spectroscopy, the chemical composition and concentration information
of molecules can be obtained at the same time, which greatly improves the comprehen-
siveness and accuracy of the analysis. In this review, we compare the advantages and

disadvantages of Fluorescence Imaging, Raman Spectroscopy and Fluorescence-Raman
Hybrid Technology (Table 2).
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Figure 5. (a) The optical system enables simultaneous label-free plasmonic and fluorescence imaging
of single spheroids: AuNHA chip functionalized, transmission mode for monitoring extra-spheroid
activities, reflection mode for intra-spheroid monitoring, with sCMOS camera, etc. for image
acquisition [97]. (b) Schematic of the LFOPI system for 3D photoacoustic imaging of tumor
organoids [99]. (c) Image-based analysis workflow: cultured CRC organoids undergo z-stack imag-
ing, 401 phenotypic features extracted after preprocessing, and dimensionally reduced to UMAP
visualization [98].
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2.3.2. Label-Free Sensing

Label-free technology refers to a technology that can directly detect changes in the
physical or chemical properties of the target molecule without the need for an exoge-
nous label. By directly detecting the changes in the physical or chemical properties of
organoids, the interference of exogenous markers is avoided, and the reliability of the
experimental results is improved. According to different detection mechanisms, label-free
technologies can be divided into several categories, which mainly include electrochemical
sensing technology, optical sensing technology, and mass spectrometry imaging technology.
Electrochemical sensors, such as impedance sensors, are able to identify target molecules
by monitoring changes in current or voltage [113]. For example, impedance sensors can
monitor the electrophysiological properties of cells in real time, reflecting changes in their
growth state and function [1]. Optical sensing techniques, especially surface plasmon
resonance (SPR), use the interactions of light with surface plasma to monitor changes in
the refractive index caused by the binding of biomolecules, which are characterized by
high sensitivity and real-time detection [114]. In tumor organoid studies, SPR has been
used to analyze the effects of different drugs on tumor cells and to help researchers to
evaluate the efficacy and safety of drugs [115]. Mass spectrometry imaging (MSI) pro-
vides researchers with a label-free metabolomics analysis tool that enables the probing
of metabolic changes in organoids at the cellular level. The application of this technique
in research liver organoids has shown its importance in drug metabolism and toxicity
assessment [116]. It can also provide spatial information on the distribution of molecules by
analyzing changes in molecular mass in samples, which is widely used in tumor analysis
and drug distribution studies [117].

The core principle of impedance sensors is to reflect the physical or chemical properties
of substances based on their opposition to alternating current (impedance). Specifically,
a sensor typically includes one or more pairs of electrodes, which are placed around or
inside the sample to be measured (e.g., organoids). When a weak alternating current of
a specific frequency is applied across the electrodes, the conduction path of the current
is affected by the electrical properties of the sample (such as conductivity and dielectric
constant), resulting in different impedance values (impedance is a complex quantity com-
bining resistance, inductance, and capacitance, whose magnitude is frequency-dependent).
Organoids are three-dimensional cell aggregates formed by the differentiation of stem
cells or organ precursor cells, with structures and functions similar to real organs. Their
physiological states (e.g., cell viability, proliferation, morphology, and barrier function)
are closely related to electrical properties. Impedance sensors detect these parameters by
capturing these correlations. The cell membrane of living cells has an intact lipid bilayer,
which strongly opposes current (high impedance). When cells die, the membrane ruptures,
releasing intracellular substances and increasing conductivity (low impedance). Thus,
a decrease in impedance reflects reduced cell viability in organoids. During organoid
proliferation, the increased number of cells and tighter intercellular connections block the
current conduction path, leading to a rise in impedance. The proliferation rate of organoids
can be quantified by monitoring the time-dependent increase in impedance [118]. Changes
in organoid morphology (e.g., size, compactness, polarity) affect the contact area between
cells and electrodes, as well as the current conduction path. For example, dispersion or
disintegration of organoids causes a significant drop in impedance, while a more compact
structure results in higher impedance [119]. Certain organoids (e.g., intestinal or brain
organoids) have barrier structures similar to epithelia or endothelia, whose integrity can be
measured by transepithelial electrical resistance (TEER). Intact barriers with tight junctions
prevent ion flow, resulting in high TEER (high impedance); barrier damage (e.g., due to
inflammation or toxin exposure) leads to decreased TEER, which can be monitored in real
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time by impedance sensors. In summary, by continuously monitoring dynamic impedance
changes of organoids under different physiological states, impedance sensors enable real-
time, non-invasive detection of multiple physiological parameters without the need for
labeling, providing an efficient quantitative tool for organoid development research and
drug screening.

In SPR sensors, a thin metal film such as gold or silver is often used as the sensing
surface. When the molecule to be measured binds to the metal surface, it causes a change
in the refractive index of the surface, which causes a shift in the SPR angle. This shift can
be monitored in real time by an optical detection system to obtain kinetic information on
molecular interactions. The high sensitivity of this process enables the label-free detection
of biomolecules, drugs, and other chemicals by SPR technology with the advantages of
rapid, real-time, and high-throughput [120]. SPR sensors can monitor the binding process
of drugs to target proteins in real time, thus providing important data support for new
drug development [121,122].

Mass spectrometry imaging (MSI) operates on the principle that a sample (such as
an organoid) is first appropriately processed (e.g., thin sections are prepared to preserve
spatial information of its three-dimensional structure), followed by the conversion of
molecules (including metabolites, proteins, lipids, small-molecule drugs, etc.) on the
sample surface into charged ions using specific ionization techniques (such as matrix-
assisted laser desorption/ionization, MALDI, or secondary ion mass spectrometry, SIMS).
These ions are separated in a mass spectrometer and detected based on their mass-to-charge
ratio (m/z), while the instrument precisely records the spatial coordinates where each ion
is generated (corresponding to specific positions on the sample surface). By integrating the
mass-to-charge ratio information, signal intensity, and spatial positions of all detected ions,
data analysis software can ultimately reconstruct distribution images of specific molecules
on the sample surface, directly linking molecular composition to spatial location [123].
In the detection of organoid physiological parameters, this technology exhibits unique
advantages: as three-dimensional cell aggregates that mimic the structure and function of
in vivo organs, organoids’ physiological states (such as cellular heterogeneity, metabolic
activity, expression and distribution of specific biomolecules, and local responses to drugs)
are closely related to the spatial distribution of molecules. MSI can detect spatial differences
of multiple molecules without damaging the integrity of organoids—for instance, analyzing
the distribution of energy metabolites (such as ATP and lactic acid) can reflect cellular
activity in different regions; detecting the spatial enrichment of intercellular signaling
molecules (such as cytokines) can identify functionally specialized regions; and tracking
the distribution of drugs and their metabolites can evaluate the local response efficiency of
organoids to drugs, thereby providing comprehensive, in situ, multi-molecular level spatial
information for analyzing organoid physiological parameters [124].

Table 2. Optical biosensors of key technical principles, advantages and disadvantages.

Category

Detects target molecules or
biological processes by
Fluorescence  monitoring changes in
Imaging fluorescence signals (e.g.,
intensity, wavelength
shifts) [94,95].

Principle Advantages Disadvantages
1. High sensitivity, suitable for
low-concentration biomolecule 1. Susceptible to
detection. fluorescence background
2. Non-destructive, enabling live-cell interference in complex
and organoid monitoring. biological samples [110].
3. Widely applied in studying tumor 2. May require labeling,
migration, drug responses, and which could affect
intracellular dynamics (e.g., calcium biological activity.

imaging in cardiac organoids) [97-102].
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Table 2. Cont.

Category Principle Advantages Disadvantages
1. Label-free, no need for sample
Obtains molecular pretreatment. . 1. Lower sensitivity
“fingerprints” by analyzing 2. Provides detailed chemical structure compared to fluorescence
¢ . information (e.g., DNA, RNA, proteins)
Raman requency shifts of [123] spectroscopy for ultra-low
scattered light after ) . . concentration analytes.
Spectroscopy . . . 3. Enables high-throughput analysis .
interaction with molecules, . - . 2. Requires longer
with optimized systems (e.g., linear L
based on molecular . S : acquisition times for
vibrational scattering [18] illumination Raman microscope) [104]. high-quality data
" 4. Applicable for disease classification '
(e.g., Alzheimer’s disease) [105].
8
1. Complements respective
shortcomings: fluorescence provides L Increqsed system
high sensitivity, while Raman offers complexity due to
Fluorescence- Integrates fluorescence and &1 ° ! - integration of two
chemical structure specificity. .
Raman Raman spectroscopy to . - techniques.
. . o 2. Enables simultaneous acquisition of S
Hybrid combine their signal . . 2. Potential signal crosstalk
molecular concentration and chemical
Technology  outputs [96]. between fluorescence and

composition, improving analysis
comprehensiveness and accuracy
[111,112].

Raman signals, requiring
careful optimization.

Label-free sensing technologies, which enable direct detection of changes in the physi-

cal or chemical properties of target molecules without exogenous labels, avoid interference

from external markers and improve the reliability of experimental results, with key technolo-

gies including electrochemical sensing, optical sensing, and mass spectrometry imaging.

Impedance sensors, a type of electrochemical sensor, identify target molecules or cell states

by monitoring changes in electrical impedance caused by cell growth, adhesion, or barrier

function, allowing real-time monitoring of electrophysiological properties, evaluation of

multiple biological characteristics like barrier function and proliferation, and cell classifica-

tion based on frequency-dependent responses, though they provide less specific molecular

information and are affected by environmental factors. Surface plasmon resonance (SPR),

an optical sensing technique, uses light interactions with surface plasmons on thin metal

films to monitor refractive index changes from biomolecular binding, enabling label-free,

high-sensitivity, real-time detection of molecular interactions, supporting high-throughput

analysis and drug efficacy evaluation, but it relies on the metal film surface and is sensitive

to non-specific binding. Mass spectrometry imaging (MSI) combines mass spectrometry

with imaging to simultaneously monitor the spatial distribution of multiple molecules in

biological samples by ionizing molecules on organoid surfaces, analyzing their mass-to-

charge ratios, and generating spatial images, providing label-free metabolomics analysis at

the cellular level and useful for drug metabolism studies, though it requires appropriate

matrix selection for organoid sections, increasing sample preparation complexity, and may

have lower spatial resolution compared to optical imaging for small-scale structures. These

technologies collectively offer diverse approaches to study organoid physiology, drug

responses, and disease mechanisms. In this review, we compare the advantages and disad-

vantages of impedance sensors, surface plasmon resonance (SPR) and mass spectrometry
imaging (MSI) (Table 3).
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Table 3. Label-free sensing of key technical principles, advantages and disadvantages.

Category Principle Advantages Disadvantages
iieiﬁiblﬁs giejllgtliljlmlf)onlzf;;g of 1. Limited to monitoring
Identify target molecules or Py gica’ properties, changes related to cell
L reflecting cell growth, function, and .
cell states by monitoring viability [1,112] quantity or structure (e.g.,
changes in electrical YL . . . junctions), providing less
. 2. Evaluates multiple biological oo
impedance o . . specific molecular
Impedance (current/voltage characteristics (barrier function, cell information
Sensors 5 adhesion, proliferation) [118]. :

fluctuations) caused by cell
growth, adhesion, or
barrier function variations
[1,113].

3. Frequency-dependent responses
allow cell classification and state
monitoring [119].

4. Label-free, avoiding interference
from exogenous markers.

2. May be affected by
environmental factors (e.g.,
medium conductivity)
leading to signal
variations.

Surface Plasmon
Resonance (SPR)

Uses interactions between
light and surface plasmons
(on a thin metal film, e.g.,
gold/silver) to monitor
refractive index changes
caused by biomolecular
binding on the surface,
detected via shifts in SPR
angle [114,120].

1. Label-free detection based on
refractive index changes, suitable for
real-time monitoring of biomolecular
interactions [114].

2. High sensitivity and rapid
response, enabling kinetic analysis of
molecular binding [119].

3. Applicable for drug efficacy
evaluation and new drug
development [115,121,122].

4. Supports high-throughput
analysis.

1. Relies on a metal film
surface, limiting detection
to molecules that can bind
to the surface (requires
specific immobilization).
2. Sensitive to non-specific
binding, which may
interfere with results in
complex biological
samples.

Mass
Spectrometry
Imaging (MSI)

Combines mass

spectrometry with imaging:

ionizes molecules on
organoid surfaces using
specific matrices, analyzes
their mass-to-charge ratios
via mass spectrometry, and
generates spatial
distribution images of
molecular species
[123,124].

1. Provides label-free metabolomics
analysis with spatial distribution of
multiple molecules in organoids
[116,117].

2. Enables cellular-level probing of
metabolic changes, useful for drug
metabolism and toxicity assessment
[116].

3. Combines mass spectrometry with
imaging to offer both molecular
identity and spatial location [123].

1. Requires appropriate
matrix selection for
organoid sections to
enhance ionization
efficiency [124], adding
complexity to sample
preparation.

2. May have lower spatial
resolution compared to
optical imaging techniques
for small-scale organoid
structures.

Section 2 systematically reviews the key biosensing technologies integrated with
organoids to monitor their microenvironment, electrophysiological properties, and signal-
ing molecules. For microenvironment monitoring, microfluidic systems simulate phys-
iological conditions and integrate sensors for real-time tracking of parameters like pH
and nutrient levels; electrochemical sensors (enhanced by nanomaterials and molecularly
imprinted polymers) detect metabolites with high sensitivity; and field-effect transistors
(FETs) enable rapid, label-free monitoring of ions and metabolites. In electrophysiological
monitoring, microelectrode arrays (MEAs)—including 3D configurations—record neural
and cardiac electrical activity, while mechanical force sensors quantify contractility and
biomechanical responses. For signaling molecule detection, optical sensors (fluorescence,
Raman spectroscopy, and SERS) provide high-resolution molecular and structural insights,
complemented by label-free technologies (impedance sensors, SPR, MSI) that avoid exoge-
nous markers, enhancing result reliability. In this review, we compare the advantages and
disadvantages of these technologies (Table 4). Collectively, these technologies enable multi-
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dimensional, real-time analysis of organoids, overcoming limitations of single-modality

sensing and laying the groundwork for advanced applications in biomedicine.

Table 4. Comparison of various techniques applied in organoid-based biosensors.

Technical Type Application in Organoids Advantages Disadvantages
1. Centered on microfluidic chips, ;iffégiﬁféiege;(zgiﬁlch as fluid
realizing three-dimensional (3D) . ', . "
culture of organoids to simulate perfus19n and cher.mca-l gra}dlents, L .Tradltl.or}al .
human organ functions. promoting more b10m1met}c m1c1j0ﬂu1.dlc §h1ps hardly
2. Capable of mimicking tumor organ structures and functional replicate in vivo flow. .
microenvironments and maturation. 2. T.hEEI"e are challenges in
metastasis processes for drug 2. Cap integrate sensors for achleymg in vivo
Microfluidic ~ testing and mechanism research. real-time monitoring of cellular functlonfal .
Technology 3. Enabling efficient screening of gesto(:r;ses. L Yagculz‘ijrlzft tion of
drug compounds, such as - In drug screerung, 1t can . induced p urlpotent stem
anti-cancer drugg. simulate in vivo drug metabolism  cell (1P$C)-.der}ved
4. Tintegrating sensors to real-time processes to more qccurately organoids in vitro.
monitor key parameters in culture pre'ch-ct drug biological effects and 3. Constll‘uctmg '
media, including pH value, toxicity. Vascqlarlz.ed. organ chips
oxygen partial pressure, and 4 Car.l gddress the prc')ble'm of remains difficult.
nutrient concentration. 1nsu.ff'1 cient cell quantity in
traditional culture.
1. Based on the principle of
1. Detecting biomarkers in electr-ochemical reactions, they 1. Pa.cg c.:hallenges in. -
organoids, such as metabolic can dlrectly detect the sensitivity an.d selgct1v1ty
molecules like glucose and lactate, concentration (?f target molecules. in cgmplex biological
. to real-timely reflect the 2. The. apph.cahon of new environments.
Electrochemical functional status of oreanoids two-dimensional materials, etc., 2. Are susceptible to
Sensors 2. Improving the detef:;tion ' enhances electrochemical environmental factors
célpability for specific biomarkers performance and .se.nsitiyity: and culture materials,
through optimized design and 3. The trend .of minijaturization and sensor performa.nce
adoption of new materials. and integration reduces costs and may fluctuate, affecting
improves portability and data reliability.
real-time monitoring capabilities.
1. Reczord or .st-lmulate neural 1. Tt can detect the electrical 1. Traditional p-lar}ar
electrical activity, such as sionals of neurons or electrodes are limited by
recording the spontaneous cagr diomvocvtes in a space when contacting
electrical activity of neural hioh- thrz)]u };1 ut manner three-dimensional tissues,
organoids to reflect the 5 %rhe threeg- dPi)mensional' resulting in poor signal
connections and network eiectro de structure can increase acquisition.
Microelectrode  activities among neurons. the contact area with the 2. Some existing
array (MEA) 2. Record the electrophysiological oreanoids. improvine the sienal electrophysiological
technology characteristics of cardiac & P & & recording techniques

organoids for drug screening and
regenerative medicine research.
3. Combine multimodal data
fusion strategies with mechanical
stress loading, etc., to quantify
changes in electrical activity.

quality and stability.

3. And it can achieve long-term
stable recording and precise
regulation of the
electrophysiological activities of
the organoids.

cannot perform
long-term suspension
recording while
maintaining the
morphology of
organoids.
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Table 4. Cont.

Technical Type Application in Organoids Advantages Disadvantages
1. Monitoring the r nse of . .
ONITOTING T1€ TESpOnse o1 1. Can provide real-time and s
organoids to external mechanical . . . 1. Traditional force
o . continuous biophysical data, .
stimuli, such as the contractile . . . sensors face challenges in
. . revealing the interaction between o
force of cardiac organoids. . . monitoring complex 3D
- . cells and the microenvironment. . )
2. Combining with other 2 Emerging ultrasensitive soft tissues, and their
Mechanical technologies to synchronously ) 5Ng contact and adaptability

Force Sensors

monitor mechanical and
biochemical signals, etc.

3. Valuating biomechanical
properties of cells, such as
adhesiveness and migration
ability.

sensors can achieve monitoring of
tiny forces.

3. Integrating with multimodal
sensing systems provides more
comprehensive biological
information.

with organoids need
improvement.

2. Some sensors may
have stability issues
during long-term use.

Optical Sensors

1. Optical sensors using
fluorescence imaging to detect
tumor cell migration and
response to drugs, achieving
live-cell calcium imaging of
cardiac organoids.

2. Analyzing the chemical
structure and metabolic changes
of molecules in organoids
through Raman spectroscopy.

3. Detecting low-concentration
molecules by Surface-Enhanced
Raman Spectroscopy (SERS)
technology.

1. Feature high sensitivity and
non-destructive detection
advantages.

2. Can provide information on the
chemical composition and
concentration of molecules.

3. SERS technology has extremely
high sensitivity in detecting
low-concentration molecules.

4. Enables rapid imaging and
dynamic monitoring of
organoids.

1. Fluorescence sensors
may be interfered by
fluorescent background
signals in biological
samples.

2. Raman spectroscopy
signals may be weak
when detecting complex
samples.

3. System integration and
miniaturization still need
further improvement.

1. Monitoring the
electrophysiological properties,
growth status, and barrier
function, etc., of organoids
through impedance sensors.

2. Analyzing the effect of drugs

1. No exogenous markers are
required, avoiding interference
from exogenous markers and
improving the reliability of
experimental results.

2. Impedance sensors can

1. In cell classification
and status monitoring by
impedance technology,
the impedance response
differences of different
cells or states need

Label-Free on tumer oreanoids using Surface real-timely monitor multiple precise identification.

Sensing Plasmon Regonance (SPI% biological characteristics. 2. SPR technology has
technology. 3. SPR technology has the strong dependence on the
3. Detecting metabolic changes in characteristics of high sensitivity =~ sensing surface.
organoids by adopting Mass and real-time detection. 3. MSI technology has
Spectrometry Tmaging (MSI) 4. MSI can simultaneously high requirements for
technology monitor the spatial distribution of sample processing and

' multiple molecules. matrix selection, etc.

o 1. Nanomaterials have unique 1. The biocompatibility of
11n tﬁ?::gﬁ% eeéeacrtz(;ciis dt Z;Ei;fg physical and chemical properties, some nanomaterials may
the electrochemical performance which can enhance the sensitivity, have problems during
of electrodes. such az selectivity, and conductivity of long-term culture.

. ra hene-mc,)diﬁed electrodes; SENSOTS. 2 Th.e.pre.paration and
Nanomaterial ~ & P SERS sub / h 2. They have good modification processes of
Technology SCIVHIE as substrates, suc biocompatibility with biological =~ nanomaterials may be

as gold nanoparticles, to enhance
Raman scattering signals.

2. Being used to develop new
biosensors, such as sensors made
of carbon-based nanomaterials.

tissues, which is conducive to the
work of sensors in biological
environments.

3. They can achieve the detection
of trace substances.

complex, increasing costs.
3. They may have
stability issues in
complex biological
environments.
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3. Integration of Multimodal Sensors in Organoids

The integration of multimodal sensors represents a pivotal advancement in organoid
research, enabling the simultaneous capture of complementary biological signals to over-
come the limitations of single-modality sensing. By strategically combining technologies
such as microfluidics, electrochemical sensors, microelectrode arrays (MEAs), optical imag-
ing, and mechanical force transducers on a unified platform, researchers can monitor
multiple parameters—including metabolic dynamics, electrophysiological activity, struc-
tural changes, and mechanical responses—of organoids in real time, thereby obtaining
comprehensive biological information that single sensors cannot provide.

Specific implementation strategies for such integration are multifaceted. Hardware-
wise, microfluidic chips often serve as the core framework, facilitating the co-localization
of diverse sensors. For instance, a microfluidic system can integrate optical modules (e.g.,
fluorescence microscopy and Raman spectroscopy) to visualize molecular distributions
and structural changes [18], electrochemical sensors (e.g., microelectrodes or FETs) to
detect metabolites like glucose and lactate, and mechanical sensors (e.g., micropillar arrays
or piezoelectric devices) to measure contractile forces or cell adhesion. This physical
integration ensures that all sensors probe the same organoid or region, allowing direct
correlation between, for example, calcium flux (via fluorescence) and electrical activity
(via MEA) in cardiac organoids. In software and data terms, synchronization is critical:
shared hardware triggers (e.g., clock signals) ensure simultaneous data acquisition across
modalities, while machine learning algorithms (such as support vector machines and
convolutional neural networks) enable the fusion of heterogeneous data—for example,
merging Raman spectral data (molecular composition) with impedance measurements
(cell viability) to classify organoid phenotypes with high accuracy [60,125]. Additionally,
modular designs allow flexible swapping of sensor components, adapting to specific
research needs [126] (e.g., combining MEA and calcium imaging for neural organoids, or
SERS and impedance sensing for tumor organoids).

The advantages of such multimodal systems are substantial. Firstly, they enhance
biological insight by capturing interdependent physiological processes. For example, in
neural organoids, combining MEA (electrical activity) with fluorescence imaging (calcium
dynamics) and Raman spectroscopy (neurotransmitter levels) reveals how synaptic fir-
ing correlates with intracellular signaling and metabolic shifts during drug exposure. In
tumor organoids, pairing surface plasmon resonance (SPR) (drug-target binding) with
mass spectrometry imaging (MSI) (drug distribution) and mechanical sensing (invasion
force) clarifies how drug efficacy relates to spatial penetration and biomechanical changes.
Secondly, cross-validation between modalities improves data reliability: impedance mea-
surements indicating increased cell proliferation can be validated by fluorescence imaging
of proliferation markers (e.g., Ki67), while discrepancies (e.g., impedance changes unac-
companied by marker expression) may signal artifacts like matrix stiffness alterations.
Thirdly, integrated systems streamline workflows, reducing sample handling and enabling
high-throughput screening—for instance, a multimodal organoid-on-a-chip can simulta-
neously assess drug-induced changes in electrophysiology (via MEA), metabolism (via
electrochemical sensors), and morphology (via optical imaging), accelerating applications
in personalized medicine [127,128].

Moreover, the integration of Al-driven data analysis with multimodal sensors further
amplifies their utility. By processing data from biosensors and imaging techniques through
chemical imaging and machine learning, researchers can real-time monitor biological reac-
tions and drug effects, adapting treatment strategies to individual organoid responses [129].
This holistic approach not only improves experimental efficiency and reproducibility but
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also provides a powerful tool for decoding complex biological mechanisms, advancing
drug screening, and facilitating precision medicine.

4. Challenges and Prospects of Organoids and Biosensors
4.1. Challenge

In the integration of biosensors with organoids, several critical challenges persist,
requiring nuanced elaboration to clarify their impact and underlying complexities:

The sensitivity of biosensors remains a primary bottleneck, particularly in de-
tecting low-abundance biomarkers (e.g., cytokines, metabolites) at picomolar or lower
concentrations—levels critical for early disease detection and subtle physiological changes
in organoids [130]. This limitation stems from inherent signal-to-noise ratios in complex
biological matrices (e.g., culture media with proteins, cellular debris), where non-specific
binding and background interference mask target signals. For instance, electrochemical
sensors often suffer from fouling by biomolecules adhering to electrode surfaces, gradually
reducing response accuracy over time [131].

Stability is further compromised by dynamic environmental factors in organoid cul-
tures. Fluctuations in temperature (35-39 °C) can alter the conductivity of nanomaterial-
based sensors; variations in pH (e.g., 6.8-7.6 in hypoxic tumor organoids) affect the re-
activity of enzyme-based electrochemical sensors; and cumulative changes in cellular
metabolites (e.g., lactate, reactive oxygen species) can degrade sensor materials (e.g., oxi-
dation of graphene or gold nanostructures) [131]. These factors collectively lead to drift
in sensor output, undermining the reliability of long-term monitoring (e.g., 7-30 days of
organoid culture), a critical requirement for studying developmental processes or chronic
drug responses.

Organoid heterogeneity—encompassing genetic, morphological, and functional
variability—poses substantial challenges for consistent biosensor readouts. Genetically,
organoids derived from different donors (or even different biopsy sites of the same donor)
exhibit divergent gene expression profiles, e.g., varying drug transporter levels in colorectal
cancer organoids, which directly affect drug response patterns detected by biosensors [132].
Morphologically, even isogenic organoids often display differences in size (50-500 um), cell
type composition (e.g., epithelial-stromal ratios), and matrix integration, leading to uneven
sensor-organoid contact (e.g., inconsistent electrode coupling in MEA systems) and skewed
signal acquisition [133].

This heterogeneity complicates the standardization of sensing protocols. For example,
impedance sensors monitoring barrier function may yield conflicting results for intestinal
organoids from the same donor batch due to variable tight junction formation, making it
difficult to establish baseline thresholds for “normal” vs. “diseased” states. Addressing this
requires not only improved organoid culture techniques (e.g., uniform scaffold matrices)
but also sensor designs that account for spatial variability—an unmet need in current
technologies.

Biocompatibility mismatches between sensors and organoid microenvironments
Achieving long-term biocompatibility remains elusive, as sensor materials often disrupt
organoid physiology or are themselves degraded by the biological microenvironment.
Short-term compatibility (e.g., 1-7 days) is relatively manageable with inert polymers
(e.g., PDMS) or biocompatible metals (e.g., gold), but extended cultures (> 14 days)
expose critical issues: Material-cell interactions: Rigid sensor substrates (e.g., silicon)
can alter organoid mechanics, triggering abnormal YAP/TAZ signaling and disrupting
differentiation—particularly problematic for mechanosensitive organoids like cardiac or
neural spheroids [134]. Leachables and degradation: Some sensor coatings (e.g., polymeric
encapsulants) release monomers or additives that induce cytotoxicity; conversely, organoid-
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secreted proteases (e.g., matrix metalloproteinases) can degrade sensor surfaces, impairing
signal transduction [135]. Immunogenicity: Animal-derived materials (e.g., Matrigel) used
in organoid cultures, though supportive of growth, introduce batch-to-batch variability
and potential immune reactions when combined with sensor components, complicating
translation to clinical-grade systems [136].

Synthetic alternatives (e.g., hydrogels with defined peptide motifs) aim to address
these issues but often lack the bioactivity to support organoid maturation, creating a
trade-off between biocompatibility and functional relevance [137,138].

These challenges are interconnected: sensor sensitivity issues exacerbate the impact
of organoid heterogeneity, while biocompatibility problems limit the stability of long-
term sensing. Resolving them will require interdisciplinary advances—from materials
engineering (e.g., self-cleaning sensor surfaces) to organoid standardization (e.g., Al-driven
culture optimization)—to realize the full potential of organoid-biosensor systems.

4.2. Future Prospects

The development of new biosensors has shown great potential in organoid monitoring,
especially in the application of nanomaterials and flexible electronics. Due to their unique
physical and chemical properties, nanomaterials can improve the sensitivity and selectiv-
ity of sensors. For example, carbon-based nanomaterials, such as graphene and carbon
nanotubes, are widely used in biosensors [139]. These materials have good conductivity
and biocompatibility, making them ideal for real-time monitoring of biomarkers [18]. In
addition, advances in flexible electronics have enabled sensors to be embedded into the
three-dimensional structure of organoids, enabling non-invasive monitoring of dynamic
changes in organisms. This flexibility not only improves the accuracy of surveillance, but
also opens up new possibilities for personalized medicine, especially in the study of cancer
and other complex diseases [108]. By combining these sensors with organoids, researchers
can obtain real-time data on cellular behavior, leading to a better understanding of disease
development mechanisms and their response to treatment [140].

With the rapid development of biosensors and organoid technology, the future of
personalized medicine is becoming clearer. Organoids can be used to predict a patient’s
responses to a specific drug by reflecting the genomic characteristics and microenvironment
of the patient’s tumor, thereby enabling more precise treatment options [141]. Combining
biosensors, especially those can monitor biomarkers in real time, can further improve
the precision of personalized medicine. For example, biosensors can monitor biomarker
changes in organoids during drug processing, so that doctors can assess the patient’s
responses to the drug in real time and adjust the treatment regimen in a timely manner [142].
At the same time, the combination of organoids and biosensors can be used to rule out drug
ineffectiveness at an early stage, thereby improving the screening efficiency and success
rate [143].

The rapid commercialization of organoid-biosensor technologies has fostered a vibrant
ecosystem of companies and start-ups, bridging academic innovation with practical appli-
cations in drug discovery, personalized medicine, and disease modeling, with these entities
leveraging diverse sensing modalities—from microfluidics to optical and electrochemical
systems—to advance the field; established players include Emulate Bio (USA), a pioneer
in “Organs-on-Chips” technology that integrates microfluidic systems with optical and
electrochemical sensors to mimic human organ functions, whose platforms like the Human
Emulation System™ monitor organoid responses to drugs via real-time metabolite detection
(e.g., glucose, lactate) and barrier function analysis, enabling pharmaceutical companies to
assess efficacy and toxicity with high precision, Axion Biosystems (USA), which specializes
in microelectrode array (MEA) technology, with their Maestro® systems widely used for
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long-term electrophysiological monitoring of neural and cardiac organoids, combining
high-throughput electrical signal recording with software for analyzing network dynamics
to support neuroscience research and cardiotoxicity testing, and Organovo (USA), focused
on 3D bioprinted organoids, which integrates label-free sensing technologies like mass
spectrometry imaging (MSI) and surface plasmon resonance (SPR) to analyze organoid
morphology and molecular profiles, with their ExThera® liver organoids paired with
biosensors enabling drug metabolism and toxicity assessment; emerging start-ups include
Xellar Biosystems (USA, founded 2021), a trailblazer in “3D-Wet-Al"” technology that com-
bines organoid chips, 3D imaging, and Al to accelerate drug discovery, using high-content
optical sensors and machine learning to analyze 3D cellular responses with applications in
oncology and neurodegenerative diseases, and participating in the OASIS Consortium to
collaborate with the FDA and major pharmaceutical companies on standardizing preclinical
toxicity testing, Qingyuan Zhixin (Shenzhen) Biotechnology (China, founded 2024), which
specializes in 3D-printed organoids integrated with Al-driven biosensing, with proprietary
3D bioprinters generating “micro-organs” from stem cells paired with electrochemical
sensors for real-time metabolite monitoring, and an Al system enabling high-throughput
analysis of drug responses targeting personalized cancer therapy, FinalSpark (Switzerland,
founded 2024), focused on bioelectronic interfaces, whose Neuroplatform combines human
brain organoids with multi-electrode arrays (MEAs) to create biocomputing systems, using
microfluidics for nutrient perfusion and optical sensors for monitoring neural activity with
potential applications in low-energy computing and neurodegenerative disease modeling,
and LuoHua Bio (China, founded 2019), a leader in organ-on-a-chip systems that has devel-
oped over 10 chip models (e.g., lung, liver) integrated with impedance and optical sensors,
with their tumor organoid biobank paired with Al analysis supporting high-throughput
drug screening and personalized treatment design for cancers; these companies drive inno-
vation by addressing scalability, standardization, and clinical translation—key challenges
in organoid-biosensor integration—with their work accelerating the adoption of these
technologies in pharmaceuticals and clinical settings, paving the way for more efficient
drug development and precision medicine.

The combination of organoids and biosensors has opened up a new path for per-
sonalized medicine, making drug screening and disease treatment more accurate and
personalized. With the continuous advancement of technology, more beds based on this
combination may emerge in the future to promote the development of precision medicine.

5. Conclusions

With the continuous development of biosensors and organoid technologies, the precise
interactions between the two opens up new opportunities for multimodal physiological
parameter monitoring. This interaction not only greatly enriches the way physiological
data is obtained, but also provides an important foundation for the early diagnosis of dis-
eases, the evaluation of drug responses, and the implementation of personalized medicine.
However, despite the abundance of research in this area, there are still many challenges
that need to be addressed.

Firstly, the accuracy and sensitivity of biosensors are important factors affecting
their practical applications. Existing sensors often face problems such as signal noise
and interference when monitoring a variety of physiological parameters, which calls into
question the reliability of the data. Therefore, how to improve the performance of the
biosensors so that it can work stably in a complex physiological environment is one of the
keys to future research.

Secondly, although the progress of organoid technology provides new possibilities for
personalized medicine, how to effectively combine it with biosensors to form a complete
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monitoring system still needs to be further explored. The physiological characteristics and
individual differences of organoids make standardization and reproducibility difficult. To
achieve this, researchers need deeper interdisciplinary collaboration in model building,
data integration, and more to ensure that the interaction between biosensors and organoids
is a true reflection of physiological state.

In terms of disease modeling, the application potential of intelligent multimodal
monitoring systems is huge. By monitoring different physiological parameters in real time,
researchers can gain a more complete picture of the disease process and develop more
precise intervention strategies. This not only contributes to the in-depth basic research,
but also provides new ideas for clinical treatment. However, how to effectively integrate
multimodal data and extract meaningful information is the key to achieve this goal.

Looking ahead, technological innovation will play an indispensable role in driving
the development of intelligent multimodal monitoring systems. The application of new
materials, the optimization of sensor design, and the improvement of data analysis methods
will provide new possibilities for improving the performance of monitoring systems. In
addition, interdisciplinary collaborations will bring new perspectives and approaches to
the field. For example, the combination of computer science and biomedicine can provide
strong support in data processing and analysis, and promote the development of intelligent
monitoring systems to a higher level.

In summary, the precise interactions between biosensors and organoids provides
unprecedented opportunities for multimodal physiological parameter monitoring, but it
also faces many challenges. In the future, through technological innovation and interdisci-
plinary cooperation, intelligent multimodal monitoring systems are expected to play an
important role in disease modeling, drug development, and personalized medicine. Only
based on continuous optimization of technology and strengthened cooperation can we
better achieve this goal and promote the progress and development of medical research.
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