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ABSTRACT

Joint-on-chip (JoC) platforms represent a transformative approach to modeling the complex functional units of joints, offering valuable tools
for disease modeling, drug discovery, and biomarker identification. However, the field faces two key challenges: the accurate recapitulation of
the multifaceted joint environment and the lack of integrated online readouts to monitor cellular and tissue responses in real-time. This
review underscores the importance of capturing the interplay of joint tissues and highlights the potential of diverse monitoring strategies—
including optical, electrical, mechanical, and biochemical modalities—for real-time assessment. Drawing on examples from musculoskeletal
and other organ-on-chip systems, we discuss current advancements and gaps in the field. Finally, we provide a forward-looking perspective
on how addressing these limitations can accelerate the development of robust JoC platforms for translational musculoskeletal research.
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I. INTRODUCTION

Joint pathologies, such as osteoarthritis (OA) and rheumatoid
arthritis (RA), are among the most prevalent degenerative musculo-
skeletal disorders. They significantly impact global health and the qual-
ity of life for 7% of the worldwide population. These conditions are
projected to affect 1� 109 people by 2050.99,160

OA, the most common form of arthritis, typically affects one or
few synovial joints and is characterized by chronic pain and loss of
mobility.366 Once considered only a cartilage disease, OA is now recog-
nized as a whole organ disease involving inflammation and
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degeneration of all joint tissues. Risk factors of OA include mechanical
overload, trauma, genetic predisposition, co-existing metabolic syn-
dromes, age, and sex. In contrast, RA is a systemic autoimmune dis-
ease that leads to an elevated inflammatory response progressively
affecting all joints in the body. RA is influenced by a combination of
genetic, environmental, and lifestyle factors, including obesity and
smoke.99

Current treatment strategies for OA are mainly palliative, aimed
at managing the symptoms rather than halting the disease degenerative
progression. Instead, some disease-modifying anti-rheumatic drugs are
available for RA, but their efficacy is significantly limited by the genetic
heterogeneity of this pathology. Overall, despite the extensive research,
no fully effective disease-modifying drugs have been found for either
disease. One of the major obstacles toward the development of actual
OA/RA reversing therapies is the gap of knowledge on initial disease
mechanisms, linked to the unavailability of reliable preclinical joint
models suitable to identify them. Such models would be crucial for
providing insights into OA/RA onset, etiology, and pathophysiological
mechanisms, thus facilitating biomarkers identification for distinct dis-
ease phenotypes and advancing drug discovery and testing before clini-
cal trials in humans.

Historically, animal models have often been used to study joint
disorders. While they have been helpful in following disease onset and
its progression, inter-species differences have led to moderate predic-
tive power for drug efficacy in patients.202 It is indeed currently
accepted that no animal model fully captures the complexity and het-
erogeneity of OA/RA observed in humans.283 In terms of in vitro
models, traditional two-dimensional (2D) cell cultures have been the
most commonly used preclinical models due to their experimental
reproducibility, ease of use, low cost, and compatibility with high-
throughput testing. Unfortunately, these models lack physiological rel-
evance because they fail to reproduce the complexity of the 3D joint
microenvironment observed in vivo. To increase the translational
power, 2D models have been replaced by 3D cell culture setups (e.g.,
pellet culture), which can provide a more biologically faithful recapitu-
lation of the joint extracellular matrix (ECM), potentially building a
microenvironment responsive to physicochemical stimuli.202

However, most 3D cell-based culture systems typically integrate only
one cell type, with chondrocytes being the most studied one, prevent-
ing them from replicating the inter-tissue crosstalk found in vivo.283

Lately, 3D macroscale systems integrating different cell types, bio-
chemical and/or biophysical cues and ECM-like matrices have been
introduced, aiming to recapitulate both cellular-specific contributions
and ECM architecture. While holding huge promise as grafts to pro-
mote the repair of joint injuries, they require bioreactor systems that
may be bulky and difficult to use, thus preventing their widespread use
as preclinical in vitro models. For a more detailed comparison of con-
ventional preclinical models, the reader is referred to previous
reviews.84,229,322

Despite the clinical advancements obtained with traditional
in vitro preclinical models, more representative high-fidelity models
are required to recapitulate the native human joint microenviron-
ment. In this context, organs-on-chip (OoC), a subset of microphy-
siological systems (MPS) that replicate aspects of an organ’s in vivo
structure or function within a non-biological microfluidic platform,
have high potential as models for OA/RA preclinical studies. In fact,

OoC can integrate both cellular and extracellular components of the
native tissue to be modeled and allow to reproduce tissue-specific
microarchitecture with a high spatial fidelity, enabling the study of
inter-tissue crosstalk.202 Additionally, a main OoC advantage is
their ability to control the 3D dynamic tissue microenvironment by
applying external biochemical and biophysical cues (e.g., chemical
gradients, flow rate, mechanical and electrical stimulation).229,322

From a technological perspective, OoC can be parallelized and auto-
mated to increase their throughput, thus allowing to reduce cost and
time during the drug development process while keeping a high
translational power.

Specifically limited to the topic of the present review, the concept
of joint-on-chip (JoC) has been proposed in the past few years as a
promising tool enabling a faithful in vitro recapitulation of the native
multi-tissue joint-like microenvironment. This motivation is directly
rooted in joint biology: the joint is a multi-tissue organ in which each
compartment hosts distinct cell populations, including the synovial
membrane (synoviocytes, macrophages, and nerve cells), articular car-
tilage (chondrocytes), and the vascularized and innervated subchon-
dral bone (osteoblasts, osteoclasts, and nerve cells).283 Articular
cartilage is an avascular and aneural tissue hierarchically organized
(i.e., superficial, middle, and deep zone), where chondrocytes are
embedded in an ECM rich in collagen types I and II and negatively
charged proteoglycans (Fig. 1). This composition, together with water
and electrolytes, enables cartilage to withstand high cyclic loading and
transmit loads.271,283 As a consequence, the joint microenvironment is
intrinsically mechano-chemical: compressive loading, shear stresses,
and hydrostatic pressure shape cell behavior and tissue homeostasis,
while biochemical and metabolic factors control inflammation and
matrix turnover.89,271

From this point of view, JoC aims to capture not only individ-
ual tissues but also the interconnected nature of joint compartments
and their crosstalk. This communication, potentially conducted
through joint fluid, blood vessels, and lymphatic vessels, is often chal-
lenging to replicate in vitro. Toward the overcoming of this chal-
lenge, different studies have been lately proposed on combining 3D
miniaturized models of cartilage, synovium, and bone-like tissues
within single OoC platforms,204,207,230,255,286,293,321,327 potentially
enabling to control fluidic communication reflecting the dynamic
crosstalk that characterizes a functioning joint.296 Efforts have also
been focused on the integration of biophysical cues within such JoC
models, given the recognized key role of mechanical signaling in
joint development, homeostasis, and OA/RA progression.
Techniques such as cyclic compression,271,285 hydrostatic pressure,188

and fluid shear stress319 or their combination282 have been recently
applied to stimulate tissue-specific physical responses in JoC,
enabling researchers to investigate mechano-transduction pathways
underlying both joint maintenance and pathogenesis. For an in-
depth review of existing dynamics multi-tissue JoC systems, readers
are referred to recent comprehensive reviews.81,283,427

Importantly, OA and RA can be interpreted as diseases of a dis-
rupted joint microenvironment (Fig. 1). A healthy joint environment
is characterized by a balance between cellular metabolism, cytokine
signaling, protease activity, and ECM/pericellular matrix (PCM) orga-
nization.336 In a damaged joint, this balance is perturbed, resulting in
increased catabolic activity [e.g., decreased adenosine triphosphate
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(ATP) generation, hypoxia, lactate accumulation, increased nitric
oxide (NO) and hydrogen peroxide (H2O2),

218 low pH1,129] up-
regulation of matrix-degrading enzymes [e.g., matrix metalloprotei-
nases (MMPs)], altered ECM/PCM architecture,125 and downstream
structural changes such as chondrocyte clustering, vascularization,160

calcification, and bone remodeling, ultimately leading to joint
dysfunction.187,322,336,410 These processes are accompanied by
increased pro-inflammatory cytokines [e.g., interleukin 6 (IL-6), inter-
leukin 1b (IL-1b), and tumor necrosis factor a (TNF-a)]35,254 and
disease-associated biomarkers, such as cartilage oligomeric matrix pro-
tein (COMP),348,359,392 bone morphogenetic protein (BMP),68 and
a1-antitrypsin (AAT).146,162,348 Such disease-associated dynamic
changes in joint microenvironmental signatures motivate the need for
integration of real-time sensing strategies in JoC platforms to capture
the coupled evolution of tissue mechanics and inflammation during
disease progression or drug response.

Although significant advancements have been obtained in the
JoC field, most of the recently proposed JoC solutions still rely on off-
chip or end point assays, which limits the possibility to capture the
temporal evolution of the system that is crucial, for example, to moni-
tor disease progression or acute/chronic response to a therapy. Toward
this vision, as already demonstrated for different OoC applications like
heart-on-chip240 or brain-on-chip,431 the integration of multiple bio-
sensors for noninvasive, continuous, and real-time monitoring would
represent a breakthrough in the field of JoC and OA/RA modifying
drug discovery. These biosensors could be used to monitor real-time
extra-cellular environment remodeling as well as cell behavior in
response to spatiotemporal pattern of external stimuli (e.g., biophysical
stimuli intended to drive the tissue maturation or the administration
of drugs). Such technological advancement may allow to obtain a
seamless amount of data from fully functional representations of the

joint microenvironment, thus establishing a new gold standard in joint
preclinical models.98

In this review, technological advancements in OoC field for real-
time monitoring of cell culture are analyzed, which could overcome
the limitations of the majority of current JoC models that currently
rely on off-chip analysis or end point assays. Optical, electrical,
mechanical, and biochemical sensing modalities derived from muscu-
loskeletal and other OoC systems are presented, demonstrating their
potential application to develop a more integrated JoC platform
(Sec. II). Finally, a forward-looking perspective is provided on integrat-
ing biomechanical stimulation, multi-sensing capabilities, and multi-
tissue interactions to achieve a robust JoC platform, which would
represent a transformative approach for musculoskeletal research and
drug discovery (Sec. III).

II. BIOSENSORS FOR REAL-TIME JOINT-ON-CHIP
MONITORING

In Sec. I, we highlighted the importance of developing JoC able to
recapitulate the multifaceted dynamic native-like joint microenviron-
ment. In this section, we underscore the need of integrating online
readouts within such JoC to amplify the quantity and quality of data
that can be inferred from these models. In fact, traditional characteri-
zation methods for the cell viability and morphology (e.g., by offline
imaging), gene expression [e.g., based on quantitative polymerase
chain reaction (qPCR) analysis], or biomarker assessment [e.g., via
enzyme-linked immunosorbent assay (ELISA)] rely on time-
consuming off-chip analysis and end point imaging modalities, which
do not allow to evaluate the cell behavior/microenvironment over time
and lead to the termination of experiments.

As an alternative approach, the integration of biosensors for
continuous, real-time, and noninvasive monitoring on-chip would

FIG. 1. Joint structure and disease-associated microenvironmental signatures motivating multi-sensing. Schematic comparison of a healthy vs damaged (OA/RA) synovial joint,
highlighting the main anatomical compartments and cell types. Mechanical cues relevant to joint homeostasis and pathology—fluid shear stresses, hydrostatic pressure, and
compression—are indicated with arrows. The key classes of measurable targets for integrated sensing are shown: (1) metabolic activity, (2) protease activity/expression,
(3) cytokine expression, (4) ECM/PCM composition, and (5) disease-associated biomarkers. Circled numbers placed next to each joint compartment denote which classes of
analytes are present, produced, or measurable in that specific compartment to emphasize how tissue- and fluid-specific analytes can guide selection of complementary real-
time and on-chip readouts in next-generation platforms. This figure was partially created with elements from BioRender (Biorender.com).
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enable the temporally and spatially resolved measurements of physi-
cochemical parameters related to phenomena such as (i) cell signal-
ing, (ii) metabolic activity, (iii) ECM composition and remodeling,
and (iv) inflammatory states in pathological and physiological condi-
tions. These biosensors can also be used to monitor transient events
that would not be detected with traditional offline sensing
techniques.333

To date, multiple types of integrated biosensing modalities have
been developed for OoC applications. In the following, we will discuss
optical (Sec. IIA), electrical (Sec. II B), mechanical (Sec. II C), and
biochemical sensing techniques (Sec. IID), classifying them according
to the related main sensing principle. Table I presents a concise over-
view correlating each class of sensing techniques with the joint-
related target parameters that they can measure, together with an
analysis of related advantages and limitations. For each category, we
review examples already implemented in JoC platforms (when avail-
able) and report on emerging biosensors—although not yet incorpo-
rated into OoC devices—being specifically developed to detect
biomarkers associated with joint pathophysiology. Additionally, we
examine the potential translation from other OoC applications, from
which technical feasibility and maturity of sensor integration may be
demonstrated. By highlighting successful implementations in other
OoC systems, we aim to inspire and provide concrete technological
reference points for researchers working on next-generation JoC
models, facilitating the transfer of already validated sensing solutions
into joint-specific applications and ultimately accelerating progress in
this emerging area.

A. Optical sensing techniques

Optical sensing techniques exploit light-based techniques to ana-
lyze the cell behavior or the biochemical composition of the extracellu-
lar microenvironment by monitoring optical properties such as
absorption, illumination, refractive index, or scattering. The integra-
tion of this sensing technique is particularly convenient for OoC appli-
cations because it exploits the optical transparency typical of OoC
systems, preventing a physical contact between the sensing element
and the sample, thus enabling a noninvasive continuous monitoring
for the whole duration of the cell culture. With the exception of absor-
bance measurements that are limited by the short optical path in
microfluidic devices, optical sensing techniques generally feature a
good sensitivity at low analyte concentration. This constitutes a pecu-
liar advantage for OoC technologies operating in microfluidic environ-
ments with low sample volumes. Nevertheless, optical sensing may
face physical challenges at extremely low sample volumes when the
single-molecule detection limit is approached due to instrumental limi-
tations and background noise biasing the measurements. At very low
analyte concentrations, measurements can be limited by background
noise. Several strategies can boost signal strength, including sample
preconcentration, surface functionalization, multi-pass optical
paths,172 and nanophotonic sensor designs.245

Optical measurements in OoC can be additionally challenging for
two reasons: multilayer chip designs and thick 3D microtissues. These
tissues (e.g., cell-laden hydrogels) can scatter and absorb light, which
lowers the signal-to-noise ratio (SNR) and limits spatial resolution.
Mitigation strategies may be applied to reduce these effects by using

TABLE I. Classification of the four classes of sensing techniques identified as relevant in applications in terms of target parameters (as defined in Fig. 1), advantages, and
limitations.

Sensing technique Target parameter Advantages Limitations

Optical Metabolic activity; protease
activity/expression; cytokine

expression

Sensitivity at low analyte
concentration; analyte specificity;

contactless sensing

Usually not label-free; background
noise; single-molecule detection
limit; OoC thickness-induced low
SNR and limited spatial resolution;

material transparency

Electrical Metabolic activity; protease
activity/expression; cytokine

expression; ECM/PCM; OA/RA
biomarkers

High sensitivity and temporal
resolution; versatility; usually

label-free; ease of fabrication and
OoC integration

Sensitivity to environmental
conditions; interference for

multiplexed measurements; liability
to electrode material/position

Mechanical Protease activity/expression;
ECM/PCM; OA/RA biomarkers

Multiplexed measurements
(applied forces and resulting
strain, stress, mechanical

properties); usually label-free

Sensitivity to environmental
conditions; miniaturization

challenges and integration with
actuation systems; calibration drift;

signal interpretation

Biochemical Metabolic activity; cytokine
expression; OA/RA biomarkers

Analyte specificity; multiplexed
measurements; high throughput;

cost-efficiency

Sensitivity to environmental condi-
tions; surface functionalization; bio-
recognition element immobilization;
stability; often conjugated with other

sensing techniques
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optically clear materials, integrating light delivery/collection hardware
(e.g., optical fibers) close to the sensing area as well as favoring longer-
wavelength or label-free modalities.

In Secs. IIA 1–II A6, different optical sensing techniques are
described and discussed, focusing on examples of their application in
OoC (prioritizing JoC where available), performance, and specific inte-
gration challenges.

1. Absorbance

Absorbance measurements are used to quantify the concentration
of biological molecules or biochemical solutes dispersed in a solution
by correlating it to the amount of light absorbed by the sample at a spe-
cific wavelength. In the context of OoC technologies, absorptiometry
involves measuring the light absorbed by the cells cultured on the chip
as well as by the biomolecules that may be present in the culture
medium. A light source (e.g., photodiode) emits radiation at a specific
wavelength to illuminate an indicator dye dissolved in the OoC. The
indicator dye changes its absorption spectrum upon the interaction
with an analyte. The incident light is partially absorbed by biomolecules
or cells, and partially by the indicator dye, while the remaining light
passes through the system and is captured by a downstream detector.
The ratio of the transmitted to the incident light across the OoC system
gives a measure of the sample absorbance, which can be used to com-
pute the analyte concentration using the Beer–Lambert law.

In addition to the concentration of the analyte, absorption mea-
surements depend also on the molar absorption of the indicator dye
and on the optical path along the microfluidic channels. The latter is
the main constraint for the fabrication of miniaturized absorption sen-
sors in OoC devices due to their intrinsically small length scale. At the
same time, attention should be paid to the choice of the chip substrate
to prevent a blocking-out effect, which would prevent the incident light
to pass through the sample to be analyzed. From an analytical perspec-
tive, other limitations of this sensing method are light scattering and
potential interference from other soluble contaminants that would bias
the absorbance measurement. Therefore, background noise corrections
are needed to attribute absorbance changes specifically to the analyte
of interest. Strategies to cope with background noise typically involve
optical path calibration and blank subtraction, where absorbance mea-
surements performed in cell-free OoCs are subtracted from the mea-
surements in the presence of cells.

Absorbance sensing techniques have been used to quantify sev-
eral biomarkers for joint function and disease modeling in standard
cell culture setups: ECM composition, inflammatory, and immune
response mediators such as interleukins (e.g., IL-1b, IL-6, and IL-8),
MMP-3, TNF-a,182,329 and interferon-c (IFN-c).286 Within JoC,
absorbance-based optical sensors may also be used to monitor in real-
time the concentration of reactive oxygen species in the extracellular
environment, which correlates with the progression of an inflamma-
tory state. In fact, NO and H2O2 are biomarkers for cell metabolism
produced due to oxidative stresses that have been found to increase in
the case of OA and RA.218 While not yet integrated in JoC devices,
Koman et al.176 demonstrated the feasibility of using absorbance sens-
ing techniques for the multiplexed continuous monitoring of cell
metabolism byproducts such as hydrogen peroxide at the microscale.
The strategy exploits the link between cytochrome c (Cyt c) absor-
bance and oxidation state: when Cyt c is oxidized by hydrogen perox-
ide (produced during enzymatic conversion of glucose or lactate), its

absorbance spectrum shifts. Drops containing Cyt c and glucose or lac-
tate oxidase (GOx/LOx) were deposited on a polydimethylsiloxane
(PDMS) porous membrane in the bottom microfluidic layer. The sen-
sors showed a linear response in the range 0.01–100 lM for glucose
and 0.1–1000lM for lactate concentration, with a respective limit of
detection (LOD) of 240 and 110 nM (cf. Table II). Sensor sensitivity
scaled with GOx/LOx concentration, indicating that translation to
OoC would require careful enzyme-loading control to avoid excess
hydrogen peroxide generation and crosstalk between adjacent sensing
spots. Increasing the distance between sensing spots may help mitigate
such undesired interactions.

Additionally, joint inflammation is associated with a noticeable
decrease in the pH of the synovial fluid resulting from the increased
activity of inflammatory cells, which often shift to anaerobic glycolysis
producing lactic acid. As a consequence, the pH in the synovial fluid of
OA patients can drop from physiological values to 6.6–7.2, with studies
reporting pH as low as 6.0 in severe OA cases.129 This acidic environ-
ment contributes to cartilage degradation and promotes the activity of
metalloproteinases that further breaks down ECM components.
Although not directly applied to JoC, Shaegh et al.258 showed that it is
possible to integrate an absorbance-based optical sensor in an OoC
containing human fibroblasts to continuously monitor such changes in
the pH level for up to 3days. The incident light was generated by a laser
emitting diode (LED), and real-time measurements of optical absorp-
tion by flowing culture medium containing phenol red were performed
to measure the pH level, exploiting silicon photodiodes as detectors for
the transmitted light. The sensors allowed to measure the pH in the
range 6.5–8 with a resolution of 0.03 pH unit and a sensitivity one
order of magnitude higher than electrochemical pH sensors based on
iridium oxide thin films (cf. Table II). The system was also comple-
mented with a luminescence sensor to measure the oxygen (O2) level
in the range 0%–21% using an oxygen-sensitive ruthenium dye immo-
bilized within a thin-film inside the OoC (Sec. IIA2). A differential
photodiode setup was implemented to remove the effect of background
light achieving a high SNR (39.2 and 36.3 dB for pH and oxygen mea-
surements, respectively). Zhang et al.429 further optimized the optical
multi-sensing strategy by developing a fully integrated OoC platform
combining optical and electrochemical sensors to monitor extracellular
parameters (pH, oxygen, temperature) and soluble proteins, respec-
tively. The platform was applied to drug-toxicity testing in a dual-
organ human liver–heart-on-a-chip exposed to acetaminophen (up to
5 days) and a dual-organ liver-cancer–heart-on-a-chip challenged with
doxorubicin (up to 24 h). pH was quantified by phenol red absorbance
in culture medium, while oxygen relied on luminescence quenching of
a ruthenium dye. A sensitivity of 0:159V=unitpH and 7mV=%O2 was
obtained for the two sensor types. Despite enabling a continuous and
automated monitoring of environmental and biochemical parameters
simultaneously, the platform still faces technological/analytical chal-
lenges. The platform size and fabrication complexity call for miniaturi-
zation and compatibility improvements to favor scalability. The OoC
prototype was manufactured in PDMS, which biased the evaluation of
the drug toxicity due to the partial absorption of doxorubicin, motivat-
ing future adoption of thermoplastics for microfluidic channels.

2. Luminescence

Luminescence sensors are another important category of optical
sensors whose working principle is based on the emission of light by
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TABLE II. List of optical sensing techniques relevant for applications. Lactate oxydase (LOx); glucose oxydase (GOx); limit of detection (LOD); polydimethylsiloxane (PDMS); hydrogen peroxide (H2O2); tris(4,7-
diphenyl-1,10-phenanthroline)ruthenium(II) chloride (½RuðdppÞ3�2þCl2); signal-to-noise ratio (SNR); organic photodiode (OPD); platinum(II) meso-tetra(4-fluorophenyl) tetrabenzoporphyrin (Pt-TPTBPF); antibody
(Ab); localized surface plasmon resonance (LSPR); bovine serum albumin (BSA); phosphate buffer saline (PBS); runt-related transcription factor 2 (Runx2); transcription factor SOX-9 (Sox9); IL-6; tumor necrosis
factor a (TNF-a); neurotrophic growth factors (NGF); enzyme-linked immunosorbent assay (ELISA).

Sensing technique Target analyte Sensing element OoC integrated? Sensing performance References

Absorbance Lactate and glucose Metalloprotein Cyt c
oxidation state in the
presence of LOx and

GOx

No, but applied to
joint

Lactate: range¼ 0.1–1000 lM,
LOD¼ 240 nM; glucose:
range¼ 0.01–100 lM,

LOD¼ 110 nM

176

Challenges PDMS and glass transparency needed to have optical access to the sensor spots; sensor sensitiv-
ity proportional to LOx/GOx. This increases the enzymatically produced H2O2, which may

lead to crosstalk and interference between neighboring sensors.

Absorbance and
luminescence

pH andO2 Phenol red for pH and
luminescent ruthenium
dye (½RuðdppÞ3�2þCl2)

for O2

Yes, fibroblasts cul-
tured on chip

pH: range¼ 6.5–8, LOD¼ 0.03
pH, sensitivity¼ 160mV/pH,
SNR¼ 39.2 dB; O2: range¼ 0–

21%, LOD¼ 0.8%,
sensitivity¼ 6mV/%O2,
SNR¼ 36.3 dB; time
stability¼ 3 days

258

Challenges Biofouling minimization with a PDMS coating over the oxygen dye; differential photodiode
setup to remove background light noise; fabrication challenge to integrate the sensing module

into a microfluidic bioreactor.

Luminescence and
optical fibers

O2 SP-PSt7-NAU-D3-
YOP oxygen sensor
spots (Precision
Sensing GmbH)

Yes, multiple cell types
cultured on chip

Range: 0%–20%; time
stability¼ 4 days

32

Challenges Material transparency needed to have optical access; sensor integrated within the microfluidic
device to have direct contact with O2; signal interference: influence on O2 measurement due to

diffusion of atmospheric O2 and CO2 through PDMS.

Light scattering and
optical fibers

Change in tissue
architecture

Light scattering detec-
tion using OPD arrays

Yes, synovium-on-chip Range¼ 0–5000 cell/ll,
LOD¼ 500 cell/ll,

sensitivity¼ 1.9mV (cell/ll),
SNR¼ 3� LOD, time

stability¼ 8 days

320

Challenges Background noise compensated using acellular Matrigel controls; biofouling minimized by S-
layer protein coating (SbpA from Lysinibacillus sphaericus); fabrication challenge: OPD

embedded beneath each microchamber, one glass layer interfering between sensor and analyte;
organoid positioning within ring-shaped PDMS waveguides is required.

Luminescence and
optical fibers

O2 and glucose Polystyrene beads
stained with oxygen
sensitive dye (Pt-

Yes, epithlial cells cul-
tured on chip

Glucose: range 0–30mM,
LOD¼ 0:760:5 mM,

sensitivity¼ 3:060:7 hPamM�1,

104
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TABLE II. (Continued.)

Sensing technique Target analyte Sensing element OoC integrated? Sensing performance References

TPTBPF); GOx cross-
linked enzyme aggre-
gates (GOx-CLEAs)

T95 response time¼ 188653 s;
time stability¼ 5 days

Challenges O2 consumption by GOx requires a O2 reference sensor; H2O2 is obtained as a by-product,
which deactivates enzymes and influences cells, catalysts added to remove it; GOx stability is
affected by temperature and pH; porous PET membranes act as diffusion barriers between the
analytes and the sensors; fabrication challenge: integration of optical fibers underneath the

sensing spots; throughput limited by complex multi-step fabrication.

Surface plasmon
resonance

IL-4, IL-6, IL-10,
and TNF-a

Ab-conjugated Au
nanorod LSPR
microarrays

Yes, adipose tissue-on-
chip

Range¼ 10–10 000 pg/ml,
LOD¼ 20 pg/ml, sampling vol-
ume¼ 1 ll, assay time¼ 30min

433

Challenges Need for sampling without affecting cytokine concentration and compromising continuous
monitoring; biofouling minimized by BSA passivation coating and PBS washing; Au nanorods

distributed with distance >100 nm to avoid plasmonic coupling.
Fluorescent
nanoprobes

Runx2 and Sox9
mRNA

Au particles labeled
with oligonucleotides
specific for Runx2 or
Sox9 genes, and a fluo-

rescent peptide

No, but applied to
joint

Incubation �16 h; probes
uptake¼ 81%–87% (Runx2),

95%–97% (Sox9), >80% (Runx2
and Sox9)

193

Challenges Relatively long incubation time. Uptake efficiency and variability. Intracellular localization and
probe release. Semi-quantitative mRNA expression data.
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an analyte that has absorbed energy. Luminescence sensors can be clas-
sified into three main subcategories: photoluminescence, chemilumi-
nescence, and bioluminescence. In the following, we will focus on
photoluminescence sensors (fluorescence- or phosphorescence-based)
since they are more commonly applied to OoC. Photoluminescence
occurs when a molecule absorbs light and then returns to its ground
state by emitting light of a longer wavelength. During this process, sen-
sors can measure two different optical properties: luminescence life-
time and intensity. Amplification or quenching of the luminescence
signal can both occur if other excitable molecules are present together
with the luminescent indicator dye. Luminescence lifetime, an intrinsic
property of the indicator dye, offers a robust readout with minimal
susceptibility to measurement bias. Unlike intensity-based approaches,
lifetime measurements remain largely unaffected by fluctuations in dye
concentration or illumination. In contrast, luminescence intensity is
prone to multiple sources of error, including dye bleaching, autofluor-
escence, spectral overlap from different biomolecules, and spatial inho-
mogeneities in the excitation field, all of which compromise the
measurement. The primary limitation—photobleaching—can be effec-
tively mitigated through lifetime-based strategies.20,277

From the setup point of view, a typical photoluminescence sensor
comprises a sensing element (eventually to be integrated in the OoC)
and an external optical system including a light source, filters, and an
externally mounted detector. The sensing element is usually made by a
matrix hosting a luminescence indicator dye sensitive to a target ana-
lyte. In microfluidic cell culture systems, the sensing element can be
embedded using a variety of formats, each offering distinct capabilities
for OoC integration. The simplest strategy is to integrate thin films,
patterned films, or beads directly into the device substrate. More
sophisticated approaches include optical fiber-based probes, micro- or
nanoparticle sensors, or the direct staining of cells or culture media
with soluble oxygen-sensitive dyes. Sensor performance is dictated by
the choice of matrix and dye, which also influences fabrication com-
plexity and compatibility with the OoC environment. Thin films
enable 2D spatial mapping but must be embedded on the device sur-
face. Patterned films (still to be integrated on the device surface) help
minimize signal interference by confining sensing regions, while pre-
serving spatial resolution. Their performance scales with the sensing
area, which may demand advanced optical readout systems when sig-
nal intensity is low. Bead-based sensors, in contrast, can be embedded
within hydrogels to capture 3D gradients (e.g., oxygen gradients),
offering greater placement flexibility, but at the cost of low positional
control and potential cell interaction. Dispersing nanoparticles or solu-
ble dyes directly into the culture medium simplifies the device fabrica-
tion, yet the unstable location of these sensing elements can
compromise both signal stability and measurement precision. For
more information on the format and integration of these sensors in
microfluidic devices, the reader is referred to the review by Grist
et al.122

Luminescence has been mostly used in microfluidic applications
for the measurement of oxygen concentration,9,261 pH,258 and some
soluble biomolecules (e.g., IL-6, TNF-a380) or vascular endothelial
growth factor (VEGF193) due to the availability of indicator dyes for
only selected analytes. To circumvent this limitation, a biological rec-
ognition element is typically immobilized on the surface of the sensor
to catalyze the conversion of the target analyte. The byproduct of the
catalytic reaction is then detected by the luminescent indicator dye.

This method has been applied to measure glucose,347 glutamate,141

ATP,330 lactate,361 H2O2,
215,375 and other metabolic biomolecules.24

Exploiting this principle, luminescence sensors can be employed to
study the pathological progression of OA and RA in a JoC by tracking
the concentration of deposited collagen432 and also pathological bio-
markers, such as cytokines,380 MMP,196 or NO.19

Song et al.359 implemented an immunoassay on-chip based on
fluoro-microbeads for the rapid and sensitive detection of COMP, an
important OA biomarker, in human serum and synovial fluid.
COMP-specific monoclonal antibodies were immobilized on gold-
patterned surfaces via self-assembled monolayers (SAMs), and COMP
was detected using fluorescence-labeled antibody-conjugated microbe-
ads. The chip used PDMS microchannels over four immunoreactive
regions, each with five patterned sensing areas, enabling multiplexed,
simultaneous assays. The reported LOD was 0.8 ng/ml within a linear
range of 4–128 ng/ml, with excellent correlation to commercial ELISA
results but with a shorter assay time (�20 min). Integration into JoC
would still require robustness under dynamic culture (flow, long
exposure to media), and the study already included an initial mitiga-
tion step via ethanolamine/L-lysine passivation and background
correction to reduce nonspecific contributions from culture-medium
components.

A translatable study with relevance for joint research was
reported by Bussooa et al.,32 who integrated oxygen sensor spots in a
OoC using mesenchymal spheroids composed of co-cultured primary
human fibroblasts and human umbilical vein endothelial cells
(HUVEC). The study demonstrated the better performance of optical
oxygen sensors embedded within thermoplastic platforms compared
to conventional PDMS-based OoCs to achieve physiologically rele-
vant oxygen control for cell culture. Commercially available optical
sensors (SP-PSt7-NAU-D3-YOP, PreSens Precision Sensing GmbH)
were integrated into cyclic olefin copolymer (COCoxy) devices,
enabling contactless and real-time oxygen measurements at 1-s inter-
vals with non-consumptive detection capabilities. The thermoplastic
system achieved greater oxygen control, shorter response time (�1 s
vs >30 min in PDMS devices), successfully maintaining oxygen lev-
els as low as 4% at physiologically relevant flow rates and detecting
oxygen consumption by spheroids (decreasing from 17.1% to 11.1%
over 96 h) while maintaining >90% cell viability (cf. Table II).
Although the system faced integration challenges, such as 3.6%–5.0%
oxygen leakage through fluidic connections and delayed responses at
very low flow rates, the platform successfully validated long-term
spheroid cultures under controlled hypoxic conditions (�11% of
oxygen), establishing thermoplastic OoCs with integrated optical sen-
sors as functional platforms for oxygen control in cell culture
systems.

Luminescence-based sensing has been successfully used for oxy-
gen monitoring also in other OoC platforms. For instance, Shah
et al.345 integrated a luminescence sensor (i.e., O2 optodes) to monitor
the oxygen level in the perfusion and microbial microchambers of a
gastrointestinal human–microbe interface OoC. Similarly, Rennert
et al.313 performed continuous and contactless oxygen measurements
under flow conditions by luminescence-emitting sensor spots in a
liver-on-chip to monitor the hepatocytes metabolic activity. These
examples further underscore the versatility of luminescence as a con-
tinuous and noninvasive optical sensing technique for applications tar-
geting multiple OoCs.
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3. Optical fibers

Another promising alternative to time-consuming microscopy
and off-chip viability assays is the integration of optical fibers into
OoC systems. Optical fibers are made of a plastic or glass core and a
surrounding cladding with a lower refractive index. Light generated by
laser or LED is transmitted through the core and delivered to a sample.
The light reflected by the sample is collected by a photodetector at the
receiving end of the optical fiber.315 In terms of mode of operation,
optical fibers function as both standalone transducers and in combina-
tion with complementary optical sensors such as luminescence-based
probes. As standalone transducers, optical fibers detect changes in light
transmission or reflection. These changes reflect physicochemical
properties such as refractive index, absorbance, or scattering, enabling
label-free and real-time measurements.10,413 Instead, when optical
fibers are used in combination with other optical sensing techniques,
they can be used to monitor temperature, pH, oxygen, ECM compo-
nents, and glucose.142,194

Rothbauer et al.320 developed a 3D synovium-on-chip model to
monitor the onset and progression of inflammatory synovial tissue
response to TNF-a using noninvasive light scattering. The setup com-
prised laser beam splitters, fiber couplers, and collimators that directed
a 1.2-mm diameter beam through the synovial organoids. The system
collected light scattered at angles greater than 20� from the incident
beam. A notch filter removed unwanted components, and organic pho-
todiodes converted the remaining signal into electrical outputs
[Fig. 2(a)]. This fiber-optic system allowed for multiplexed measure-
ments across multiple chip chambers simultaneously, making the
platform suitable for high-throughput screening applications. The
primary target analytes were 3D tissue-level architectural changes
within synovial organoids, specifically monitoring structural events
such as motility, proliferation, and invasion. The optical sensor demon-
strated excellent analytical performance with a detection limit of
approximately 500 cells/ll and a sensitivity of 1.9 mV/(cells/ll), dem-
onstrating sustained operational stability for over 8 continuous days (cf.
Table II). However, the approach has key analytical challenges. Some
hydrogels (e.g., fibrin) introduce optical interference that biases scatter
measurements. In addition, the signal can be nonspecific, making it
hard to separate cellular changes from ECM changes. No phototoxic
effects were observed at the highest power output (85 lW) over 8 days.
However, longer experiments with repeated laser exposure—common
in cartilage-on-chip230 studies—may still introduce phototoxicity. In
terms of fabrication challenges, the fabrication process requires precise
alignment of the multi-layer device to limit the manufacturing variabil-
ity that could affect optical measurements. Despite these challenges, the
synovium-on-chip distinguished diseased tissue within 2–3days after
seeding. By comparison, conventional proliferation and cytokine assays
are typically performed 14–21days post-seeding.

Glucose is fundamental for joint homeostasis. It is the main
energy source for chondrocytes via anaerobic glycolysis. It also serves
as a precursor for ECM macromolecules such as glycosaminoglycans
(GAGs) and hyaluronic acid. Physiological glucose levels promote
ECM synthesis and anti-inflammatory activity in chondrocytes,
whereas hyperglycemia can lead to the accumulation of advanced gly-
cation end products (AGEs), triggering inflammation and cartilage
degradation.295 In this context, a cartilage-on-chip platform integrated
with a glucose sensor would be helpful to assess metabolic shifts in
chondrocyte activity upon triggering of pathological conditions. For

example, the model could be exposed to hyperglycemia, over-
physiological mechanical loading, or pro-inflammatory cytokines. The
feasibility of using optical fibers to monitor glucose concentration was
demonstrated by Fuchs et al.,104 who developed a plug-and-play opti-
cal glucose sensor designed for integration in microfluidic cell culture
systems [Fig. 2(b)]. The sensor-targeted glucose using GOx cross-
linked enzyme aggregates embedded in a biocompatible hydrogel with
oxygen-sensitive phosphorescent particles and hydrogen peroxide-
degrading catalysts. Fabrication involved microdispensing the sensor
formulation onto biocompatible adhesive tape, covered with porous
polyethylene terephthalate (PET) membranes as diffusion barriers to
tune sensitivity and range. Optical fibers are directly fixed onto the
adhesive substrate beneath the sensing spots to enable precise, stable
optical readouts of phosphorescence signals. The sensor demonstrated
stable performance over 5 days at 37 �C with minimal drift, tolerated
sterilization and operated effectively across relevant pH (6.5–8) and
flow conditions, matching commercial sensor accuracy with cell cul-
ture samples. Extensive data on the sensor performance are reported
in Table II. The sensor, which is only 1mm in size, fits efficiently into
OoC platforms, presenting minimal fabrication challenges. Several
analytical challenges must be addressed before using this sensor in a
JoC. First, oxygen cross-sensitivity requires compensation (e.g., with
reference sensors). Second, GOx stability must be protected against
hydrogen peroxide, potentially via lifetime-based strategies and non-
cytotoxic catalysts. Third, diffusion-barrier porosity should be tuned to
the glucose range of the specific culture system. Finally, performance
should be tested below pH 6.5 if modeling pathological conditions.
Attention should be paid to the integration of multiple components
(enzyme, catalyst, oxygen-sensitive particles, hydrogel matrix) while
maintaining their individual functionalities.

The potential of using optical fiber-based sensors was also
demonstrated for other applications as the real-time oxygen concentra-
tion in OoCs seeded with epithelial cells360 or spheroids made of
primary fibroblasts and HUVECs, as previously discussed.32

Interestingly, Zirath et al.436 developed an optical system to noninva-
sively monitor dissolved oxygen levels in both 2D and 3D platforms
targeting multiple cell types, including lung epithelial cells (A549),
HUVEC, normal human dermal fibroblasts (NHDFs), adipose-
derived stem cells (ASCs). The sensing element was prepared by
dispersing amine-functionalized polystyrene beads into a solution con-
taining platinum(II) meso-tetra(4-fluorophenyl)tetrabenzoporphyrin
(PtTPTBPF), which exhibits luminescence quenching properties in
response to oxygen concentration changes, allowing the oxygen-
sensitive dye to stain the bead surfaces. Fabrication involved dispersing
the dye into bead suspensions followed by purification and immobili-
zation of sensor spots onto glass substrates within the microfluidic
chips. The sensor spots are integrated in PDMS devices by pipetting
onto the glass substrate before sealing with adhesive film or plasma
bonding, with optical fibers embedded around the chip to couple exci-
tation and emission light to an optical meter for real-time readout. The
sensor demonstrated excellent reproducibility with low sensor-to-sen-
sor variation, sensitive detection across 0.5%–20% oxygen, and capa-
bility for dynamic oxygen monitoring in cell cultures, which allowed to
distinguish between cell types based on their oxygen consumption.
The same group later proposed a dual-sensor integrated microfluidic
cell analysis platform for the noninvasive and time-resolved monitor-
ing of cellular oxygen uptake and metabolic activity (i.e., pH) based on
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FIG. 2. Examples of optical sensors. (a) Synovium-on-a-chip system with integrated time-resolved light scatter biosensing for monitoring tissue-level remodeling during early
inflammatory arthritis. (i) Schematic of the device with four microchambers containing 3D human synovium organoids; light scatter through the organoids is detected by organic
photodiodes beneath the chip. (ii) Simplified device layout showing the layered glass/adhesive structure and PDMS ring-shaped waveguide microstructures that guide scattered
light to the photodiodes. Reproduced with permission from Rothbauer et al., Lab Chip 20, 8 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution
(CC BY) license. (b) (i) Oxygen and glucose sensors integrated into a microfluidic flow cell. (ii) Microfluidic device featuring both sensors, with a schematic of the structure of
the glucose sensor. The sensing layer consists of GOx-CLEAs, particles stained with an oxygen-sensitive dye, and an additional catalyst for hydrogen peroxide degradation.
These components were embedded in a hydrogel and covered by a porous membrane serving as a diffusion barrier. The sensor can be mounted in a microfluidic device using
the adhesive sensor substrate, with optical fibers directly fixed onto the substrate for optical readout. Reproduced with permission from Fuchs et al., Biosens. Bioelectron. 237,
115491 (2023). Copyright 2023 Authors, licensed under a Creative Commons Attribution (CC BY) license. (c) Adipose-tissue-on-chip sensing platform for in situ analysis of adi-
pose tissue inflammation. (i) Optofluidic device combining a bottom AuNR-patterned LSPR barcode for multiplexed cytokine sensing with a PDMS culture chamber supporting
adipocytes and macrophage-induced CLS formation. The inset shows a schematic of the adipocyte culture chamber surrounded by multiple microchannels connected to LSPR
cytokine detection barcode arrays. Circular LSPR sensing arrays are aligned beneath the microchannel patterns, allowing diffusion of adipocyte–macrophage culture superna-
tant into the microchannels where it interacts with the AuNR LSPR sensors. (ii) Schematic of LSPR signal detection performed on a dark-field microscopy stage. Reproduced
with permission from Zhu et al., Lab Chip 18, 23 (2018). Copyright 2018 Royal Society of Chemistry.
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optical fiber measurements.437 Results showed that the measured
decrease in oxygen consumption and pH increase could be correlated
with the loss of viability for intestinal Caco-2 cells and HUVECs after
exposure to cytotoxic silica nanoparticles.

As a last example, it is worth reporting an optical sensor devel-
oped for skeletal muscle tissue engineering applications. Iuliano
et al.150 recently proposed a multi-channel sensor based on optical
fibers that use the principle of light interferometry to detect the con-
traction of 3D tissue-engineered muscles. Thanks to the integration of
electrodes for electrical pulse stimulation, 3D cell constructs obtained
from human induced pluripotent stem cell (hiPSC)-derived myogenic
progenitors lines were stimulated for up to 7 days, and continuous
noninvasive optical measurements were performed, providing an indi-
rect estimation of contraction forces down to a nano-Newton resolu-
tion. This technology was also used to investigate the effect of caffeine,
verapamil, and the b-agonist clenbuterol on 3D tissue-engineered
muscles. Despite representing an indirect way to measure forces, this
optical fiber sensor may hold great potential for JoC applications,
where mechanical stresses within different joint tissues have been cor-
related with the development of pathological phenotypes in OA/RA
models.

4. Surface plasmon resonance

Surface plasmon resonance (SPR) is a label-free optical technique
that detects when biomolecules (e.g., proteins and nucleic acids) bind
to a metal surface by measuring changes in how light behaves at that
surface. The SPR working principle is based on the excitation of sur-
face plasmons, which are coherent electron oscillations at the interface
between a metal (i.e., gold or silver) and a dielectric material.140 If a
biomolecule binds to the metal surface, the refractive index at the
metal/dielectric interface changes. In turn, a shift in plasmon excitation
is determined by the resonance angle variation, which is induced by
the change in the refractive index proportionally to the biomolecule
attached to the metal surface.

SPR is a complex sensing technique involving several steps rang-
ing from substrate preparation to analyte measurements. First, the
metallic sensor surface is cleaned and activated to remove any contam-
inants and prepare it for further chemical modifications. After activa-
tion, linker molecules (e.g., thiol-containing compounds) are deposited
onto the metallic substrate to enable covalent immobilization of
ligands. Subsequently, the target ligand—such as a protein or recep-
tor—is immobilized on the sensor surface under controlled conditions
to ensure optimal binding density and activity. Any remaining active
sites on the surface are then blocked using agents like ethanolamine to
reduce non-specific binding during sensing. In the sensing phase, the
analyte solution is flowed over such prepared substrate, and binding
interactions between the analyte and immobilized ligand are moni-
tored in real-time by detecting changes in the local refractive index
near the sensor surface. After the measurement, the surface can be
regenerated by removing bound analytes while preserving ligand func-
tionality, allowing repeated use of the sensors. For more information
on standard SPR methodologies, the reader is referred to dedicated
comprehensive reviews.139,147

SPR-based sensors have been widely applied in biological
research, ranging from the measurement of small biomolecule concen-
tration (e.g., ATP403) and biomarker identification (e.g., IL-643 or
IL-1b44) to detecting cancer cells165,288 and monitoring of cellular

response to external stimulation (e.g., osmotic stress378). For pathologi-
cal models of JoC, SPR sensors offer the possibility to measure inflam-
matory cytokines (e.g., IL-6 or IL-1b43,44) production by specific joint
cells/tissues during inflammatory states (e.g., induced by biochemical
stress such as TNF-a administration). Toward this direction, Zhu
et al.433 proposed an antibody-conjugated gold nanorod (AuNR) SPR
nanobiosensor to be integrated in an adipose tissue-on-chip to moni-
tor the adipose tissue inflammation [Fig. 2(c)]. The platform enabled
simultaneous multiplexed measurements of pro-inflammatory (IL-6
and TNF-a) and anti-inflammatory (IL-10 and IL-4) cytokines
secreted by adipocytes and macrophages. This on-chip sensing tech-
nology offers a wide dynamic cytokine detection range (10–10 000 pg/
ml), requires a low operating sample volume (down to �1 ll), has a
short assay time (�30 min), and shows a strong correlation with gold
standard ELISA experiments (cf. Table II). Results demonstrated the
feasibility of detecting pro-inflammatory cytokines in OoC, which
indicates that it is possible to translate this optical sensor to joint spe-
cific tissues.

The functionalization of the substrate metallic surface, as well as
the resolution enhancements with nanomaterials, makes SPR a versa-
tile sensing strategy to be implemented in different OoC platforms.
Ortega et al.278 developed a SPR sensor made of gold nanoantennas
functionalized with an insulin monoclonal antibody. The sensor was
integrated into a pancreatic islet-on-chip realized by culturing primary
mouse pancreatic islets embedded in a non-biodegradable cellulose-
based scaffold. Continuous in situmeasurement of insulin secretion by
pancreatic islets upon chemical stimulation with glucose was per-
formed up to 3 h, and a detection limit of 0.85lg/ml was reported.
Interestingly, Shevchenko et al.350 reported an optical sensor for real-
time and label-free monitoring of cellular response after chemical stim-
ulation. The sensor was made of optical fibers and exploited the SPR
on the surface of the optical fibers as a sensing mechanism. The
authors showed that the sensor was able to measure the effects of tryp-
sin, serum, and sodium azide on NIH-3T3 fibroblasts, such as cell
detachment from the sensor surface, serum uptake, and inhibition of
cell metabolism. Finally, a nanoplasmonic biosensor was reported by
Li et al. for the real-time monitoring of cellular secretion in the culture
medium.199 The performance of the sensor was demonstrated by ana-
lyzing the real-time secretion of VEGF from HeLa cancer cells for 10 h.
The sensor showed an impressive sensitivity of 145 pg/ml for VEGF
detection.

Despite these success stories, implementing SPR-based sensors in
OoC platforms still presents several significant challenges. Technically,
integrating stable SPR sensor surfaces within microfluidic chip archi-
tectures is complex due to miniaturization requirements and the need
of maintaining optical access without disrupting the biological envi-
ronment. The sensor materials must be compatible with chip sub-
strates, potentially affecting sensor performance and biological
relevance. The OoC complexity, which includes heterogeneous cell
populations and target analytes at low concentration, complicates data
interpretation. Analytically, avoiding non-specific binding and main-
taining a high SNR are persistent issues that require sophisticated sur-
face chemistry and assay optimization. From a fabrication perspective,
achieving reproducible, uniform functionalization of sensor surfaces
within confined chip geometries is challenging. Ensuring robust ligand
immobilization and sensor regeneration in these small-scale environ-
ments while preserving biological functionality is critical for reliable
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measurements. Finally, SPR sensors might have limited use in current
commercially available OoC systems because of low throughput and
the complex instrumentation, which may hamper multiplexed analy-
ses. Nonetheless, the SPR high sensitivity and its non-destructive
nature support dynamic monitoring over time without compromising
cell viability or function, making it appealing for OoC integration.

5. Raman spectroscopy

Raman spectroscopy (RS) is an optical technique to detect mole-
cules and determine their composition by analyzing their vibration
when light interacts with them without needing to add any fluorescent
labels to the target analyte. Monochromatic light is used to probe
molecular vibrations by measuring the inelastic scattering of light. The
use of RS for biological applications is constrained by minimum con-
centration requirements for the target analyte (at least >1–10mM).174

Signal enhancement mechanisms are necessary to detect analytes at
lower concentrations (i.e., nanometer tomicrometer) typical of physio-
logically relevant liquid samples. This is achieved by the surface-
enhanced Raman spectroscopy (SERS) that allows to significantly
enhancing the Raman signal through contact of analytes with the sur-
face plasmon of a metallic substrate. Electromagnetic and chemical
interactions between the metal surface and the adsorbed target mole-
cules enable to increase sensitivity, making the detection and analysis
of the Raman signal more effective, even down to a single-molecule
level.394 The possibility to functionalize defined substrate regions with
metals allows to design hotspots where the Raman signal amplification
is most pronounced, achieving localized ultrasensitive molecule detec-
tion.290 Because of its high efficiency, SERS is suitable for multiple bio-
logical applications. Examples include biomolecule identification,174

classification of healthy and cancer cells,95 monitoring of spheroids
and organoids differentiation,170,294 and ultrasensitive and rapid geno-
type analysis of gene mutations.93 In the field of microfluidics, SERS is
an interesting sensing technique because it offers non-destructive,
rapid, and in situ measurements of biomarkers, whose spectroscopic
fingerprints can be retrieved from databases of known biological
substances.

Limited to the context of joint applications, an example of how
RS can be used to characterize chondrocyte-derived engineered carti-
lage grafts was reported by Power et al.303 The study showed that hya-
line cartilage and perichondrium could be identified with a sensitivity
of 89% and specificity of 77% by RS measurements. Also, the maturity
of engineered grafts could be accurately estimated based on the ratio of
GAGs to DNA and histological score. In the OoC field, RS was
recently applied to an intestinal epithelium on-chip to noninvasively
evaluate permeability alterations.34 Caco-2 cells derived from human
colorectal adenocarcinoma were treated with a chelating agent that dis-
rupts tight junctions and increases epithelial permeability. Cells were
cultured on PET membranes with a pore size of 0:4 lm placed into a
modified commercial biochip (Fluidic 653 microfluidic ChipShop,
Jena, Germany) previously modified to have a chamber opening on
top for optical access. Single-point measurements on Caco-2 cells
monolayers were performed using a Raman microspectroscopy appa-
ratus and proved to be stable for up to 4 h. To account for the substrate
background signals, Raman analyses were performed first on the cell-
free transwell membrane, then on confluent cells onto the same mem-
brane before and after the chelating agent exposure. Results indicated
that RS, combined with machine learning techniques for spectra

classification, enabled a real-time classification between intact and
different levels of damaged epithelium without performing prelimi-
nary procedures (e.g., for immunofluorescent staining). From a fabri-
cation perspective, the use of commercially available microfluidic
chips and standard RS apparatus made the implementation seamless.
Analytically, the OoC platform resulted in efficient in quantifying
changes in Caco-2 cell tight junctions noninvasively and in real-time.
The inherently weak RS signal was the source of analytical challenges
in discriminating heavily damaged epithelium from cell-free mem-
branes due to physical similarity and signal from underlying sub-
strate. Signal enhancement strategies may be useful to reduce the
acquisition time and increase the sensitivity and throughput of this
platform. Zbinden et al.419 demonstrated potential of RS to charac-
terize the endocrine functionality of EndoC-bH3 cells in a model of
pancreas-on-chip. Kinetics of insulin secretion in response to glucose
stimulation was locally monitored in real-time and in a contactless
fashion. RS also allowed to detect lipids, mitochondria, and nuclei.
Raman spectral analysis also showed a glucose stimulation-
dependent increase in mitochondrial activity as well as changes in
the lipid composition of insulin-secreting vesicles. These findings
demonstrate the potential of the pancreas-on-chip model, combined
with RS, as a tool for studying pancreatic function and related meta-
bolic processes.

In general, apart from the equipment cost and complexity, the
direct integration of RS in OoC poses some challenges. From a sensing
perspective, the Raman signal is often weak. If electromagnetic or
chemical enhancement strategies are not implemented, a trade-off
must be accepted between real-time monitoring and maximum sam-
pling frequency, which may increase the acquisition time. Achieving
high spectral resolution and sensitivity may be challenging in a minia-
turized OoC setup, especially when subtle biochemical changes have to
be distinguished or overlapping peaks from various biomolecules and
the substrate are present. Additionally, the RS spatial resolution may
also be decreased by light scattering and tissue fluorescence that can
mask the spectra.34 As for other optical sensing techniques, microfabri-
cation must ensure optical accessibility and minimize the number of
layers along the optical path to avoid signal interference. Calcium fluo-
ride (CaF2) is the favorite material as Raman substrate because it intro-
duces almost no spectral clutter, it is non-fluorescent and exhibits a
single narrow Raman band. This makes it ideal for minimizing sub-
strate background compared to glass or quartz, which often add photo-
luminescence or multiple bands that overlap with spectral regions
relevant for biomolecules.167 However, while the advantages of CaF2
for Raman are clear, its integration into microfluidic tissue models is
not straightforward. From a fabrication perspective, CaF2 is mechani-
cally brittle, making precision machining and thickness control chal-
lenging. Bonding CaF2 to common OoC materials such as PDMS can
also problematic due to mismatched thermal expansion coefficients
and the use of adhesives that can lead to delamination. Practical imple-
mentation strategies therefore favor the use of CaF2 as an optical win-
dow rather than a structural material for the microfluidic channel
manufacturing.210 Technologically, the integration of RS into OoCs
must also contend with the bulkiness of conventional spectrometers.
For future applications, portable Raman systems may overcome this
problem, providing good sensing performances combining high-
quality optics and compact design for miniaturized lasers and
detectors.280
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6. Fluorescent nanoprobes

Nanoprobes are advanced nanomaterials engineered for sensitive
bioimaging, biosensing and diagnostics. They can be broadly classified
into non-fluorescent nanoprobes (such as gold23 and magnetic48,414

nanoparticles) and fluorescent nanoprobes (e.g., organic dyes388 and
inorganic nanocrystals such as quantum dots110). Gold nanoprobes act
as colorimetric indicators through light absorption changes, enabling
rapid, cost-effective detection,37,159 though toxicity remains a con-
cern.155 Magnetic nanoprobes, valued for operational simplicity and
low background noise, are used in magnetic resonance imaging, drug
delivery, and bioseparation applications, but they may suffer from
magnetic saturation and signal loss in complex biological environ-
ments.276,369 Organic nanoprobes, typically based on fluorophores or
organic polymers, allow functionalization for targeted biosensing but
may lack photostability under prolonged illumination.393 Instead,
quantum dots are semiconductor nanocrystals with high fluorescence
brightness and stability, tunable light emission, and multiplexing capa-
bility.100,434 Despite these valuable properties, they are usually expen-
sive to produce and often contain toxic heavy metals, which may limit
their use to selected biological applications.228

In this review, we focus on fluorescent nanoprobes, which enable
real-time, multiplexed, and photostable monitoring of cellular and
molecular processes.206 Functionalization with biochemical elements,
such as antibodies,88,225 allows precise targeting of cells, tissues, or
ECM components.113 Integrated with fluorescence microscopy, these
probes facilitate studies of drug uptake,112,328 biomarker dynam-
ics,77,143 and intra- and extracellular interactions at high resolution.368

They also permit dynamic monitoring of cell migration,222,314 prolifer-
ation,6 and apoptosis.292,416 When incorporated into microfluidic
chips, fluorescent nanoprobes provide high sensitivity at low volumes
and multiplex detection within a single device.193,408 For example, mul-
tiple mRNA transcripts can be detected in individual cells and sorted
by fluorescence, enabling non-destructive analysis of cell differentia-
tion at both single-cell and population levels.193

Despite their versatility, fluorescent nanoprobes face challenges
including cytotoxicity,31 signal instability, and photobleaching (Sec.
II A 2). Their biological impact depends strongly on composition and
surface chemistry, which may interfere with cellular activity.355,365 For
example, quantum dots and other heavy-metal probes can release toxic
ions or generate reactive oxygen species, impairing cell function in
microfluidic OoC systems.173,228 In perspective, the application of fluo-
rescent nanoprobes in JoC platforms is promising for gene studies,
inflammation detection, and ECM degradation monitoring. Probes
targeting mRNA (e.g., Runx2, Sox9),193 cytokines (e.g., TNF-a, IL-
6),195,402 or ECM components (collagen, proteoglycans, metalloprotei-
nases)192,311 could visualize cartilage degradation and therapeutic
responses at single-cell resolution.

Regarding joint applications, Li et al.193 employed fluorescent
probes targeting Runx2 and Sox9 mRNA to monitor gene expression
in individual cells, providing insights into cartilage homeostasis and
OA progression. Gold nanoparticles were functionalized with capture
oligonucleotides specific to Runx2 or Sox9 genes, and a fluorescently
labeled short peptide. Those probes, directly added into the medium
(either growth or osteogenic medium), were taken up by live cells
[human bone marrow-derived mesenchymal stem cells (MSCs) cul-
tured in a monolayer] via endocytosis during an overnight incubation.
Fluorescence intensity correlated with RT-PCR results and was

quantifiable by flow cytometry. MSCs could take up both Runx2 and
Sox9 probes: 81% and 87% uptake for Runx2 and 95% and 97% uptake
for Sox9 in growth and osteogenic medium, respectively (cf. Table VI).
Nonetheless, challenges remain regarding the relatively long incuba-
tion time (�16 h) and the potential variability in probe uptake by
endocytosis due to the influence of the probe and the medium. While
fluorescent RNA-based nanoparticle probes allow live-cell mRNA
detection, variability in probe uptake and intracellular processing via
endocytosis can impact fluorescence intensity and measurement accu-
racy. These limitations, described in critical analyses of SmartFlare
probes,67 caution that intracellular trafficking and probe release
dynamics should be considered when interpreting probe-based fluo-
rescence signals, making fluorescence intensity a semi-quantitative
rather than absolute measure of mRNA expression.

Although fluorescent nanoprobes have not yet been integrated
into JoC platforms, their feasibility has been demonstrated in other
OoC systems, where they have enhanced disease modeling and thera-
peutic testing. For example, a liver-on-chip model of non-alcoholic
fatty liver disease (NAFLD) employed fluorescent nanoprobes to track
lipid accumulation and metabolic changes.120 HepG2 hepatoma cells
were cultured under free fatty acid supplementation in a microfluidic
device mimicking the endothelial–parenchymal interface of liver sinus-
oids, supporting nutrient diffusion and waste removal. Fluorescent
probes (carboxy-H2DCFDA), located in the cell culture compartment,
quantified intracellular reactive oxygen species levels, while additional
fluorescence-based assays quantified triglyceride accumulation and cell
viability. Compared with 2D cultures, the perfused chip showed milder
triglyceride accumulation and higher viability, more closely reflecting
the gradual progression of chronic steatosis in vivo. Hence, the
NAFLD-on-a-chip system replicates better than the 2D culture the
gradual progression and cellular characteristics of chronic steatosis
observed in vivo. The authors noted, however, that further work is
needed to quantify oxidative stress biomarkers under varied fatty acid
conditions and to incorporate co-cultures for improved architectural
fidelity.

Fluorescent nanoprobes have also been integrated into microflui-
dic tumor models to monitor cancer stem cell metabolism in real-time.
Lin et al.206 developed an ATP-responsive mitochondrial probe within
a 3D glioma-on-chip platform consisting of three parallel channels
separated by micropillars. The central channel mimics the ECM and is
flanked by a glioma stem cell culture chamber, on one side, and a stim-
ulation chamber, on the other, where biochemical factors can be intro-
duced. The probe combined an ATP aptamer functionalized with a
quencher, a complementary peptide nucleic acid labeled with a fluoro-
phore, and a triphenylphosphonium ligand for mitochondrial target-
ing. In the presence of ATP, the aptamer strand of the probe binds to
the ATP, thus disrupting its duplex structure. Then, the mitochondria
are targeted by the triphenylphosphonium-conjugated peptide nucleic
acid sequence of the probe with the recovery of fluorescence. The
probe showed high sensitivity, specificity, and biocompatibility.
Functionally, TGF-b stimulation induced invasive migration of glioma
stem cells, accompanied by elongated or spindle-shaped mesenchymal
morphology and elevated ATP-dependent fluorescence. Instead, acidic
stress suppressed ATP production and signal intensity, consistent with
low-energy tumor microenvironments. This platform thus enabled
dynamic investigation of cancer stem cell metabolism and invasion. A
similar strategy could be adapted to OA/RA JoC studies, where altered
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ATP synthesis by chondrocytes63 and extracellular ATP contribute to
inflammation and pain.181,377 Translation would require optimization
of ECM composition to joint-specific matrices, validation in relevant
cell types (e.g., chondrocytes, synoviocytes), and incorporation of
inflammatory stimuli such as TNF-a and IL-6, alongside addressing
challenges of long-term culture stability and complex tissue
microenvironments.

B. Electrical sensing techniques

Electrical sensing techniques are among the most commonly
used in OoC applications, possibly due to the simplicity of integrating
miniaturized electrodes that enables the continuous assessment of the
cellular behavior. These integrated sensing techniques offer high tem-
poral resolution measurements to monitor dynamic processes,69

including cell proliferation,14,105,358 barrier function integrity,136,154,438

electrophysiological activity,109,372,382 and response to pharmacological
treatments.264,275,383 The label-free detection approach of electrical
sensing techniques eliminates the need for fluorescent markers, over-
coming a limitation of the optical sensing techniques. Conventional
electrical sensing techniques are typically limited to measuring only
one property of electrical response at a time. Efforts have been made
recently to integrate multiple sensors in the same platform to achieve
multiplexed sensing capabilities,12,26,151,426 although this poses chal-
lenges in signal acquisition (e.g., interference) and scalability. In fact,
the multiplexed-sensor approach inherently increases spatial footprint,
thereby limiting spatial resolution and complicating cell-level record-
ings. The spatial difference that may arise from recording multiple sig-
nal simultaneously can also compromise the accuracy when studying
correlated tissue responses.109 As a result, this added complexity may
elevate the invasiveness of the system, potentially affecting tissue integ-
rity and biological compatibility.

The efficacy of the electrical sensing techniques strongly depends
on the choice of microelectrode material and design, which are dic-
tated by the sensor operation mode (as further discussed for each spe-
cific technique). Multiple materials have been proposed for
manufacturing microelectrodes. Gold and platinum are used due to
their biocompatibility, chemical stability, and conductivity, though
they suffer from contact impedance that limits low-frequency signal
detection.92,158 Increasing the electrode footprint or the surface area is
a successful strategy to overcome this issue, which can be achieved by
coating the electrode surface with a thin-film of porous materials, like
the platinum-black.237,412 Silver/silver chloride (Ag/AgCl) electrodes
are not polarizable and feature low contact impedance,376 which make
them suitable as reference electrodes for measurements at low fre-
quency in a biological environment. If electrical and optical sensing
analyses must be combined, indium tin oxide (ITO) electrodes are par-
ticularly interesting thanks to their transparency,239 though their brit-
tleness restricts their use in flexible devices. Electrodes coated with
poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)
represent a major advancement, reducing interfacial impedance up to
40-fold through enhanced charge transfer and capacitive coupling.200

They are flexible, biocompatible, and suitable for high-resolution
recordings, but their performance declines for an electrode diameter
smaller than 5 lm due to fabrication limits such as coating
inhomogeneities.387

In addition to material selection, electrode size and positioning
within the OoC platform are other critical manufacturing constraints

affecting the electrode sensing performance. As electrode dimensions
decrease, impedance increases owing to reduced geometric surface
area. In addition to the aforementioned coating strategies, interdigi-
tated geometries may be useful to maximize the effective electrode
area59,411 while preserving optical access for cell imaging. Electrode
position and measurement topology further influence the sensor ana-
lytical performance: simple two-electrode arrangements are easy to
implement and compatible with commercial impedance analyzers but
remain susceptible to electrode polarization and non-uniform current
density artifacts, whereas tetrapolar configurations separate current
injection from voltage sensing to mitigate polarization impedance. 3D
electrode arrays54,161 may also be employed to increase the effective
surface area and sensitivity. However, they amplify electric field inho-
mogeneities and introduce position-dependent sensitivity whereby
cells at different locations contribute unequally to the composite
impedance signal.309 In this case, interdigitated electrodes are an
option to obtain uniform electric fields. Environmental factors such as
temperature fluctuations, culture media, and extra-cellular environ-
ment composition introduce additional drift and background noise
that should be compensated by performing measurement in a cell-free
OoC platform. Environmental factors are also the main cause of long-
term stability issues. Electrode degradation due to electrochemical cor-
rosion, biofouling, and mechanical stress limit the operational lifespan
of integrated sensors. This is an important design challenge that has to
be taken into consideration especially for OoC applications in which
the sensors might have an operational use of weeks. All in all, the suc-
cessful integration of electrical sensing techniques in OoC requires
careful balancing of material properties, fabrication constraints, and
design requirements. While significant challenges remain in achieving
long-term stability and manufacturing scalability, the versatility and
high sensitivity of the electrical sensors together with the long-dated
experience gained in the field of micro-electro-mechanical systems
make this category of sensing techniques appealing for OoC applica-
tions. Sections II B 1–II B 4 examine different electrical sensing strate-
gies highlighting, whenever it is possible, examples from JoC within
the broader OoC context, while addressing their performance out-
comes and the integration complexities they entail.

1. Electric impedance spectroscopy

Electrical impedance spectroscopy (EIS) is a non-destructive and
real-time sensing technique that measures how much a material resists
or responds to an alternating electrical signal across a spectrum of
stimulation frequencies, allowing for insights into the material struc-
ture. The perturbation of the electrical system via the application of an
AC signal (either current or voltage) over a wide range of frequencies
and the measurement of the sinusoidal response (voltage or current,
respectively)186 is performed through pairs of electrodes. For the spe-
cific case of OoC applications, EIS is used to derive impedance spectra,
which are fitted to an equivalent electric circuit model to extract the
specific resistive and capacitive contributions of cell layers and culture
medium. In the context of OoC applications, EIS can be used to moni-
tor cellular behavior, barrier function, and tissue development without
the need for destructive assays or fluorescent markers.85 This label-free
nature eliminates concerns about cytotoxicity from fluorescent dyes
and allows for repeated measurements on the same cell population
without interference.
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If only the resistive component of the EIS-derived impedance
spectra is considered, the transepithelial or transendothelial electrical
resistance (TEER) can be computed, which is used as a proxy to char-
acterize the functionality and integrity of biological barriers. In fact,
high TEER values are indicative of tight junction formation, which is a
measure of the integrity of the barrier itself. Since joints lack an epithe-
lial lining, TEER might potentially only be used to study the integrity
of the synovial membrane, which has an inner lining of synoviocytes
forming a partially tight membrane, or its pathological progression
when subjected to external chemical stimulation with pro-
inflammatory mediators. Considering the scope of this review and the
fact that, to the best of the author’s knowledge, TEER has not yet been
applied to JoC applications, readers are referred to dedicated recent
reviews for more information.232,363

While EIS finds limited applicability in the context of JoC when
used as a single sensing method, EIS-based electrochemical sensors
hold a bigger potential for joint research because they enable the detec-
tion of cytokines and other metabolic molecules in pathological JoC
models. As cells deposit ECM components, the electrical properties,
such as resistance and capacitance, of the tissue construct progressively
change. By monitoring this impedance variation over time, EIS pro-
vides quantitative insights into both the amount and quality of matrix
deposition. Shabani et al.344 developed a label-free biosensor for the
rapid detection of MMP-9, an enzyme particularly expressed during
RA that plays a role in joint degradation. The sensor features an
MMP-9 mouse monoclonal antibody immobilized on the surface of
zinc oxide (ZnO) nanoparticles and gold electrodes. The resistance
between the electrodes, computed with EIS and voltammetry (Sec.
II B 4), served as an indicator for the MMP-9 concentration. The sen-
sor showed a linear behavior in the range of 1–1000 ng/ml and a limit
of detection of 0.15ng/ml (cf. Table III). In terms of analytical perfor-
mance, the sensor demonstrated less than 10% difference compared to
commercial ELISA for human serum samples while being much more
rapid (35min vs 5 h). Additionally, the sensor showed high-specificity
to MMP-9 without being biased by the non-specific adsorption of the
other proteins present in the human serum. From a microfabrication
perspective, standard manufacturing techniques were employed,
namely, e-beam evaporation for metal deposition and hydrothermal
method for ZnO growth. The fabrication process resulted suitable for
mass production; therefore, no challenges are expected for the integra-
tion of this sensor in JoC platforms.

Regarding the topic of this review, EIS has also been used for the
detection of specific RA biomarkers in standalone sensors. Various
approaches were followed to manufacture sensors for anti-citrullinated
peptide antibody (ACPA) detection, including covalent functionaliza-
tion of interdigitated electrodes with citrullinated peptide antibody
(CPP)-coated gold nanoparticles203,384 or with SAMs.52 Additionally,
label-free methods for detecting RF immunoglobulin M (IgM-RF) and
IL-1b have been reported. Chinnadayyala et al.53 proposed a sensor
based on an interdigitated wave-type microelectrode array (MEA).
Electrodes were functionalized with a thioctic acid SAM for antigen
immobilization. Impedimetric analysis performed by EIS with ferro/
ferricyanide redox probes revealed clear changes in impedance and
charge transfer resistance upon IgM-RF binding. The sensor showed a
linear response between 1 and 200 IU/ml, with a detection limit of
0.6 IU/ml in redox probe and 0.22 IU/ml in serum. Aydin et al.13

developed an impedimetric immunosensor for IL-1b detection using

semi-conductive poly(2-thiophen-3-yl-malonic acid) (P3-TMA) as
immobilization matrix and anti-IL-1b antibodies as biorecognition ele-
ments. P3-TMA was covalently attached to transparent ITO thin-film
electrodes. EIS measurements were proportional to IL-1b concentra-
tions in the range 0.01–3 pg/ml, with a detection limit of 3 fg/ml.

EIS has also been successfully employed for the detection of
TNF-a from non-diluted human synovial serum.178,306 Pui et al.306

proposed an EIS-based sensor to measure TNF-a concentration as
part of a platform to detect toxicity induced by inflammatory
responses. For AC sweep impedance measurements, a frequency range
of 1Hz–0.5MHz was used together with an initial potential of 0V and
an amplitude of 25mV. The biosensor was microfabricated on a sili-
con substrate with an array of 24 circular gold electrodes. A titanium/
gold layer (Ti/Au, 0:1 lm=1:0 lm) was deposited using an electron-
beam evaporation. Electrodes were functionalized with a SAM of
dithiobis-succinimidyl propionate (DSP) and utilized immediately for
immobilization of TNF-a antibodies (anti-TNF-a). The sensor showed
higher sensitivity compared to the conventional ELISA method (limit
of detection�57 vs 890 fM), and a proportionally decreasing response
while detecting TNF-a (1–100 pg/ml) in culture media (cf. Table III).
Exploiting conventional photolithography techniques, this sensor can
be readily manufactured during a JoC fabrication process. The bio-
compatibility was guaranteed by the selection of the electrode material,
and an anti-fouling strategy was implemented to prevent the non-
specific adsorption of proteins by adding a coating of ethanolamine to
the electrodes. Analytically, the sensor demonstrated high-selectivity
through competitive assay against IFN-c, showing minimal non-
specific response. In terms of scalability, the electrode array format
enabled simultaneous measurements, thus showing potential for high-
throughput drug screening applications.

Considering all previous examples, it appears evident how EIS is
a sensing technique with clear added value for the detection of OA/RA
biomarkers, yet its use in JoC models is still limited, unlike in other
OoC applications. For instance, Fernandes et al.97 exploited EIS for the
real-time monitoring of epithelial barrier integrity in a microfluidic
platform containing both lung- and gut-on-chip models. Over the
course of 5 days, growth and polarization of human epithelial cells
from the airway or gastrointestinal tract were continuously monitored.
Impedance data were used to mathematically derive the resistance and
capacitance of the cell layers. As a proof-of-concept for drug testing,
the airway epithelial barrier was treated with RNA to mimic viral infec-
tion. EIS was able to retrieve a rapid decrease in barrier integrity due to
the disruption of tight junctions and the reverse of this effect upon
administration of a corticosteroid drug. Interestingly, Marrero et al.239

developed semitransparent organic PEDOT:PSS-coated electrodes to
monitor the impedance of cellular barriers in a gut-on-chip model. In
addition to being able to monitor the barrier formation and disruption
after treatment with a permeability enhancer, the sensor demonstrated
good performance under flow conditions, while the transparency
ensured optical accessibility to the OoC. Other examples of EIS appli-
cations were reported for on-chip patho-physiological models of
lung,244 gut,381 and heart.334,425

EIS is emerging as a cost-effective and scalable technique for OoC
monitoring, offering an accessible alternative to optical methods.
However, its successful integration depends on addressing fabrication
complexity, material selection, and data interpretation. As we previ-
ously discussed, electrodes must remain biocompatible, stable under
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TABLE III. List of electrical sensing techniques relevant for application (part I). Matrix metalloproteinase 9 (MMP-9); zinc oxide (ZnO); enzyme-linked immunosorbent assay (ELISA); limit of detection (LOD); limit
of quantification (LOQ); tumor necrosis factor alpha (TNF-a); dithiobis-succinimidyl propionate (DSP); self-assembled monolayer (SAM); interferon gamma (IFN� c); hydrogen peroxide (H2O2); nitric oxide
(NO); polydimethylsiloxane (PDMS); nitric oxide synthase (NOS); N(G)-monomethyl L-arginine (L-NMMA).

Sensing technique Target analyte Sensing element OoC integrated? Sensing performance Reference

EIS and cyclic voltam-
metry (CV)

MMP-9 MMP-9 antibody
immobilized ZnO
nanostructures

No, but applied to
joint

Rapid analysis (35min vs 5 h for
ELISA), range: 1–1000 ng/ml, CV

sensitivity
¼ 28 lA=ðdecade� cm2Þ; EIS sensi-
tivity 2:9 kX=decade, LOD¼ 0.4 and

LOQ¼ 0.92 ng/ml

344

Challenges Precise antibody immobilization and surface functionalization is needed; biofouling strategies
not implemented but demonstrated high sensitivity without interference from other serum pro-

tein; conventional microfabrication techniques allow OoC integration.

EIS TNF-a Anti-TNF-a antibody
on a Au microelec-

trode array functional-
ized with DSP SAM

No, but applied to
joint

Range: 1–100 pg/ml, LOD ¼ 57 fM,
sensitivity 0:526 kX=ðg=mlÞ, opera-

tional time¼ 48 h

306

Challenges Biofouling minimized by ethanol amine blocking of SAM unreacted sites; selectivity demon-
strated through competitive assay against IFN-c; array format allows parallel measurements,

potential for high-throughput OoC applications.

MEAs, EIS, electro-
chemical voltammetry,
and amperometry

Extracellular ionic
currents

(Naþandkþ), tissue
impedance, epi-
nephrine, H2O2

CMOS microelectrode
platinum array

Yes, heart-on-chip Proportional to electrode configura-
tion; action potential: detection

range �lVpp, input-referred noise:
4:960:2 lVrms; tissue impedance:
measured for droplet up to �5 ll,
optimal impedance imaging at

100 kHz; epinephrine: range¼ 1–
200 lM, current noise � 554 pArms,
time stability: stable over 3 h wash-
out experiments; H2O2: linear

range¼ 1–250 lM,
1:9 � LOD � 7:9 lM

26

Challenges Sensing challenges: EIS and electrical voltammetric background noise compensated by measure-
ment in PBS or medium without tissue, non-Faradaic background currents handled digitally,

interference due electrode impedance and parasitic capacitance at high frequencies, noninvasive
measurements facilitated by direct contact between the analyte and the sensing element, amper-
ometric measurements validated against non-enzymatic H2O2 biosensors; fabrication chal-

lenges: complex assembly process with 68% success rate due to bonding issues, biocompatibility
and long-term stability yet to be demonstrated.

Electrochemical
amperometry

NO 3D stretchable gold
nanotubes assembled
into porous network

Yes, cartilage-on-chip Range: 20 nM� 2lM,
LOD ¼ 12:3 nM, response time

�2 s, electrochemical stability under
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long-term culture conditions, and their placement should be designed
to maintain electrical contact with biological samples without obstruct-
ing optical access for microscopy. Integrating rigid electrode substrates
within flexible microfluidic materials, like PDMS, also presents bond-
ing and sealing difficulties, as fluidic integrity must be preserved along-
side reliable electrical connections. Analytical challenges also limit the
widespread use of this sensing technique. Measurements at low fre-
quencies are often dominated by electrode polarization effects, while
high frequencies may lack sensitivity to subtle biological changes.
Moreover, EIS is susceptible to environmental noise (e.g., temperature
fluctuations385), so signal-processing and calibration strategies are
often needed. Among others, these include differential measurement
techniques and calibration of the system with media of known electri-
cal properties. Finally, EIS generates frequency-dependent datasets
that typically require advanced analysis (e.g., equivalent-circuit fit-
ting370 or machine learning406). With continued improvements in elec-
trode design and data analysis, EIS may be adopted more broadly in
the context JoC applications.

2. Electric cell-substrate impedance sensing

Electric cell-substrate impedance sensing (ECIS) is an
impedance-based technique to non-destructively monitor the cell
behavior in real-time that requires culturing cells directly onto co-
planar electrodes integrated on an appropriate substrate. Based on the
work of Giaever et al.,117 ECIS measures not only the cell impedance
but also the impedance due to the interaction between the cells and the
substrate they are grown onto as they attach, spread, and respond to
stimuli. In addition to tight junctions, ECIS is used to track changes
related to cell adhesion, proliferation, migration, and morphology. In
contrast to EIS, ECIS uses a two-electrode configuration with small
electrodes embedded at the bottom of the OoC platform, paired with a
larger counter electrode. Cells are cultured directly on these electrodes,
and the impedance is measured between the cell-covered working elec-
trode and the counter electrode. As the cells grow, the effective elec-
trode surface area is reduced, and an increase in the impedance
between the working and the counter electrode can be measured. ECIS
differs from EIS/TEER because (i) the measurements are localized and,
if an array of electrodes is used, the impedance as a function of the
location can be derived;163 (ii) it does not provide data only on barrier
formation, but it measures changes in the cellular adhesion.396 In the
interest of brevity, we only recall here that, given the similar working
principle, ECIS shares fabrication and analytical challenges with EIS
(Sec. II B 1).

As far as the authors know, ECIS has not yet been used experi-
mentally for JoC applications. Instead, Che et al.47 proposed a numeri-
cal workflow that integrates a tissue-specific 3D geometry of
cartilaginous cells reconstructed from confocal fluorescence micros-
copy images to estimate dielectric properties and evaluate their depen-
dence on structural and bioelectric parameters. A realistic ECIS chip
geometry was modeled, consisting of interdigitated electrodes embed-
ded within a culture well. Cells, segmented from microscopy images,
were arranged to fully cover the electrode surface. The study examined
dielectric properties across a broad frequency spectrum (1 kHz–
1THz), focusing on conductivity, relative permittivity, and complex
impedance. Multiple cell models were tested, with the most complex
being the one incorporating the cell membrane, nucleus, and PCM. At
low frequencies, conductivity did not exhibit frequency dependence.TA
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The addition of the PCM resulted in reduced conductivity, whereas
including the nucleus increased it. These findings underscore the inad-
equacy of simplified cell models for cartilage, where layered structures
substantially alter dielectric behavior. This approach supports the
development of a digital twin framework, integrating numerical mod-
els with experimental impedance measurements for real-time monitor-
ing of cartilage impedance.

Because of the implications for musculoskeletal research, we
briefly report studies where ECIS has been applied to other OoC plat-
forms that can be translated for the development of mechanically
active JoC models. Zhang et al.428 used ECIS to monitor in real-time
cell growth and viability under cyclic strain. Bovine aortic endothelial
cells (BAECs) were cultured under 8% strain at 1Hz for 75h using a
novel stretchable ECIS sensor with gold electrodes on a PDMS sub-
strate. The system comprised a circular working electrode
(3:14� 10�4 cm2) and a semi-circular counter electrode (0:36 cm2).
After calibration (40Hz–100 kHz), ECIS measurements were per-
formed at 9 kHz. The sensor enabled simultaneous analysis of prolifer-
ation, cell density, and mechanical stimulation. A linear correlation
was observed between seeding density (30:6� 103 cells=cm2, imped-
ance ¼ 2707� 2945X) and final density (105:71� 103 cells=cm2).
Electrodes were seamlessly integrated in microfluidic devices, and
PDMS was functionalized with APTES, gelatin, and fibronectin to
enhance adhesion. Comparison with fluorescence assays confirmed
accuracy, while resistance variations due to stretching (120� 200X)
were negligible. Such sensors, integrated in JoC models, may allow
real-time monitoring of OA/RA progression by detecting altered pro-
liferation, detachment, or inflammatory responses. Considering the 3D
nature of OoC platforms, Pan et al.287 developed a 3D-ECMIS method
for dynamic, noninvasive monitoring of viability and drug susceptibil-
ity. Human hepatoma cells (HepG2) were cultured in Matrigel scaf-
folds within PET chambers containing vertical Au electrodes. An AC
voltage of 30 mV at 10 kHz was applied, with signals recorded from
height chambers. A normalized cell index (DZ=Z0) compensated for
electrode–electrolyte effects. The system monitored proliferation over
96 h, correlating well with 2D assays. Drug screening with taxol, cis-
platin, and sorafenib showed that only 3D-ECMIS captured the correct
proportionality between drug efficacy and viability, demonstrating
improved accuracy for in vitro testing. Finally, Huang et al.144 com-
bined ECIS with microelectrode arrays (MEAs) and perfusion to mon-
itor cortical neuron activity. Sixty Au microelectrodes (50lm
diameter) were fabricated by photolithography. ECIS was performed
hourly for 7 days before oxygen glucose deprivation (OGD).
Impedance at 1 kHz, sensitive to growth and damage, revealed marked
decreases under OGD, with viability dropping to 28% after 30min.
IGF-1 treatment improved adhesion, stabilized impedance, and pre-
served viability at 49%.

3. Multi-electrode arrays

Multi-electrode arrays (MEAs) are essential microsensors used
for real-time, local monitoring of cell electrical activity. They consist of
a set of microelectrodes, enabling the simultaneous and noninvasive
recording of extracellular activity (e.g., action or field potential) from
multiple locations with high spatial resolution. The principle behind
MEAs involves measuring the voltage difference between a working
electrode, which must be close to the cells, and a reference electrode,
which can be placed in a convenient location within the OoC system.

MEAs are typically used to quantify extracellular field potential varia-
tions resulting from alterations in the cell membrane polarization.
Within the OoC environment, cells should be grown directly on the
MEA surface to achieve high sensitivity and spatial resolution, as the
field potential rapidly diminishes with distance from the source of elec-
trical activity. Being a local sensing technique, MEAs can measure elec-
trical signals from multiple locations even in the presence of cell
distribution inhomogeneities. However, traditional MEAs typically
have a planar (2D) configuration, and they are manufactured on rigid
substrates. This does not mimic the soft material on which cells prolif-
erate in vivo. Cells must be cultured directly on top of the MEA for
high sensitivity, limiting the ability to capture the 3D nature of com-
plex tissues. Additionally, MEAs often suffer from a low SNR.
Although 3D,424 highly sensitive,179,291 and soft2,219,341 have been pro-
posed, many current approaches require cumbersome instrumenta-
tion, making direct integration into OoC systems for high-throughput
applications challenging.

An important field of application for MEAs is their integration
into innervated JoC models to investigate the mechanisms of pain
associated with OA and RA. OA is a leading cause of chronic joint
pain, yet the mechanisms underlying sensory nerve growth and
sprouting remain poorly understood. ECM breakdown and vascular
invasion can promote sensory nerve sprouting into articular carti-
lage,50 implicating aberrant innervation as a potential driver of pain. A
recent work has demonstrated that inflammatory macrophage secre-
tomes can promote neuronal ingrowth via paracrine signaling in a 3D
engineered OA cartilage-on-chip model, while miniaturized ELISA-
based platforms enabled a quantitative analysis of inflammatory medi-
ators160 (Sec. IID 1). Moreover, innervated JoC platforms have been
developed to directly model pain pathways. Makarczyk et al.231 pro-
posed the so-called NeuSynCar system combining dorsal root ganglion
(DRG) innervation with cartilage and synovial constructs in a two-
chamber microfluidic device. When the cartilage was inflamed with
IL-1b, its conditioned medium induced synovial inflammation, ele-
vated cytokine release (including CCL-2, CXCL-1, IL-6, and IL-8), and
robust neuronal activation as measured by calcium imaging. These
findings demonstrated that cartilage degradation products can drive
synovial inflammation and neuronal sensitization, providing a direct
mechanistic link to OA pain. Each component of the joint can release
mediators capable of inducing pain, but identifying the key drivers in
individual patients remains a major challenge. To address this,
Preisegger et al.304 developed innervated synovial-like tissue models, in
which human fibroblasts and macrophages are co-cultured and con-
nected to DRG neurons. Exposure of these constructs to conditioned
media and IL-1b derived from inflamed chondrocytes triggered mac-
rophage polarization and increased neuronal activity, highlighting
their potential to uncover pain-inducing mediators and advance preci-
sion medicine approaches for OA pain. Building on this foundation,
the same group engineered a multi-component JoC platform to incor-
porate osteochondral tissue, synovium, adipose tissue, and macro-
phages,259 thereby recapitulating the complex tissue interactions of the
joint. The system was further advanced by introducing sensory neu-
rons (L4 and L5 DRG) to create the so-called neu-microJoint, enabling
direct crosstalk between peripheral nerves and joint tissues. This
hybrid PDMS/3D-printed device uses microchannels to permit axonal
growth while maintaining compartmentalization. MEAs were inte-
grated into the JoC platform to assess the neural activity together with
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real-time calcium imaging. Functional validation demonstrated that
human DRG neurons responded to depolarizing stimuli upon admin-
istration of increasing concentrations of potassium chloride (KCl, 10,
30, and 50mM) after 4 days of culture. Little electrical activity was
measured under baseline conditions, but starting from a KCl concen-
tration of 30mM, MEAs were able to detect neuronal spikes.
Additionally, rodent and human DRG neurons cultured between 10
and 28 days showed a significant axonal growth through the micro-
channels, and neurites exhibited calcium responses in the correspond-
ing soma upon electrical stimulation. Importantly, conditioned media
from OA-modeled microJoint tissues activated a subset of neurons,
suggesting that specific neuronal populations may be potentially
responsible for OA pain in the neu-microJoint. All in all, these advan-
ces establish innervated JoC systems as versatile platforms for mecha-
nistic studies of arthritis pain and the evaluation of therapeutic
strategies. By integrating MEA technology, these models enable
dynamic monitoring of neuronal responses in cartilage or bone tis-
sue,265 offering an additional tool to understand the neuroimmune
mechanisms of OA and RA pain.

Although there are currently no other direct applications in the
field of JoC research, to the best of the authors’ knowledge, we foresee
three potential areas where MEAs and, more generally, electrical
recording systems could be applied: (i) chondrocyte electrophysiology
monitoring, (ii) synovial fibroblast signaling, and (iii) joint multi-tissue
interface modeling. In a cartilage-on-chip model, MEAs could be used
to monitor the field potential (i.e., streaming potential) generated by
the chondrocyte response upon external mechanical loading.300 In the
case of an over-physiological loading, MEAs could spatially map differ-
ences in the streaming potentials to identify early-on OA-like degrada-
tion zones. MEAs could also be integrated into a synovium-on-chip to
investigate the crosstalk between synovial fibroblasts and other co-
cultured cells (e.g., macrophages) under inflammatory conditions. In
fact, synovial fibroblasts exhibit electrical signaling during cytokine
release (e.g., IL-7, IL-1b)58 and MEAs could monitor field potential
changes, thus providing information on the inflammation state and
progression toward a pathological phenotype. Finally, MEAs could be
integrated into a subchondral unit-on-chip to investigate the cellular
response at the bone/cartilage interface driving the pathological degen-
eration of those tissues during over-physiological mechanical compres-
sion. For instance, osteocytes, known as mechanosensors in bone,
exhibit changes in ion channel activity and membrane potential during
mechanical loading.307 MEAs could be used to record extracellular
electrical signals generated by osteocytes upon mechanical loading.
Moreover, MEAs could be used to detect the activation of mechano-
sensitive ion channels (e.g., Piezo1) and signaling pathways (e.g.,
Wnt=b-catenin or integrin-mediated pathways) that are triggered by
mechanical compression.307 This is particularly relevant for under-
standing how mechanical forces drive cellular responses at the bone–
cartilage interface during pathological conditions.

In general, despite their limited integration in JoC models, MEAs
are used for many other OoC applications. The nervous system is the
primary model with electrical activity that can be recapitulated on-
chip.341 MEAs have been used to study neurons at a cellular level262 as
well as at a network level to investigate their long-term connectiv-
ity.87,407 In the context of drug screening, MEAs have also been used as
a method to assess drug delivery352 and neurotoxicity in vitro.72

Interested readers are referred to a recent review dedicated to the

engineering of brain-on-chip platforms.342 Electrical activity associated
with muscle contraction, particularly in heart-on-chip mod-
els152,180,214,325 or in neuromuscular junction-on-chip,82 can also be
monitored using MEAs. Here, we briefly report a few examples of
technological solutions that have been found to overcome some MEAs
limitations, such as the fabrication on soft substrate or the develop-
ment of 3D MEA configurations. Zhang et al.424 exploited a 3D plat-
form with a cell culture chamber and platinum pillar electrodes for the
real-time in situmonitoring of 3D cardiac tissues from primary rat car-
diomyocytes. The platform was used to record the basal and
isoproterenol-elicited local field potential of cardiac tissues for up to
3weeks. To culture and monitor cardiomyocytes in a more in vivo-like
microenvironment, Kujala et al.180 developed a heart-on-chip platform
featuring MEAs coated with micromolded gelatin. First, the technical
feasibility of coating MEAs with gelatin was demonstrated by measur-
ing the spontaneous field potentials in traditional 2D multi-well at rest
and upon drug treatment. Then, a 3D heart-on-chip integrated with
gelatin-coated MEAs was built. The response of laminar human car-
diac tissues from hiPSC-CMs upon isoproterenol was investigated by
recording field potentials from multiple sites. The platform proved to
be effective in measuring the drug-induced beating frequency increase,
thus demonstrating the potential of this sensing technique.
Additionally, it is worth mentioning the work by Visone et al.382 who
developed a micro-electrode coaxial guide (lECG) to host a pair of
electrodes enabling real-time and in situ electrophysiology studies on
3D engineered cardiac microtissues. 3D microtissues were generated
by combining human iPSC cardiomyocytes and human dermal fibro-
blasts. The sensing platform allowed to record the spontaneous beating
of the cardiac tissues as well as their electrophysiological response to
multiple compounds known to induce pro-arrhythmic effects.382,383

Finally, we report on the recent work by Bounik et al.26 who developed
a novel multifunctional CMOS MEA integrated into an open micro-
fluidic system [Fig. 3(a)]. The study aimed to create a versatile platform
for real-time monitoring of 3D cardiac tissue models capable of operat-
ing in both hanging-drop mode for in situ microtissue readouts and
standing-drop mode for conventional MEA applications. The electrical
activity of cardiac microtissue was evaluated via hanging-drop and
standing drop measurements using 64 and 1024 electrodes, respec-
tively. MEAs allowed to measure the baseline electrical activity as well
as the cardiomyocytes’ response to the administration of epinephrine.
Impedance measurements were performed across a frequency range
from 1Hz to 1MHz using lock-in detection. Results showed a correla-
tion between the impedance magnitude and the microtissue-to-elec-
trode distance, with impedance increasing as droplet height decreased.
Electrical measurements also enabled a label-free assessment of the tis-
sue–electrode contact quality, revealing that the spherical microtissue
center maintained close electrode contact while peripheral regions
showed variable adhesion patterns. Additionally, H2O2 measurements
were performed using single-potential amperometry at 0.65V of
applied potential (Sec. II B 4). Tested concentrations varied from
0:1to500lM. A linear detection range extended from 2:7to250lM
and a limit of detection of 1:9 lM was achieved using a 3� 3 electrode
configuration. As discussed at the beginning of this section, increasing
the electrode surface is an effective strategy to improve both detection
limits and linear range. In fact, a 4� 4 electrode configuration proved
useful to achieve optimal performance comparable to state-of-the-
art non-enzymatic H2O2 biosensors. Despite these capabilities, this
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FIG. 3. Examples of electrical sensors. (a) Microfluidic platform integrated with a CMOS-MEA chip. (i) Main structural components of the device. (ii) Side view of the device
operated in hanging-drop mode (top) and standing-drop mode (bottom). (iii) Image of the final assembled microdevice. Reproduced with permission from Bounkik et al., Lab
Chip 25, 9 (2025). Copyright 2025 Authors, licensed under a Creative Commons Attribution (CC BY) license. (b) Design of a cartilage-on-a-chip system with integrated 3D elec-
trodes for real-time monitoring of nitric oxide (NO) production under compression loading. (i) Schematic view of the microfluidic device highlighting the cell culture chamber and
the actuation unit. (ii) Pictures of the cell culture chamber and the corresponding schematic of the 3D electrodes before and after hydrogel and cell perfusion and (iii) overall
assembled device. (iv) Pictures of the device before and after mechanical compression loading by pneumatic gas injection showing the deformation of the cartilage-on-a-chip
device. (v) Fluorescence images of the cartilage-on-a-chip device at the maximum compressive strain for different gas volumes. Reproduced with permission from Qin et al.,
Device 2, 6 (2025). Copyright 2024 Elsevier Inc. (c) Cartilage-on-a-chip platform with glucose and lactate integrated biosensors, showing a cross-sectional view of the sensor
wire and tip coating. Glucose and lactate are oxidized at the sensor tip by GOx and LOx, generating hydrogen peroxide as a by-product. The schematic on the right illustrates
the altered glucose metabolism in OA cartilage where increased glycolysis leads to elevated glucose consumption and lactate production. Rothbauer et al., Sens, Actuators, B
427, 137123 (2025). Copyright 2025 Authors, licensed under a Creative Commons Attribution (CC BY) license.
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platform still has some fabrication challenges to address. The assembly
success rate is lower than for standard CMOS arrays. To use this plat-
form for high-throughput applications, improvements are needed in
layer alignment and wire-bonding procedures, which alone led to 32%
of failing devices. However, unlike other single-function microsensor
systems, this platform has the merit to combine electrophysiology,
impedance spectroscopy, and electrochemical sensing within a single
setup, showing a level of integration that is desirable for the next-
generation of OoC platforms.

4. Electrochemical sensing

Electrochemical sensors stand out as the most widely used instru-
ments for the continuous and noninvasive monitoring of the extracel-
lular microenvironment. These sensors quantitatively detect the
presence of an analyte by converting the result of the electrochemical
reaction between the analyte and an electrode into an electrical signal.
In amperometry, the current from the working and reference electro-
des is measured at a constant applied voltage. The resulting current is
proportional to the amount of the electrochemical species undergoing
a redox reaction. In case the potential is not held constant but is varied
systematically, the sensing technique is named voltammetry. Oxygen,
glucose, and lactate levels are typically quantified with this type of elec-
trochemical sensor. In potentiometry, the potential difference between
working and reference electrodes is measured.420 Examples are metal
oxide (MOx)-based sensors and ion-sensitive field-effect transistors
(ISFET, i.e., a transistor-based sensor where variations in ions concen-
tration change the current through the transistor accordingly). For
instance, in ISFET configurations, the transistor gate is functionalized
with ion-selective membranes enabling pH sensing.12

Electrochemical sensors can also be exploited to perform ampero-
metric measurements of non-electrochemically active analytes by func-
tionalizing the working electrode with a biological recognition element
such as enzymes (e.g., glucose or lactate oxidase), antibodies, or DNA
aptamers. These elements convert biochemical interactions with the
target analyte into measurable electric signals. As an example, glucose
oxidase-functionalized electrodes enable glucose detection by catalyz-
ing its oxidation to hydrogen peroxide, which is then electrochemically
reduced at the working electrode.17,251 This approach extends the
applicability of electrochemical sensors not only to O2; H2O2, or other
reactive oxygen species but also to proteins,354,417 cytokines (e.g.,
IL-6373 or IL-1b36), or non-electrochemically active metabolites.386

In terms of electrode materials, Ag/AgCl have been traditionally
used as reference electrodes for those sensing techniques due to their
stable and reliable response during measurements.420 However, these
electrodes are rigid and need bulky electrolyte solutions. To accommo-
date the needs of miniaturized lab-on-chip (LoC) platforms, solid-state
reference electrodes of various materials have been developed includ-
ing, among others, PEDOT:PPS,127 polyaniline (PANI),212 and carbon
nanotubes.66 In the case of amperometry/voltammetry, the working
electrode should be made of a chemically stable and conductive mate-
rial due to redox reaction happening at its surface, such as platinum or
gold,318 whereas zinc,233 ruthenium,28 or iridium are used for MOx-
based potentiometric sensors.351 The challenges of integrating electro-
chemical sensors for long-term monitoring are in many ways consis-
tent with those of electrical sensors that we discussed at the beginning
of Sec. II B and are related to the susceptibility to variation of the envi-
ronmental conditions (e.g., electrochemical interferences), calibration

drift, biocompatibility, and protein fouling. In particular, protein
adsorption and cellular debris accumulation degrade the sensor perfor-
mance over time. Strategies to partially mitigate this problem involve
regeneration protocols by means of redox cycling or enzymatic clean-
ing of the electrode surface. While challenges in sensor longevity
remain, the high sensitivity and specificity of these sensors make them
appealing for in-line and continuous monitoring of the cell metabolic
activity.

In the OoC field, electrochemical sensors are often used because
they have the advantage of combining the high sensitivity, temporal
resolution, and responsiveness typical of electrical sensors with, if
needed, the specificity of biological recognition elements. The literature
on electrochemical sensors is abundant; the reader is referred to previ-
ous reviews for more information on how this type of sensor has been
applied to various OoC.103,169 Specifically regarding the topic of this
review, the usage of electrochemical biosensors in cartilage-on-chip
models for the in-line monitoring of chondrocytes has been demon-
strated only recently. Qin et al.308 presented a novel cartilage-on-a-
chip device integrated with a 3D stretchable electrochemical sensor for
real-time monitoring of nitric oxide release from chondrocytes under
physiological and hyperphysiological mechanical loading, as well as
under inflammatory conditions induced by IL-1b. The device mim-
icked the ECM using a collagen-alginate hydrogel and the mechanical
microenvironment of cartilage, exploiting a pneumatic actuation unit
to apply controllable mechanical compression to the chondrocyte-
laden hydrogel. The sensor was made of a porous gold nanotube/poly-
dimethylsiloxane (Au NTs/PDMS) electrode filled with collagen-
alginate hydrogel; platinum and Ag/AgCl wires were used as counter
and reference electrodes, respectively. The sensor was integrated into
the cartilage-on-a-chip device as part of the cell culture chamber, and
the final device was assembled by bonding the culture chamber to the
pneumatic actuation unit [Fig. 3(b)]. The sensor could detect NO con-
centrations ranging from 20nM to 2 lM with a response time of less
than 2 s. A limit of detection of 12.3 nM was achieved, corresponding
to an SNR¼ 3 (cf. Table IV). Cyclic voltammetry tests confirmed the
long-term stability of the sensor functionality, with peak currents and
potential differences remaining stable under static and dynamic com-
pression (up to 1500 cycles at 20% and 50% strain). To account for
background noise, the sensor was calibrated with known NO concen-
trations and control experiments with a NOS inhibitor to confirm the
sensor specificity. The study demonstrated that mechanical compres-
sion and IL-1b synergistically enhance NO release, which is linked to
the nuclear factor kappa B (NF-jB) inflammatory pathway. The device
also shows potential for drug screening by analyzing the cartilage tissue
response to non-steroidal anti-inflammatory drugs (i.e., ibuprofen),
which are the most common treatment for OA pain management. The
amperometric measurements indicated that the NO release elicited by
mechanical compression and IL-1b decreased after the ibuprofen
administration. From a technological perspective, the 3D electrochem-
ical sensor has been successfully integrated on-chip. If an antifouling
coating on the electrode surface is added to improve electrode stability,
this device may also be used for long-term monitoring. In its current
form, this cartilage-on-chip platform has a low throughput; thus, the
remaining fabrication challenges are primarily related to industrial-
scale production and scale-up processes.

Instead, Rothbauer et al.323 developed glucose and lactate biosen-
sors and integrated them within human cartilage-on-a-chip systems
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TABLE IV. List of electrical sensing techniques relevant for application (part II). glucose oxydase (GOx); lactate oxydase (LOx); polyethylene glycol diglycidyl ether (PEGDE); fetal calf serum (FCS); rheumatoid
factor (RF); anti citrullinated peptide antibody (ACPA); enzyme-linked immunosorbent assay (ELISA); limit of detection (LOD); signal-to-noise ration (SNR); molybdenum disulfide polyaniline (MoS2=PANI); bovine
serum albumin (BSA); phosphate buffer saline (PBS).

Sensing technique Target analyte Sensing element OoC integrated? Sensing performance Reference

Electrochemical
amperometry

Glucose and lactate GOx and LOx immo-
bilized in PEGDE

hydrogel

Yes, cartilage-on-chip Glucose: range ¼ 1:1� 30mM,
sensitivity¼ 19:8

�103 nA=ðmM � cm2Þ,
LOD ¼ 1:1mM, 0:0561:35mM dif-
ference compared to luminescent

assay; lactate:
range ¼ 0:6� 25:1mM,

sensitivity¼ 8:5
�103 nA=ðmM � cm2Þ,

LOD ¼ 1:1mM, 0:0160:68mM dif-
ference compared to luminescent

assay; T90 response time
¼ 0:660:2 s; time stability¼ 7 days;

18%–20% drift over 270min

323

Challenges Biofouling minized by poly-m-phenylenediamine exclusion layer; background noise corrected
by performing measurements in cell-free hydrogel controls; demonstrated reversible response to
analyte addition/removal; interference challenge: no cross-reactivity between glucose and lactate
sensors, limited signal interference due non-specific analytes (i.e., FCS and ascorbic acid), vali-
dated against commercial commercial luminescence-based assayssensor integrated directly into
the cartilage organoid compartment via needle insertion through electrode inlet; fabrication is
time sensitive: electrode insertion before hydrogel polymerization; single organoid per chip

demonstrated, potentially scalable.

Electrochemical
amperometry

IgM-RF and ACPA Screen-printed carbon
electrodes with carbox-
ylated magnetic beads

for RF and
neutravidin-

functionalized beads
for ACPA

No, but applied to
joint

Sample volume 25 ll per assay (4�
less ELISA); IgM-RF: range¼ 3–300
IU/ml, LOD¼ 0.8 IU/ml, sensitivity

¼ 848636 nA=decade; ACPA:
range¼ 10–1000 IU/ml, LOD¼ 2.5

IU/ml, sensitivity
¼ 1409654 nA=decade; RF SNR

�50; ACPA SNR �15

124

Challenges Background electrical noise compensated by measuring blank currents in buffer and in serum;
bead bioconjugates stable for more than 20 days at 8 �C, stability at 37 �C yet to be demon-
strated; dual-electrode layout designed to minimize signal interference between IgM-RF and

ACPA; sensor specificity tested against cytokines and immunoglobulins.

Electrochemical vol-
tammetry and EIS

ACPA Anti-ACPA function-
alized on MoS2/PANI-

modified screen-
printed electrodes

No, but applied to
joint

Sample volume 10 ll; assay time
�2 h, sensitivity

4:4713 lAper log 10½IU=ml�, range
¼ 0:25� 1500 IU=ml, LOD ¼

0:16 IU=ml in PBS and 0.22 IU/ml
in 10% human serum, time
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for in situ detection of disease-related shifts in chondrocyte metabo-
lism during inflammation. This represents the first reported integra-
tion of continuous metabolic biosensing in cartilage-on-chip models.
The cartilage-on-a-chip platform was fabricated using standard PDMS
soft-lithography. Human primary articular chondrocytes (hAC) were
isolated from total knee arthroplasty patients and embedded in a fibrin
hydrogel to create 3D organoid structures. An OA phenotype was
induced after 3 days of organoid maturation through the addition of
IL-1b and TNF-a. The biosensors comprised 50 lm needle-type elec-
trodes made of Ag (reference electrode) and platinum (working elec-
trode) wires. Sensor functionalization involved multiple coating layers:
first, poly-m-phenylenediamine (mPD) was electropolymerized to cre-
ate an interference exclusion barrier. Subsequently, the electrode tip
was coated with enzyme-containing polyethylene glycol diglycidyl
ether (PEGDE) hydrogels, incorporating either GOx for glucose detec-
tion or LOx for lactate detection. Finally, a polyurethane coating was
applied to extend the sensor dynamic range [Fig. 3(c)]. The sensing
mechanism relied on enzymatic oxidation reactions: glucose and lac-
tate were oxidized at the sensor tip by GOx and LOx, respectively,
generating hydrogen peroxide that facilitated electrochemical measure-
ment of analyte concentrations. Electrochemical measurements were
performed using amperometric detection at an applied potential of
0.75V. The biosensors demonstrated robust analytical performance
across physiologically relevant concentration ranges. Glucose sensors
exhibited a dynamic range from 1.1 to 30mM, with a sensitivity of
19:8� 103 nA=ðmMcm2Þ and a limit of detection of 1.1mM. Instead,
lactate sensors showed a range from 0.6 to 25.1mM, with a sensitivity
of 8:5� 103 nA=ðmM� cm2Þ and an improved limit of detection of
0.6mM. Both sensors displayed linearity at concentrations below
5mM and a response time of 0.6 s (cf. Table IV). Additionally, valida-
tion against commercial luminescence-based assays revealed strong
concordance between electrochemical and optical sensing techniques.
Long-term stability tests showed an 18%–20% signal drift over a
period of 270min, consistent with similar biosensors, and stable mea-
surements for up to 7 days.

The integrated biosensors successfully detected metabolic altera-
tions characteristic of OA cartilage. Baseline metabolic activity was
demonstrated through reduced glucose sensor responses and elevated
lactate levels in cell-laden organoids compared to cell-free controls.
Inflammatory stimulation with IL-1b/TNF-a cytokines induced signif-
icant metabolic shifts within 5 h, indicating enhanced glucose-to-lac-
tate metabolism in the OA-like model. Long-term monitoring revealed
sustained metabolic alterations: 2.2-fold decreased glucose and 8.9-fold
increased lactate levels in cell-laden organoids compared to controls.
After 2weeks of culture with pro-inflammatory challenge, supernatant
analyses confirmed 1.7-fold decreased glucose and 5.1-fold increased
lactate content, with inflamed organoids showing 1.5-fold glucose
decrease and 1.9-fold lactate increase compared to untreated controls.
Molecular validation through qPCR demonstrated successful induc-
tion of the OA phenotype, with significant 183-fold upregulation of
pro-inflammatory cytokine IL-6 and a threefold increase in matrix
protease MMP-3.

Finally, it is worth mentioning that many standalone electro-
chemical sensors have been developed for the amperometric detection
of RA biomarkers, although they have not yet been implemented in
the JoC platform. Guerrero et al.124 presented a dual biosensor for the
simultaneous detection of rheumatoid factor (RF) and ACPA. DualTA
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screen-printed carbon electrodes and carboxyl- or neutravidin-
functionalized magnetic beads were used as a substrate to immobilize
biorecognition elements specific for RF and ACPA, namely, a Fc frag-
ment of native human IgG protein and a biotinylated CCP peptide,
respectively. The sensor demonstrated high selectivity and high sensi-
tivity for both biomarkers, achieving a limit of detection of 0.8 and
2.5 IU/ml for RF and ACPA, respectively (cf. Table III). Additionally,
the proposed sensor outperformed the conventional ELISA method in
speed and required sample volume. Validated in human serum, this
dual biosensor shows clinical utility for RA diagnosis and holds poten-
tial as a cost-effective, multiplexed solution in a JoC platform. Instead,
Selvam et al.337 developed an electrochemical biosensor to detect
ACPA by means of square wave voltammetry. The sensor was micro-
fabricated using molybdenum disulfide PANI as a substrate for screen-
printed electrodes, together with an interfacial polymerized PANI-gold
nanomatrix to entrap the ACPA antibodies for higher signal amplifica-
tion. The sensor demonstrated a limit of detection of 0.16 IU/ml in
saline solution and 0.22 IU/ml in ACPA-spike human serum as well as
high selectivity against competitive interferents and time stability
(7.7% signal loss after 4weeks, cf. Table III), which makes it a promis-
ing tool for real-time monitoring in pathological JoC models.
Additional studies reported electrochemical biosensors also for many
other RA biomarkers, such as the synthetic peptide known as chimeric
fibrin/filaggrin citrullinated peptide 1 (CFFCP1),71 macrophage migra-
tion inhibitory factor (MIF),198 chemokine CXCL7, MMP-3,123 and
the ligand receptor activator nuclear factor-kB (RANKL).379 From
these studies, it is evident that sensing technologies for OA/RA bio-
markers have been successfully developed; thus, their integration into
JoC platforms remains the critical next step.

C. Mechanical sensing techniques

As outlined in Sec. I, mechanical loading and fluid flow are criti-
cal types of stimulation to recapitulate the joint niche in vitro. The
dynamic environment of the joint is characterized by a complex inter-
play of mechanical compression, hydrostatic pressure, and shear stress
(either mechanical or fluid-dynamical shear stresses) with varying
magnitude and direction.271 These mechanical loadings collectively
influence the behavior of joint-resident cells, including progenitors
[e.g., mesenchymal stem cells (MSCs)], chondrocytes, and synovio-
cytes, by shaping their differentiation, proliferation, and responses to
external stimuli.298

Mechanical readouts, such as forces and deformations experi-
enced by cells, are crucial for understanding how physiological and
altered mechanical environments impact the cellular behavior.253,256

Furthermore, mechanical readouts may help investigate mechanosen-
sation, mechanotransduction, and mechanoresponse pathways, which
are essential to maintain tissue homeostasis and understand disease
progression.390,410 A JoC platform embedded with real-time mechani-
cal sensors would provide insights by noninvasively and continuously
monitoring the forces applied to joint tissues while simultaneously
measuring the resulting strain, stress, and mechanical properties (e.g.,
elasticity and stiffness).202,322 Such a system would offer a tool for
tracking chondrogenic differentiation of MSCs, tissue maturation, and
progressive degradation of the PCM and ECM under both physiologi-
cal and pathological conditions (e.g., OA and RA).

Despite the growing complexity of OoC platforms, real-time
mechanical sensing technologies remain relatively scarce. However,

some innovative approaches have emerged, offering promising ave-
nues for their future integration into JoC systems. Shortly, mechanical
sensors measure a force or pressure, which is applied to a specific sens-
ing element, using principles such as piezoresistivity or optical deflec-
tion.256 Integrating mechanical sensors into OoC platforms raises
several challenges. Miniaturization is required to fit within chips with-
out sacrificing sensitivity or introducing mechanical noise. Integration
with actuation systems (internal or external) further complicates device
design and can create cross-interference.60 Additional issues include
calibration drift, sensitivity to environmental conditions (e.g., tempera-
ture and humidity), and reduced accuracy at the microscale.256

Another challenge is how sensor signals are interpreted. The constitu-
tive models used to convert measurements into mechanical properties
are often oversimplified and may not capture complex tissue mechan-
ics,256 which impacts the sensor accuracy. As for the previous sensing
techniques, the following paragraphs present an overview of diverse
mechanical sensing modalities, emphasizing their deployment in OoC
platforms with priority given to JoC examples.

1. Microcantilevers

Considering the currently available mechanical sensors, micro-
cantilevers are among the commonly used and effective sensing strate-
gies for measuring cell-generated forces. These deformable beam-like
structures, fixed at one end and free at the other, deflect in response to
the mechanical forces exerted by the cells during processes such as
adhesion, migration, and contraction.301 The deflection is detected
either optically by measuring changes in light reflection or by means of
piezoresistive sensing that converts deflection-associated strain into
electrical resistance.16,185 These measurements provide estimates of
cell-generated forces, local stress distribution within the ECM, and the
mechanical properties of the tissue.101,133

Microcantilevers have proven useful in cellular force measure-
ments, yet their application is accompanied by constraints that must
be considered when applied to OoC systems. First, their fabrication
can be complex, and cantilevers are sensitive to vibrations and
noise.16,185 To reach a high detection sensitivity, the damping effects
have to be optimized by the appropriate selection of cantilever material
and geometry. Additionally, the measurable force range is limited,234

multiplexing can be difficult,16 and maintaining stable electrical con-
nections during long-term culture is still challenging.185 Finally,
improper calibration may lead to drift over time, and careful surface
functionalization (i.e., coating with suitable patterning of the molecular
recognition element) is necessary to ensure specific and reliable bind-
ing in biochemical sensing.16,60,133

In the context of JoC, microcantilevers have not been imple-
mented, but label-free microcantilevers could be exploited to monitor
cartilage degradation over time by detecting changes in the mechanical
properties, such as stiffness and viscoelasticity, which vary during deg-
radation due to changes in cartilage composition and structure (e.g.,
loss of proteoglycans or collagen disruption). Alternatively, microcan-
tilevers functionalized with specific antibodies or ligands may be used
to detect collagen and proteoglycan degradation products.86 The dual
capability of this sensor, coupled with its high sensitivity and compact
size, makes it promising to study subtle changes in the behavior of cells
affected by OA/RA. For example, a platform integrated with such a
microcantilever-based sensor could be exploited to assess the efficacy
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of drugs for OA/RA by measuring the restoration of the diseased
joint’s mechanical properties.

In other OoC, cell behavior has already been monitored with
microcantilevers following drug administration. For instance, Lee
et al.339 integrated nanotextured polyimide microcantilevers, a material
with a high biocompatibility and thermal resistance that is useful for
metal deposition and sterilization processes, into a heart-on-chip plat-
form for monitoring the contractile behavior of drug-treated cardio-
myocytes. The microcantilevers were subjected to an oxygen–plasma
treatment to increase surface hydrophilicity and improve adhesion,
ensuring that the subsequent deposition of a metal reflector layer
would firmly bond to the surface and enhance its reflectivity for optical
sensing measurements. The authors assessed the contractility of the
cardiac tissue by detecting with a nanoscale accuracy the bending of
the microcantilevers upon contraction/relaxation of the cardiac tissue
recorded by a laser vibrometer (i.e., an optical detection system) with
different drugs (verapamil and isoproterenol). PDMS and flat polyi-
mide microcantilevers were used as a negative control, and it has been
observed that nanotextured polyimide microcantilevers support more
mature-like contractile function. Precisely, the cardiomyocytes cul-
tured on the patterned polyimide cantilevers showed much better
adhesion and alignment, higher sarcomere length (i.e., over 90% of
those of native cardiomyocytes in a living body), faster growth, good
contractility and cell junctions, as well as superior characteristics in
terms of maturation and contraction force (cf. Table V). Since the con-
tinuous long-term use of a laser vibrometer can adversely affect the
physiological activity of cardiomyocytes and maintaining long-term
stable cell adhesion might be challenging, the study was conducted for
7 days only.211 This strategy of using nanostructured surfaces to pro-
mote cell maturation and functional behavior could further be adapted
in JoC with integrated microcantilevers to better mimic the ECM and
enhance the mechanosensitivity of joint tissues (that include contrac-
tile cells, such as myofibroblasts,357 which contract to remodel tissue
and influence matrix stiffness). Moreover, like the cardiac toxicity
screening, where contractility metrics reflect drug effects on cardiac
cells, a JoC with microcantilevers could detect biomechanical changes
(e.g., stiffness, elasticity) in cartilage or synovial tissues in response to
OA/RA drugs.

An interesting initial step toward integrating functionalized
microcantilevers into JoC platforms for detecting specific OA/RA bio-
markers could be to replicate the work of Ricciardi et al.317 They devel-
oped an antibody-coated microcantilever-based LoC system for the
detection of angiopoietin-1, a potential marker in tumor progression,
within liquid media. Notably, angiopoietin-1 is also upregulated in
synovial fibroblasts in response to pro-inflammatory cytokines (e.g.,
TNF-a) and is expressed in the synovium of both OA and RA patients,
with an expression significantly higher and more strongly correlated
with inflammation in RA joints.121 Hence, such a microcantilever-
based LoC device could be adapted to investigate synovial fluid in OA/
RA. The cantilever chips were fabricated from silicon-on-insulator
wafers, with optimization focused on geometry (i.e., aspect ratio) and
material.317 It resulted in a microplate configuration that exhibits
higher mass sensitivity in liquids compared to traditional microbeams,
as reflected by a higher quality factor. Three materials—SU-8, PDMS,
and Pyrex—were tested for microfluidic channel fabrication. The final
prototype was built on a Pyrex-silicon chip measuring 200� 800
� 7lm2. Each chip contained two independent cantilevers and

corresponding wells on the same platform: one functionalized with
anti-angiopoietin-1 monoclonal antibodies for angiopoietin-1 detec-
tion, and one for a negative control to assess non-specific adsorption/
desorption effects. Detection was performed dynamically by tracking
shifts in the microcantilever resonance frequency using piezoelectric
actuation combined with optical readout. Frequency shifts upon spe-
cific binding were measured by monitoring the vibration of the cantile-
ver, enabling real-time detection of antigen–antibody interactions. The
antigen recognition assay involved flowing 30 ll of angiopoietin-1
solution [25 lg/ml in phosphate buffer saline (PBS)] at 0.5 ll/min
under controlled temperature (23 6 0.2 �C). Biologically, the system
demonstrated successful detection of Angiopoietin-1, and showed that
frequency shifts induced by non-specific interactions (negative con-
trol) were approximately one order of magnitude smaller than those
resulting from specific protein binding.

Beyond single-organ applications, microcantilever-based sensors
have also been adapted for multi-tissue-on-chip systems. Oleaga
et al.274 cultured iPSC-derived cardiomyocytes and primary hepato-
cytes in a single platforms incorporating stainless steel wire electrodes
for electrical stimulation of the cardiac tissue, as well as noninvasive
sensors (microcantilevers and MEAs) for functional readouts of force
and electrical conductivity in case of administration of cardiotoxic
compounds [Fig. 4(a)]. The compact optical detection system for force
measurements was designed using laser beam deflection from the tip
of 32 independent cantilevers fabricated from silicon-on-insulator
chips with diethylenetriamine silane coating and fibronectin. The
hepatic metabolism was indirectly evaluated by analyzing biochemical
markers in the culture medium, specifically albumin and urea produc-
tion, which reflect liver function and metabolic activity over time (i.e.,
a sign of hepatic damage is the loss in the hepatocyte ability to produce
albumin and urea). The system allowed drug metabolism studies by
administering cardiotoxic compounds, such as fexofenadine and terfe-
nadine, whose hepatic metabolism generates toxic metabolites affecting
cardiac tissue. Cardiotoxicity was assessed by quantitative changes in
cardiomyocyte contractility and electrical signals detected by the
microcantilever and electrode sensors. Biologically, the platform sup-
ported stable co-culture and functional monitoring of heart and liver
tissues for up to 28days, with clear drug-induced perturbations observ-
able in contractile force and electrical activity after compound admin-
istration, demonstrating the system’s capability to model multi-organ
interactions and drug toxicity. Limitations and challenges include the
complexity of maintaining multiple cell types with distinct culture
needs within a single microfluidic device, optimization of fluid flows
and culture media to support all tissues simultaneously, and especially
the indirect nature of linking hepatic metabolism to cardiac responses,
which requires comprehensive biochemical and functional integration.

As previously mentioned, the microcantilever deflection is
detected either optically or piezoelectrically. An example of the latter is
the piezoelectric microelectromechanical system developed by Coln
et al.,60 that is capable of both sensing and stimulating cardiac tissues
cultured from iPSC-derived cardiomyocytes. Muscle tissue contrac-
tions were measured by converting mechanical strain into electrical
signals via 16 chemically modified (diethylenetriamine silane treat-
ment) piezoelectric cantilevers (total chip size of 17� 14mm2), each
composed of a thin aluminum nitride film placed on its top and sand-
wiched between two platinum electrodes, while the same tissues were
mechanically stimulated to mimic physiological conditions. To validate
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TABLE V. List of mechanical sensing techniques relevant for applications. polydimethylsiloxane (PDMS); limit of detection (LOD); poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS); Young’s
modulus (E); anti citrullinated peptide antibody (ACPA); atomic force microscopy (AFM); extra-cellular matrix (ECM).

Sensing technique Target analyte Sensing element OoC integrated? Sensing performance Reference

Microcantilevers Contractile behav-
ior of drug-treated
cardiomyocytes

Nanotextured polyi-
mide, flat polyimide,

and PDMS
microcantilevers

Yes, heart-on-chip Polyimide: high biocompatibility
and thermal resistance; cardio-
myocytes on nanotextured polyi-

mide: better adhesion and
alignment, higher sarcomere

length (i.e., over 90% of those of
native cardiomyocytes in a living
body), faster growth, good con-
tractility and cell junctions, supe-
rior maturation and contraction

force; nanoscale accuracy

339

Challenges Oxygen–plasma treatment required to increase surface hydrophilicity and improve adhesion.
Short-term study (i.e., 7 days) because the continuous long-term use of a laser vibrometer can
adversely affect the physiological activity of cardiomyocytes and maintaining long-term stable

cell adhesion might be challenging.
Strain gauges PDMS membrane

deformation
Metal (Ti) and poly-
meric (PEDOT:PSS)
radial and tangential

strain gauges

Yes, heart-on-chip Metal: gauge factor¼ 0.8, resis-
tance change �0.008% for mem-
brane deformation up to 5% (0–

3 kPa pressure range),
sensitivity¼ 4.5 (radial) and 11.6
(tangential) mX=lm for strain
below 3%; Polymeric: gauge
factor¼ 0.48–17.8, resistance
change �1.2% for membrane
deformation up to 5% (0–3 kPa

pressure range),
sensitivity¼ 0.571 (radial) and
62 (tangential) X=lm for strain
below 3%, E �1.2GPa, transpar-

ency 	90%

310

Challenges Metallic and polymeric: minimization of the strain gauges thickness; filtering of the electrical
signal with a low cutoff frequency. Polymeric: enablement and optimization of the electrical
contact; investigation of the temperature and baking time effects; control of the humidity;

minimization of the degradation with stretching and time.
QCM ACPA Quartz crystal micro-

balance functionalized
with single-walled car-
bon nanotubes (coated
with disease-specific
cyclic peptides)

No, but applied to
joint

LOD¼ 89 fmol;
sensitivity¼ 71.9%; accu-
racy¼ 0.94/1; specific-

ity¼ 95.8%; reproducibili-
ty¼ high; inter-assay variability
�14%; intra-assay variability
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the capability of the microcantilever system to detect alterations in car-
diomyocyte function, epinephrine was introduced into the culture
medium to elevate the beating frequency. Using this system, more
than a two-fold increase in frequency was quantitatively measured.
Regarding the actuation capability of the system, the authors men-
tioned that the actuation characterization showed a filtering effect on
input signals, which needs to be considered in controlled mechanical
stimulation protocols. Since these piezoelectric cantilevers can provide
both mechanical stimulation (actuation) and contractile force mea-
surement (sensing) in a miniaturized format compatible with body-
on-a-chip devices, integrating sensory cells onto such cantilevers could
allow the investigation of pain pathways, which involve mechanosensi-
tive neurons, which are relevant for more physiologically joint mecha-
nobiology experiments.

2. Strain gauges

Soft strain gauges are flexible, biocompatible sensors made from
piezoresistive, highly conductive materials. Materials used for strain
gauge manufacturing include, among others, titanium, gold,208

PEDOT:PSS,45 PDMS doped with conductive fillers like reduced gra-
phene oxide,149 or liquid metal such as Galinstan430 or gallium.114

Strain gauges are designed to deform elastically in response to an exter-
nal mechanical load, such as stretching, bending, or pressure. As a
result, their deformation induces a proportional change in the electrical
resistance of the piezoresistor.439 The real-time measurement of this
deformation provides a noninvasive monitoring of mechanical strain,
which could be used to derive mechanical properties of 3D-engineered
tissues in OoC platforms such as the stiffness.213 By capturing subtle
mechanical cellular responses related to cell differentiation, prolifera-
tion, or function, soft strain gauges can detect early signs of disease or
tissue alterations due to external mechanical stimuli.208,353

However, even though strain gauge is an appealing technique for
the noninvasive continuous monitoring of mechanical strain,226 with
high sensitivity to small strain changes310 and possible coupling with
actuators,430 that can provide a closed-loop control of mechanical
stimuli by continuously measuring and adjusting deformation, several
challenges remain regarding their integration into OoC platforms.
Producing flexible, biocompatible strain gauges with reproducible and
stable electrical resistance under mechanical deformation131 requires
sophisticated microfabrication steps (e.g., injection of liquid metal into
microchannels430 or deposition of metal films by sputtering or evapo-
ration208), which increases cost and limits the scalability as they are
not directly compatible with standard OoC microfabrication techni-
ques. Sensitivity to environmental conditions, such as humidity and
temperature changes,73,197,310,430 causes measurement drift and
reduced sensor stability. Finally, mechanical hysteresis131 and fatigue
should be assessed for reliable long-term use because they may lead to
signal drift and reduced sensor lifespan.430

While not yet integrated in JoC, strain gauges have already been
embedded into other OoC,209 thus supporting the technical integration
feasibility. In JoC, strain gauges could be integrated to get insights on
the strain applied to OA cartilage samples by quantifying chondrocytes
deformation under joint-like loading conditions, with the possibility of
deriving forces if material properties are known or correctly mod-
eled.90 This assessment of strain applied to damaged cartilage could
then be exploited in the study of drug treatments aiming at restoring
normal tissue function or alleviating disease symptoms, since healthyTA
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FIG. 4. Examples of mechanical sensors. (a) Schematic of the pumpless microfluidic system for the cardiac and liver co-culture. The microdevice consists of two laser-cut
acrylic layers enclosing PDMS gaskets that define the microfluidic pathway and the cell culture compartments (i). Hepatocytes were cultured on a glass coverslip (compartment
1), while cardiomyocytes were cultured on cantilevers (compartment 2) and on MEA chips (compartment 3). Medium exchange was carried out through both reservoirs (R1 and
R2), with drug addition via R1. Signals from the MEA chips (ii) were recorded using an amplifier (iii) connected through a printed circuit board. Cardiac contractile function was
assessed with a laser-deflection-based apparatus (iv and v). Drug quantification was performed by HPLC-MS (vi). Reproduced with permission from Oleaga et al., Biomaterials
182, 176–190 (2018). Copyright 2018 Elsevier Inc. (b) PDMS-based organ-on-chip platform with integrated strain gauges for stress sensing. (i) Device design featuring tangen-
tial and radial polymeric strain gauges embedded in pneumatically actuated PDMS membranes suspended from a silicon frame to apply controlled stretch to cultured cells. (ii)
Wafer containing 36 membranes with integrated strain gauges, with inset showing an enlarged view of the gauge structures (scale bar: 100 lm). Reproduced with permission
from Quir�os-Solano et al., Micromachines 10, 8 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license. (c) High-frequency AFM sys-
tem for probing cartilage mechanics. (i) Commercial AFM coupled with a high-frequency system for dynamic measurements in the rage 1 Hz–10 kHz. (ii) Histological images to
visualize GAG distribution and content (scale bars: 100 lm), schematics of molecular structure as well as AFM-based dynamic excitation with intratissue fluid flow velocity indi-
cated by arrows (FEM simulations) for normal (on top) and GAG-depleted bovine cartilage (on the bottom). Reproduced with permission from Nia et al., Biophys. J. 104, 7
(2013). Copyright 2013 Elsevier Inc.

Biophysics Reviews REVIEW pubs.aip.org/aip/bpr

Biophysics Rev. 7, 011308 (2026); doi: 10.1063/5.0287852 7, 011308-28

VC Author(s) 2026

 
2
5
 
M
a
r
c
h
 
2
0
2
6
 
1
2
:
4
4
:
1
3

pubs.aip.org/aip/bpr


and damaged cartilage are characterized by different stiffness168 and
exhibit different strain profiles under mechanical loading.391 In addi-
tion, this type of sensor could be used to quantify the deformation of
the synovial membrane under both physiological and hyperphysiologi-
cal loadings by following the approach of Quiros et al.310 In their
study, they fabricated radial and tangential polymeric strain gauges
(i.e., PEDOT:PSS) to monitor mechanical strain in cardiac models
[Fig. 4(b)] and benchmarked their performance against titanium coun-
terparts. The functionality of the sensor was demonstrated in a
custom-made setup where the relative resistance change for conven-
tional titanium and PEDOT:PPS strain gauges was measured as a
function of the applied pressure when iPSC-derived cardiomyocytes
were cultured on the flexible PDMS membrane covering the strain
gauges. Relative resistance changes of approximately 0.008% and 1.2%
were measured with a linear behavior for pressures up to 3 kPa (pres-
sure at which the pumping system reached the maximum flow capac-
ity) in the titanium and polymeric strain gauges, respectively, which
corresponded to a strain up to �5%. Such a low level of strain is pri-
marily a material and fabrication limitation. Indeed, metal strain
gauges tend to have practical maximum strain limits between 2% and
10%,177 while polymer-based strain gauges can tolerate larger strains
(sometimes exceeding 10%–15%) due to their inherent flexibility but
are limited by substrate properties and the integrity of conductive
layers.45 However, regarding the translation to JoC, physiological knee
cartilage usually experiences in vivo average strains under 10%, and
peak strains of 17%.289 Even though reliable in vitro values are not
reported yet, extending the strain sensor range with more flexible
materials might be required to accurately model the joint in microflui-
dic platforms. The results also indicated a high level of reproducibility
and reliability of the devices. A much lower sensitivity for metallic
strain gauges than for polymeric ones was observed: for strain below
3%, the estimated sensitivity for radial and tangential geometries was
4.5 and 11.6mX=lm and 0.571 and 62X=lm for metallic and poly-
meric devices, respectively (cf. Table V). Nonetheless, this system
encountered several technical challenges, such as the thickness of the
strain gauges that had to be reduced as much as possible to minimize
their effect on the membrane deformation, and the electrical signal
that had to be filtered with a cutoff frequency as low as possible to
reduce the high-frequency noise after its amplification. Moreover,
when employing PEDOT:PSS, the principal challenge was the estab-
lishment and optimization of reliable electrical contacts, which
required an evaluation of the effects of temperature and baking time.
Humidity had also to be controlled for the consistency of the experi-
ment (fabrication and measurements were performed under a relative
humidity of �48%). Finally, the PEDOT:PSS devices showed signifi-
cant degradation with stretching and time, suggesting the need for the
optimization of its patterning and the proper characterization of the
mechanical properties under environmental conditions.

Zhang et al.430 reported a cell-stretching microfluidic platform
incorporating an in situ flexible strain sensor, offering another techni-
cal approach that could be adapted to quantify the deformation of the
synovial membrane. To illustrate the working principle of their device,
the authors worked with cardiomyocytes, which adhered to a thin,
stretchable PDMS membrane and were continuously mechanically
stimulated. Cyclic contraction-stretching was driven by compression
and expansion of a vacuum chamber located in a layer beneath the
membrane. The strain sensor was formed by microchannels embedded

within the PDMS membrane and filled with Galinstan, a liquid metal,
allowing real-time and quantitative monitoring of mechanical defor-
mation at calibrated strain magnitudes of 5%, 10%, 15%, 20%, and
25%. Cells were seeded on the upper surface of the PDMS membrane,
and deformation induced by the underlying vacuum chamber sub-
jected both the membrane and the cells to controlled mechanical
strain. Short-term culture (24 h of continuous stimulation) revealed
that cell proliferation increased with strain amplitude, while the area of
the active sensing region undergoing deformation exhibited only
minor changes. A 15% strain more significantly promoted the overall
cardiomyocytes alignment, whereas higher mechanical strain levels led
to partial cell detachment and decreased viability. These findings were
more pronounced during long-term incubation (i.e., 60h). To achieve
a high sensitivity, linear response, and automatic adjustment to tem-
perature changes, the authors used Wheatstone bridge circuits (i.e.,
four resistors in a diamond shape) with built-in temperature correction
to compensate for signal drift. This temperature self-compensation
was necessary since liquid metals are sensitive to changes in ambient
temperature, impacting the repeatability and stability of the sensor.
Further improvements could be done to this device, such as adding
uniaxial control in various directions for the vacuum cavity to apply
dynamically controllable anisotropic biaxial strain to the cells. This
sensor-on-chip could be adapted to study OA/RA by culturing syno-
viocytes (e.g., fibroblast- and macrophage-like synoviocytes) on the
flexible PDMS membrane while applying controlled, quantifiable
cyclic tensile strain mimicking the joint mechanical forces. Specifically,
by modulating strain profiles and combining the chip with drug treat-
ments, it would be possible to investigate synovial inflammation in
response to therapeutics. For an even more advanced modeling of
synovial inflammation, this chip could be integrated into a more com-
plex JoC, i.e., in co-culture with endothelial cells to mimic vascularized
synovium.

3. Magnetic rheometry

Magnetic rheometry studies the rheological properties of biologi-
cal tissues by applying a magnetic field to a sample that contains mag-
netically activated particles. This technique measures the displacement
of ferromagnetic or paramagnetic particles embedded in the cell matrix
in response to the externally applied magnetic field. The lag between
the applied magnetic force and the particle displacement is referred to
as the phase shift. The displacement data are then processed offline to
yield detailed insights into the viscoelastic properties of the ECM, a
major regulator of collective cell dynamics.64 By quantifying the spatial
viscoelasticity differences in the ECM, magnetic rheometry gives esti-
mates of its heterogeneous nature.190

The integration of magnetic rheometry into OoC systems
remains challenging. Key limitations include the restricted availability
of measurement probes and the difficulty of maintaining a sufficiently
strong and uniform magnetic field—issues that can be partially
addressed through Bayesian multilevel probabilistic modeling.11,362

Additional concerns involve potential errors in time synchronization
arising from phase shifts in sinusoidal fits,11 the lack of standardized
protocols, the tendency of magnetic beads to self-agglomerate,33 and
possible interference with detection methods such as fluorescence due
to light scattering.33 Finally, the magnetic particles themselves must be
biocompatible and non-toxic over extended culture periods, with
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surface chemistry that does not affect cellular behavior or ECM
properties.

In the field of JoC, magnetic rheometry offers a means to probe
how pathological mechanical stimulation alters the spatial organization
of the ECM (shift in collagen type, i.e., decrease in collagen type II and
increased production of collagen type I221,249), potentially down to the
PCM level given the high achievable resolution. Cartilage ECM
mechanical properties are closely linked to alterations in composition
and structure134 and, therefore, vary with pathology. In particular,
compared with healthy tissue, human OA cartilage displays increased
matrix stiffness102,171 and reduced viscoelasticity.76,157 Arasalo et al.11

used this method to quantify the viscoelasticity of 3D cell culture made
of breast cancer fibroblasts and collagen type I, which are both compo-
nents typically present in the tumor ECM. Using a Gaussian process-
based spatial inference to analyze the measurements taken over 3 days,
the technique allowed to retrieve a spatial mapping of 3D cell cultures
at stiffness up to 10 kPa with a 10-lm resolution (resolution governed
by the probe diameter), as it is found in breast cancer biopsies. The
main advantages of this method are its noninvasiveness and the possi-
bility to measure stiff tissues with a resolution higher than conven-
tional methods (e.g., passive rheometry11 or optical tweezers364). The
authors mentioned that the major limiting factor of this technology is
the sparsity of the measurement probes, causing some uncertainty in
the spatial viscoelasticity maps. There was also a significant mean
phase shift uncertainty (higher than the theoretical one), which might
be due to spatially varying bulk flow, meaning that the moving mag-
netic probes themselves can cause local fluid or matrix movement
around them, adding variability to the measurements. Finally, the
probe concentration has to be optimized to prevent magnetic particles
from interacting with each other. In the future, smaller magnetic
probes with a higher magnetization could be developed to improve the
performance of this technique.

4. Quartz crystal microbalance

Quartz crystal microbalance (QCM) is a real-time, nanogram-
accurate technique used to measure mass changes by monitoring the
resonant frequency of a quartz crystal, which is a piezoelectric mate-
rial.3 This measurement allows the quantification of a target analyte,
meaning it can track the analyte production over time, and can also
provide kinetic information about the molecular binding occurring at
the surface of the crystal sensor itself.374 The target analyte that will be
detected is determined by the antibody coated on the crystal. QCM
consists of a thin quartz crystal disk, whose surface is sensitive to
applied loads, oscillating at its resonant frequency between two electro-
des (typically made of thin layers of gold)43,48,349,374,392 when an alter-
nating voltage is applied across them. As the mass increases due to
intermolecular interactions, the frequency of the alternating voltage
decreases.49 QCM presents several advantages, including the possibility
to provide a sensitive biosensor with potential for multiplexing when
combined with specialized antibodies.374 It provides real-time label-
free detection of molecular interactions374 and mass changes on the
sensor surface, which enhances its applicability in dynamic biological
environments. Additionally, QCM is a cost-effective technology, mak-
ing it accessible for diverse research and clinical applications.374 Its
nanogram sensitivity and successful integration with small-volume
microfluidic systems (e.g., 10–30ll) have already been demon-
strated,78,273 highlighting its suitability for OoC platforms where

volumes are limited. Previous reviews offer a comprehensive outlook
on the integration of QCM into OoC.62,374

Nonetheless, integrating QCM into OoC comes with difficulties.
The quartz crystals within the microfluidic channel should avoid dis-
rupting fluid flow dynamics, shear stress profiles, and cell culture con-
ditions.422 Sensitivity is influenced by the temperature,227 as well as the
electrode parameters (e.g., shape, diameter, thickness, material),137,395

but a higher mass sensitivity is at the expense of higher noise levels.5

Moreover, attention should be addressed to surface functionalization
to minimize biofouling326 and achieve an effective surface covering in
terms of the number of recognition elements per surface unit and ori-
entation, which is even more important in the case of small molecule
detection.74 It has also been shown that the surface roughness of the
quartz crystal impacts the QCM measurements as it induces an addi-
tional shift in the resonance frequency.312 Finally, QCM sensors have
to be equilibrated in PBS with a specific pH before use to ensure sensor
stability.4,80,348

For the specific case of JoC, QCM sensors have not been inte-
grated yet in microfluidic platforms, but their applicability to joint
research has been established. QCM sensors been used to detect OA
and RA biomarkers in liquids (e.g., urine and synovial fluid samples),
including BMP-2,246 collagenase, AAT, COMP, and RA autoantibod-
ies.252 Collagenase is a protease that has been reported to reach elevated
levels in synovial fluid and blood serum of OA and RA patients, as well
as to cause the first degradation in triple-helical collagen in hyaline car-
tilage.4 Ahmad et al.4 used synovial-fluid collagenase detection as a
proof-of-concept by depositing thin films of cross-linked four-arm
PEG-norbornene on a gold-coated quartz crystal. The gold layer sup-
ported strong hydrogel attachment and uniform coverage, enabling
QCM monitoring of hydrogel degradation in the presence of collage-
nase via peptide-cross-link cleavage. The mass loss of the hydrogel
coating on the QCM sensor surface caused an increase in resonance
frequency, which was detected with a limit of detection of 2 nM in less
than 10min for collagenase concentrations ranging from 2 to
2000nM. To simultaneously get insights into both the mass and visco-
elastic characteristics of the hydrogel during degradation, the authors
applied a Butterworth Van Dyke equivalent circuit model. This model
fitted the QCM admittance spectra recorded before and after degrada-
tion using two parameters: resistance and reflective inductance.
Changes in resistance and reflective inductance were reported as a
function of time and collagenase concentration, providing information
on the hydrogel viscoelasticity and mass loss during degradation,
respectively. QCMs have been used for COMP detection in urine sam-
ples in several studies,348,349,392 consistent with elevated urinary AAT
and COMP in severe OA. Shen et al.348 developed a QCM-based
immunosensor made of quartz crystals sandwiched between gold elec-
trodes, with COMP or AAT monoclonal antibodies immobilized via
SAMs. After stabilizing resonance frequency, target-analyte solutions
were introduced into a detection chamber containing the QCM.
Frequency shifts correlated linearly with antigen concentration for
both targets, with more than 80% recovery in repeated measurements
and no significant interference vs bovine serum albumin. Simultaneous
detection of the two antigens demonstrated high sensitivity, specificity,
reliability, and linearity (99%). At 26 �C, the linear detection ranges
were 1–10 ng/ml for COMP and 30–3000 ng/ml for AAT.

In another study, RA-specific peptides have been used to detect
ACPA in RA serum by immobilizing them onto peptide-functionalized
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single-walled carbon nanotubes deposited on a QCM.80 This antibody
binding detected by QCM sensing showed a sensitivity of 71.9%, specif-
icity of 95.8%, and accuracy of 94%, identifying 34.4% more RA
patients with ACPA than standard ELISA, with detection limits as low
as 89 fmol of antibody (cf. Table V). The sensor selectivity was con-
firmed by comparing the serum antibody binding in RA patients with
controls from healthy individuals and OA patients.

While the use of QCM in traditional biosensing and diagnostic
platforms is already established, its direct application in OoC systems
is still emerging.62,374 Since collagenase, COMP, and AAT are all pre-
sent in the synovial fluid,135,146,162 QCM sensors could be further inte-
grated into the synovial compartment of JoC platforms to
continuously monitor relevant biomarkers of the early-stage OA/RA
diagnosis directly in the synovial fluid microenvironment.

5. Atomic force microscopy nanoindentation

Atomic force microscopy (AFM) indentation is a technique for
the characterization of surface mechanical properties, including biolog-
ical membranes,138 biomolecules, and cells.46 It estimates the Young’s
modules across soft-to-stiff materials130 with nanoscale resolution and
pico-Newton force sensitivity.75,418 AFM uses micrometer-long canti-
levers with sharp probes of various geometries (e.g., pyramidal, spheri-
cal, or conical130). As the probe approaches the sample, surface forces
cause cantilever deflection, which is detected by a laser–photodetector
system that converts deflection into force measurements exerted by
the sample.130,132 Even though AFM indentation cannot be defined as
a sensing technique and will unlikely be exploited for the real-time
monitoring of OoC, it is worth mentioning because such a technique is
one of the few available options to measure the mechanical properties
of tissues at the micro- and nanoscale (even as an end point measure-
ment) already proven compatible with OoC platforms.270 It enables
assessment of cell adhesion forces, topographical imaging, and force
mapping, hence offering a multi-modal approach to understanding
healthy and pathological tissue behavior.75,281,401 Force–distance
curves measured during tip approach and retraction quantify Young’s
modulus and adhesion forces, and pixel-wise scanning generates spa-
tial maps of stiffness and adhesion. This provides comprehensive
insight into the biomechanical and adhesive properties of biological
samples.156,297

Despite its advantages—including simultaneous topographical
and mechanical mapping, nanostructural resolution, and the ability to
probe biomechanical properties of heterogeneous biological samples in
air or fluid without sample preparation130—AFM nanoindentation
presents some limitations for near real-time continuous measure-
ments. The equipment is bulky and costly and, when it is used in
contact-mode operation,153 can damage soft OoC samples. The tech-
nique is restricted to surface characterization and cannot probe 3D
matrix properties.183,305 This surface specificity, although it restricts
the ability to capture the full mechanical heterogeneity and depth-
dependent biomechanical behavior of cartilage, can be advantageous
for investigating early pathological processes such as cartilage surface
degradation, roughening, and fibrillation, which are hallmarks of joint
disease. Indeed, this surface limitation.148,242 In OoC systems, AFM
can be applied before device sealing (once the ECM environment is
established183) or after fixation, the latter preserving sterility and ECM
architecture for detailed mechanical and topographical analysis.

In the future, AFM nanoindentation could be exploited to get
new findings of cartilage and meniscus nanomechanics, especially their
degradation with age and diseases.132 This technique has already been
applied to cartilage and meniscus, advancing the understanding, detec-
tion, and treatment of OA.130,268 For example, AFM has been
employed to quantify age- and disease-related changes in articular car-
tilage biomechanics in both mice and patients,79,367 as well as to inves-
tigate the mechanical behavior of human meniscal surfaces260 and the
effects of meniscus ageing and pathology.184 Within the scope of this
review, a relevant study is the one of Loparic et al.220 who used AFM
with nanometer-sized pyramidal tips to map stiffness distributions
of articular cartilage tissue surfaces, derived from animal sources,
revealing a characteristic bimodal nanostiffness distribution corre-
sponding to soft proteoglycan gel (�22 kPa) vs stiffer collagen
fibrils (�384 kPa). Instead, the microstiffness measured with larger
micrometer-scale tips was about 1.3MPa, which reflects a homoge-
nized bulk stiffness of the composite cartilage tissue, integrating
mechanical contributions from both proteoglycans and collagen fibrils
at the microscale. These results highlight the ability of AFM to detect
and quantify cartilage nanomechanical heterogeneity inaccessible by
macroscale testing methods. The spatial resolution allowed mapping
collagen fibrils spaced �187nm apart with high fidelity. To validate
and better interpret their measurements on native cartilage, the
authors created a biomimetic gel–microfiber composite consisting of a
chondroitin sulfate-containing agarose gel and synthetic fibrillar poly-
mers. This model replicated the bimodal nanostiffness behavior of
native cartilage, demonstrating the contribution of soft proteoglycan
gel and stiffer fiber components under controlled conditions. Both the
native cartilage and the synthetic composite showed similar responses
to changes in ionic strength: increasing ionic strength reduced matrix
swelling and increased the stiffness of the proteoglycan gel component
without affecting collagen fibril stiffness. This demonstrates the sensi-
tivity of this AFM-based nanomechanical method to biochemical cues,
such as ionic concentration, that regulate cartilage mechanical proper-
ties at the nanoscale.

Nina et al.268 developed a novel high-bandwidth AFM-based rhe-
ology system capable of measuring the dynamic nanomechanical
behavior of cartilage over a 4-decade frequency range (1Hz–10 kHz),
which simulate the loading rates and encompasses the full spectrum of
joint motions (i.e., from normal walking to high-frequency impacts
such as jumps) with a pico-Newton force sensitivity [cf. Table V and
Fig. 4(c)(i)]. This system integrates a secondary piezo actuator within a
commercial AFM to enable nanoscale oscillatory displacements,
achieving displacement amplitudes as small as �2 nm, whereas stan-
dard commercial AFMs are limited to frequencies up to 300Hz.
Applying this method to healthy and GAG-depleted cartilage, which is
used as a pathological model of OA at an early stage [Fig. 4(c)(ii)], the
authors came to the conclusion that early-stage GAG-depleted OA
cartilage tend to be more vulnerable to loading rate rather than load
magnitude since the collagen network shows greater sensitivity to
high-rate impact loading. A significant drop in dynamic complex
indentation modulus, which characterizes the cartilage mechanical
response to oscillatory loading, at higher frequencies (1 kHz) for the
pathological model, reflecting compromised tissue stiffness during
rapid loading. Additionally, the peak frequency of maximal fluid–solid
frictional dissipation (i.e., energy loss mechanism arising from the fric-
tional drag between the flowing interstitial fluid and the solid cartilage
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matrix during dynamic deformation), increased 15-fold from 55Hz in
healthy cartilage to 800Hz in degraded tissue. Their fibril-reinforced
poroelastic finite-element modeling revealed up to a 25-fold increase
in cartilage hydraulic permeability after GAG loss, making permeabil-
ity a sensitive biomarker for early matrix degradation. The authors
noted that optimizing the clamp plate’s geometry and material was
necessary to minimize mechanical resonances. They also highlighted
challenges in integrating the high-frequency system with commercial
AFMs and maintaining precise force control, emphasizing the impor-
tance of selecting an appropriate mechanical model for accurate data
interpretation.106

D. Biochemical sensing techniques

Sensors integrated in OoC platforms based on biochemical sens-
ing techniques exploit a biochemical or biological recognition element
(like an enzyme or antibody) and a transducer to detect analytes in
real-time, converting biological interactions into measurable signals. A
selective recognition event—such as antibody–antigen binding,
enzyme–substrate conversion, aptamer–target association, or affinity
capture on a functionalized surface—occurs at a localized sensing
region and produces a measurable change in the sensor microenviron-
ment (e.g., the accumulation of bound mass, changes in local charge
distribution, and a redox activity). Biochemical sensing strategies are
often implemented alongside optical or electrical readouts to mediate
and support continuous measurements in microfluidic cultures. These
approaches enable single and multiplexed monitoring under physio-
logically relevant conditions while using reduced sample and reagent
volumes,206 thereby improving cost-efficiency and throughput while
maintaining tight control over the cellular microenvironment.41,316

Biochemical sensors integrated into OoC platforms provide single and
multiplexed real-time detection of multiple analytes ranging from ions
and metabolites to signaling molecules in the culture medium or local
microenvironment.126 These biochemical readouts may also be effec-
tively used to assess the inflammation responses (e.g., pro-
inflammatory cytokines delivered to the joint cell population to model
OA22/RA7) as well as drug effects on cellular metabolism and tissue
function,324,338 providing a comprehensive view of both cellular health
and therapeutic efficacy.51

In general, the challenges of integrating biochemical sensors into
OoC platforms are similar to those described in Secs. IIA–II C, includ-
ing sensitivity to environmental factors that introduce signal drift and
background noise, the need to minimize biofouling, and the require-
ment for precise antibody immobilization and surface functionaliza-
tion to ensure consistent long-term sensing performance. The main
difficulties for biochemical sensing in OoC lie in sensor functionaliza-
tion, specificity, and stability. A critical requirement is reproducible
immobilization of biorecognition elements (e.g., antibodies, enzymes,
aptamers) on the sensor surface.257 Their orientation matter, especially
to ensure high sensitivity in low-volume settings.40,164 Surface func-
tionalization must support selective target binding while minimizing
non-specific adsorption and biofouling.56 It should also preserve biore-
ceptor activity and remain stable over long experiments.119 In fact,
achieving a stable and sensitive signal is particularly difficult at low
analyte concentrations, where signal drift and background interference
caused by non-specific adsorption become pronounced.223 Sensitivity
is further influenced by environmental factors,346 including tempera-
ture, pH, and ionic strength (i.e., ions concentration in solution

affecting electrostatic interactions), which affect both the biomolecular
recognition and transduction mechanism. Sections IID1–IID3 dis-
cuss biochemical sensing techniques with particular emphasis on OoC
platforms, and JoC applications in particular. Owing to the limited
availability of real-time in situ biological and biochemical readouts,
selected offline sensing approaches relevant to JoC and, more broadly,
to OoC platforms are also discussed.

1. Immunoassays

The most widely used biochemical sensors for cytokines and
small proteins detection in OoC are based on immunoassays, which
leverage antigen–antibody interactions to achieve highly specific and
sensitive analyte quantification.98 Among these immunoassay techni-
ques, the commercial off-chip ELISA remains one of the gold-standard
techniques due to its robustness, reproducibility, and ability to provide
quantitative biomarker analysis even in complex biological samples.91

Nevertheless, immunoassays present limitations, including high cost
due to the antibodies and reagent, the need for trained operators, and
long incubation time.55 When integrated with microfluidic systems, an
additional challenge arises from the small sample volumes typically
produced by OoCs, which must be analyzed without diluting the ana-
lyte to avoid quantification errors.116

Recognizing the need for miniaturized and high-throughput
cytokine detection in JoC systems, Kahraman et al.160 developed
EliChipTM, a microfluidic-based miniaturized ELISA platform
designed for high-throughput in situ detection of cytokine collected
from a JoC system. This portable, automated LoC consists of a dispos-
able microfluidic card and a reader that manages reagent handling and
signal acquisition. The system enables quantitative analysis of pro-
inflammatory cytokines (IL-6, TNF-a) and neurotrophic growth fac-
tors (NGFs) produced in healthy and OA-like cartilage models.

Specifically, the optical module in the reader consists of four
white LEDs interfaced with four CMOS minispectrometers featuring
eleven reading lines. The disposable card contains 18 reaction cham-
bers arranged across four parallel lines, allowing multiplexed assays.
Each functional unit comprises (i) a washing reservoir to remove
unbound reagents, (ii) a collection reservoir for effluent, (iii) a 20-ll
reaction chamber coated with capture antibodies for antigen binding,
and (iv) an inlet for sample introduction [Fig. 5(a)(i)]. Both the reac-
tion chambers and the optical module were fabricated in poly(methyl
methacrylate) (PMMA) and thermally bonded. Chamber geometry
was optimized to prevent bubble formation and ensure reproducibility.
The EliChip

TM

was then coupled to a JoC comprising two compart-
ments: a nerve unit including dissociated embryonic DRG neurons,
and a chondrocyte unit including primary human chondrocytes
encapsulated in 5% gelatin methacryloyl (GelMA) hydrogel.
Microgrooves were integrated to guide axonal projections from the
nerve to the chondrocyte compartment [Fig. 5(a)(ii)]. Specifically, the
EliChip

TM

was used to quantify IL-6, TNF-a, and NGF produced by
chondrocytes of healthy cartilage constructs and OA-like models.
Performance evaluation demonstrated picogram-range sensitivity with
good reproducibility. Notably, EliChip

TM

outperformed commercial
ELISA kits for NGF detection, though its sensitivity for IL-6 and TNF-
a was slightly lower (cf. Table VI). By reducing sample requirements
by an order of magnitude compared with standard ELISA and short-
ening assay time, EliChip

TM

significantly improves the feasibility of
cytokine monitoring in dynamic microphysiological environments,
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FIG. 5. Examples of biochemical sensors. (a) EliChip
TM

platform for antibody–antigen detection. (i) EliChip
TM

reader loaded with a cartridge featuring 18 parallel circuits; antibody–antigen
binding occurs in the reaction chamber and is detected through the optical reading module (1: halogen lamp; 2: optical fiber; 3: interface between LoC and the module; 4: LoC; 5: photo-
diode). (ii) Microfluidic chip layout highlighting the chondrocyte unit. Two compartments—one with dissociated DRG neurons and one with primary human chondrocytes encapsulated in
GelMA—enable modeling of healthy or OA-like cartilage under inflammatory stimulation. Reproduced with permission from Kahraman et al., Mater. Today Bio 31, 101491 (2025).
Copyright 2025 Authors, licensed under a Creative Commons Attribution (CC BY) license. (b) Microfluidic device for hepatocyte culture and growth-factor sensing. (i) Hepatocytes are
cultured in the main chamber, while secreted growth factors diffuse through a hydrogel barrier into adjacent sensing chambers. (ii) Cross-sectional view showing diffusion-driven aggre-
gation of sensing beads upon growth factor binding. Reproduced with permission from Son et al., Microsys. Nanoeng. 3, 17025 (2017). Copyright 2024 Authors, licensed under a
Creative Commons Attribution (CC BY) license. (c) Organ-on-chip platform for drug-exposure studies with integrated SPE–LC–MS analysis. (i) Representation of the OoC platform and
brightfield image of liver organoids cultured on-chip. (ii) Schematic of the automated filtration, solid-phase extraction, and liquid chromatography workflow. In the Load position, samples
are filtered and analytes retained on the SPE cartridge; in the Inject position, analytes are eluted to the LC column for MS detection while the filter is back-flushed. Reproduced with per-
mission from Kogler et al., Anal. Chem. 96, 29 (2024). Copyright 2024 Authors, licensed under a Creative Commons Attribution (CC BY) license. (d) iPhosChip for multiplexed phospho-
proteomics on-chip. (i) Bright-field image showing functional modules for cell capture, counting, imaging, and sample processing. (ii) Schematic diagram of the setup of the control
system made of an array of pneumatic valves, the iPhosChip mounted on a microscope for real-time monitoring of the entire sample processing workflow, and a chip control program.
(iii) Single operation unit made of a cell chamber for cell lysis, a reaction vessel for protein digestion, a TiO2 column for phosphopeptide enrichment, and control layers (green).
Reproduced with permission from Muneer et al., Adv. Sci. 12, 2402421 (2024). Copyright 2024 Authors, licensed under a Creative Commons Attribution (CC BY) license.
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TABLE VI. List of biochemical sensing techniques relevant for joint-on-chip applications. limit of detection (LOD); hepatocyte growth factor (HGF); transforming growth factor beta 1 (TGF-b 1).

Sensing technique Target analyte Sensing element OoC integrated? Sensing performance Reference

Immunoassays IL-6, TNF-a, and NGF EliChip
TM

(LoC micro-
fluidic platform based

on enzymatic
immunoassay)

Yes, portable and off-
chip automated LoC

applied to JoC

LOD¼ 11.80 pg/ml (IL-6),
30.03 pg/ml (TNF-a) and

11.20 pg/ml (NGF); maximum
concentration¼ 500 pg/ml

(IL-6), 500 pg/ml (TNF-a), and
2000 pg/ml (NGF)

160

Challenges Off-chip sensor. Suitably pre-load the reagents necessary for performing the essay. Manual
injection of the sample. Opmized design of the chamber to prevent air bubbles to form and

provide reproducible results. LOD not always lower than for the standard ELISA.

Multiplexed bead-
based protein-biding
assay

Hepatocyte growth fac-
tor and TGF-b1

Non-fluorescent cap-
ture beads and fluores-
cent detection beads
functionalized with

biotinylated anti-HGF
or anti-TGF-b1

antibodies

Yes, liver-on-chip On-chip calibration¼ 0–40 pM
(HGF) and 0–300 pM (TGF-b1);

LOD �6 pM (HGF) and
�21 pM (TGF-b1); culture

time¼ 7 days

356

Challenges Fresh beads at each session (avoid saturation and increase lifetime). Correct microbead func-
tionalization and calibration. The thickness of the hydrogel barrier governs the permeation
of growth factors. Optimization of the hydrogel formulation (the mesh size of the hydrogel
network influences the diffusion coefficient of analytes). Effect of the capturing process of

growth factors by microbeads on the autocrine signaling.

Mass spectrometry-
based based sensing for
omics

Phosphorylation
events

iPhosChip (chemically
functionalized inte-

grated MS-
phosphoproteomic

chip)

Yes, iPhosChip with
lung cancel cells

Nanoscale-to-single-cell phos-
phoproteomic analyses; overall
sample processing time¼ 7 h;
high capture efficiency and

reproducibility; good enrichment
specificity

263

Challenges Numerous and complex production steps. Minimization of the specific sample adsorption.
Prevention of the competitive binding from acidic peptides.
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offering a promising tool for drug screening and mechanistic studies of
joint disease.

2. Multiplexed bead-based protein-binding and DNA-
binding assays

Multiplexed bead-based protein-binding and DNA-binding
assays are advanced biosensing techniques that utilize functionalized
microbeads to selectively capture specific protein or DNA targets, such
as hepatocyte growth factor (HGF) and TGF-b1,356 transferrin and
albumin,316 insulin,302 and interleukins (e.g., IL-4, IL-6, IL-8,
IL-10).247,279 By enabling the simultaneous detection of multiple
biomarkers, these assays are particularly well suited for monitoring
complex biological processes in real-time within dynamic microenvir-
onments. This multiplexing capability is especially valuable for tracking
disease progression, where rapid and parallel detection of several analy-
tes enhances both diagnostic sensitivity and specificity.27,39,269

Microbeads are typically fabricated from polymeric materials371 such
as polystyrene332,340,356,421 or agarose299 or from magnetic sub-
strates316,343 and are coated with high-affinity capture molecules (e.g.,
antibodies or aptamers) to ensure selective binding of target analy-
tes.116,216,267 Depending on the assay design—including bead material
and surface functionalization—detection can be achieved through opti-
cal,356 electrochemical,316 or magnetic15 readouts. In terms of analytical
performances, achieving ultra-sensitive multiplex detection of low-
abundance biomarkers is difficult, and assays are prone to cross-
reactivity between capture molecules118 as well as non-specific adsorp-
tion on bead surfaces.111,217 To address these issues, careful surface
passivation using blocking solutions415 and optimization of capture
efficiency are essential, alongside strategies to minimize interference
from impurities.94

In JoC applications, bead-based sensors could be used to simulta-
neously monitor multiple cytokines, such as TNF-a and IL-6, MMP,
or growth factors such as TGF-b1, which is abundant in OA subchon-
dral bone and synovial fluid. The feasibility of measuring these cyto-
kines has already been demonstrated in other OoC applications. As an
example, Son et al.356 incorporated bead-based assays in a liver-on-
chip platform to detect HGF and TGF-b1 secreted by primary
hepatocytes in situ. The microfluidic chip features a central channel
for hepatocyte culture. Two lateral sensing channels are separated
from the culture chamber by polyethylene glycol diacrylate hydrogel
barriers. These barriers prevent the beads from entering the cell cham-
ber while allowing the diffusion of growth factors from the central to
the adjacent channels [Fig. 5(b)]. The hydrogel thickness controlled
permeation, while the mesh size of the network influenced diffusion
coefficients. Non-fluorescent capture beads and fluorescent detection
beads (red for HGF and yellow for TGF-b1) conjugated with biotiny-
lated anti-HGF or anti-TGF-b1 antibodies were used. In this design,
diffusing growth factors first bound to capture beads, then to detection
beads carrying a secondary antibody, forming bead–bead aggregates.
Monitoring the fluorescence intensity of capture beads over time
allowed quantification of growth factor concentrations in the medium.
Compared to the commercial ELISA test, local growth factor measure-
ments obtained with the microbead-based sensing showed an approxi-
mately fourfold higher concentration of TGF-b1 and comparable limit
of detection for both growth factors (�6 pM for HGD and �21 pM
for TGF-b1) (cf. Table VI). While the sensors were used over a multi-
day culture (days 1, 4, and 7), sensing was accomplished with fresh

beads at each session to avoid saturation. Additionally, the extent to
which the capturing process of TGF-b1 and HGF by microbeads
affected the local growth factor concentration in the cell vicinity was
investigated, since a significant decrease in the local growth factor con-
centration might affect the autocrine signaling. An 11% depletion in
the TGF-b1 or HGF local concentration was found, which was consid-
ered a negligible decrease without noticeable effects on cell function.

In conclusion, the specificity of this sensing strategy is dictated by
the antibodies used for bead functionalization, underscoring its adapt-
ability. By tailoring bead design to relevant targets—such as IL-6,
TNF-a, or MMP243—this approach holds strong translational potential
for JoC applications.

3. Mass spectrometry-based sensing for omics

Mass spectrometry (MS) is an analytical technique to identify,
count, and understand the structures of molecules, separating them by
their mass and electrical charge. MS measures the mass-to-charge ratio
of ionized molecules, enabling their identification and quantification
based on mass and fragmentation patterns.96 This versatile technology
can be used in proteomics to analyze the entire proteome,115,241 metab-
olomics for small molecule metabolites,8,205 and phosphoproteomics
for phosphorylated proteins.18,21,25 Typical MS-based omics workflows
involve multiple steps. These include sample collection, lysis, and pro-
tein or metabolite extraction. In proteomics and phosphoproteomics,30

proteins are digested into peptides before separation (often by liquid
chromatography) and MS analysis. The resulting spectra are then
used for compound identification and quantification.241 Integrating
these steps into OoC platforms remains challenging, as it requires
seamless coupling of cell input, preparation, detection, and data
processing.115,224

Technically, a mass spectrometer consists of three main compo-
nents: an ion source for the sample ionization, a mass analyzer for the
ion separation, and a detector.96 Molecules are ionized, accelerated,
and separated by electric and magnetic fields according to their mass-
to-charge ratio, then quantified by the detector to generate a mass
spectrum.57 For structural analysis, a tandem MS (MS/MS) approach
further isolates parent ions for fragmentation, producing spectra that
encode structural fingerprints for compound identification against
databases of known molecules.70,241 This structural resolution is partic-
ularly relevant when it comes to probing cellular behaviors and molec-
ular responses to external stimuli.335,409

Direct coupling of MS to microfluidic platforms is difficult
because samples often require pretreatment before ionization. For
example, salts in secretions can cause ion suppression (i.e., matrix
effects), which reduces MS signal quality. This sample preparation
(e.g., purification, extraction, preconcentration) limits the technique to
near-real-time measurements.128,331 Solid-phase extraction (SPE) is
one method that has been integrated on-chip191,399 and used to moni-
tor non-esterified fatty acids release from adipocytes,83 vitamin E
metabolism by human lung epithelial cells on-chip,107 and neuro-
nal236,397,398 or hepatic108,235,423 activity in OoC systems. However,
SPE requires careful flow calibration, is prone to clogging and fouling,
consumes large solvent volumes, and is mainly suited for selective
purification. To separate a sample into its individual compounds based
on their chemical/physical interactions with stationary and mobile
phases, liquid chromatography is required.128 Kogler et al.175 devel-
oped a self-cleaning liquid chromatography–MS system to measure
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small-molecule drugs and metabolites in the cell medium of OoC sys-
tems [Fig. 5(c)]. The device employs automated filtration and back-
flushing to reduce biofouling, enabling long-term operation. Validated
in a liver-on-chip under FDA guidelines, this system could be adapted
to other OoC platforms for biomarker identification and disease pro-
gression monitoring through ECM and cellular secretions.

Proteomics enables comprehensive profiling of the proteome,
revealing signaling pathways, biomarkers, and regulatory networks
that govern tissue homeostasis and disease.115,389,435 It can also be used
to understand how proteins respond to different mechanical forces,
inflammatory stimuli, and therapeutic agents. Single-cell proteomics
extends this by capturing phenotypic heterogeneity and cell-specific
functional networks.115 MS-based proteomic methods provide label-
free, broad proteome coverage with sensitivity down to the single-cell
level.29 In the context of JoC systems, single-cell proteomics of chon-
drocytes under mechanical or biochemical stimulation could uncover
pathways regulating proliferation, differentiation, ECM catabolism,
and programmed cell death.166,405,435 Comparative proteomics across
patient-derived joint tissue models may further reveal genetic predis-
positions to joint disorders.202

Beyond proteins, MS can profile metabolites and monitor bio-
molecule release in response to metabolic changes or drug expo-
sure.8,205 While not yet applied in JoC systems, this approach may
have an impact on the research on OA/RA drug metabolism and toxic-
ity. MS has already detected cytokines such as IL-665 and TNF-a,404

demonstrating feasibility for monitoring inflammatory mediators rele-
vant to joint diseases. This would allow to move toward developing
personalized interventions for subgroups of OA patients. A first step in
this direction could be replicating on a chip the study of Carlson
et al.,38 who used liquid chromatography–MS to characterize synovial
fluid metabolic phenotypes of cartilage morphological changes associ-
ated with OA. Specifically, they worked with human post-mortem
synovial fluid samples, spanning from healthy to late OA cases, and
identified distinct metabolic pathways associated with OA progres-
sion/structural deterioration. To address MS sample-preparation
delays, microfluidic bioreactors have been coupled to SPE desalters
and MS detectors for near-real-time metabolic analysis of T cells.238

Adapting this solution to OoC platforms would require addressing sev-
eral analytical and technological challenges, such as the risk of clogging
from large molecules, limited temporal resolution, and a narrow spec-
trum of detectable analytes.

Phosphoproteomics, a branch of proteomics focused on phos-
phorylated proteins, provides detailed insights into cellular signaling
and disease mechanisms.272 By quantifying phosphorylation events,
phosphoproteomics provides insights into cellular responses, signal
transduction, and disease mechanisms. MS-based phosphoproteomics
arguably remains one of the best available technologies to comprehen-
sively characterize cellular signaling state.18,21,25 A notable advance is
the integrated phosphoproteomic chip (iPhosChip) clusters263

[Fig. 5(d)]. With its MS system, iPhosChip facilitates nanoscale-to-sin-
gle-cell phosphoproteomic analyses, enabling detailed profiling of
phosphorylation events with individual cells or small clusters.
iPhosChip is an automated, all-in-one platform for phosphoproteo-
mics. It integrates cell capture and imaging, cell lysis, protein digestion,
and phosphopeptide enrichment [Fig. 5(d)(iii)]. The total processing
time is about 7 h. Tested on patient-derived lung cancer cells,
iPhosChip showed high capture efficiency, reproducibility and

enrichment specificity, while reducing sample loss and processing time
(cf. Table VI). Despite these advantages, fabrication remains complex,
requiring minimization of nonspecific adsorption and competitive
binding from acidic peptides.

Overall, while integrating MS-based omics into OoC platforms
remains technically demanding due to the complexity of sample prepa-
ration and analysis, advances such as iPhosChip highlight growing fea-
sibility. By enabling sensitive molecular readouts, MS-based sensing is
a technique worth considering for the next generation of OoC
platforms.

III. PERSPECTIVE ON SENSING MULTI-SENSING
CAPABILITIES INTEGRATION IN JOINT-ON-CHIP
PLATFORMS

At the beginning of this review, we presented the JoC as a promis-
ing tool to recapitulate the dynamic and multi-faceted joint microenvi-
ronment within pathophysiological contexts of use. In our vision, a
robust, high-fidelity JoC platform, seeking recognition as a transforma-
tive approach in translational musculoskeletal research and drug dis-
covery for the OA/RA treatment, should incorporate the capability of
(i) controlling the 3D architecture of joint tissues and allowing multi-
tissue interactions (i.e., inter-tissue crosstalk); (ii) recapitulating the
complex biochemical and biophysical joint microenvironment; and
(iii) integrating multi-sensing strategies for real-time and noninvasive
monitoring of tissue behavior under both physiological and pathologi-
cal conditions. In this section, we start from the latter point summariz-
ing the main challenges related to the integration of multi-sensing
strategies within JoC and providing our perspective on possible future
directions for the field. Then, we discuss potential additional barriers
and considerations toward the widespread adoption of JoC.

A. Multi-tissue integration

As we previously described, the joint is composed of multiple tis-
sues including cartilage, subchondral bone, synovial membrane,
meniscus, ligaments, and other auxiliary tissues, and its pathophysio-
logical state heavily depends on inter-tissue communication. Toward
the development of a JoC platform recapitulating the interactions
among those tissues, attention should be paid to ensure that the model
is as simple as possible but as complicated as needed. Although a fully
representative system would include all joint structures exposed to
in vivo-like biochemical and biomechanical cues, only certain tissues
or stimuli may be necessary depending on the specific context of use.
In this direction, contemporary JoC platforms are transitioning from
single-tissue models188,271,319,320 to multi-compartment systems with
the goal of modeling tissue crosstalk.189,204,207,259,266,286,327 Distinct yet
interconnected tissue compartments are incorporated in microfluidic
platforms, each maintaining tissue-specific microenvironments while
allowing molecular exchange. These systems demonstrated that inter-
tissue communication significantly influences the disease progression,
as evidenced by inflammatory cascades propagating from synovial
compartments to cartilage and subchondral bone regions.145,400 These
multi-tissues systems have been already used in proof-of-concept stud-
ies with patient-derived cells, synovial fluid, and tissue samples to cre-
ate individualized disease models that can potentially predict
therapeutics responses at the single patient level.293 Toward the same
line, gender-specific JoC are starting to be considered to enable a better
disease stratification (e.g., knowing that OA affects women more
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frequently than men) and eventually improve the predictive accuracy
of JoC as preclinical models.61

B. Immune system integration

In terms of multi-tissue communications, it has also been recog-
nized that the immune system plays a role in the initiation of chronic
inflammation to the synovium.248 The process is the result of the inter-
action between all joint tissues and immune cells. Therefore, an
advancement in the JoC development would be the integration of
immune cell populations to model inflammatory process central to
OA and RA pathogenesis. Recently published JoC platforms incorpo-
rate circulating immune cells,284 including monocytes189 and macro-
phages250,286 even within perfusable vascular networks that interface
with tissue compartments.255 These models were used to mimic para-
crine interactions in healthy and inflammatory joint environments,250

investigate how the unbalanced communication between cartilage and
synovial tissue contributes to the development of OA,286 and demon-
strate that immune cell extravasation and subsequent tissue infiltration
create inflammatory microenvironments that more accurately recapit-
ulate pathological states.255

C. Multi-sensor integration

Such envisioned combination of multiple immunocompetent tis-
sues within a single JoC platform would make even more relevant the
necessity to integrate multiple, possibly tissue-specific, sensing techni-
ques. Multi-sensing strategies have indeed the potential to increase the
quality and quantity of data that can be simultaneously obtained from
every tissue present in a specific JoC. As noted in Secs. II A–IID, vari-
ous readouts amenable to OoC technologies could dissect complex
biological processes from different angles. By integrating optical, elec-
trical, mechanical, and biochemical sensing modalities into a single
JoC platform, a more comprehensive understanding of the cellular
behavior, tissue dynamics, and biochemical signaling could be
achieved, thus significantly enhancing the relevance of such in vitro
models of the joint pathophysiology. However, this integration must
be balanced against manufacturing feasibility, operational complexity,
and clinical validation requirements. Overall, multi-sensing integration
should be conceived ensuring that the added complexity does not
compromise platform reliability, cost-effectiveness, or usability.
Although not yet implemented in JoC platforms, preliminary demon-
strations already validated several key technological building blocks
within joint-relevant OoC, including optical monitoring in synovium-
on-chip,320 electrochemical sensing integrated in cartilage-on-chip
under controlled mechanical loading,308 and dual continuous meta-
bolic biosensing in cartilage-on-chip.323 In addition, multi-sensor inte-
gration has been demonstrated in other OoC systems, indicating that
this strategy is technically realistic. As a final perspective of this review
and following its vision, we propose a series of potential combination
of integrated biosensors that target specific joint tissues and may be
useful to advance our understanding of joint pathophysiology.

Optical and electrochemical sensors. The combination of conven-
tional microscopy with optical and electrochemical sensors could
enable real-time imaging of the cell morphology alongside the moni-
toring of metabolic activity and ion concentration in the ECM. In a
JoC featuring synovial and cartilaginous compartments, such sensors

could elucidate how synovial inflammation correlates with cartilage
microfractures during OA onset. For instance, optical fiber sensors can
assess the viability and proliferation of synovial fibroblasts under bio-
chemical stimuli (e.g., pro-inflammatory cytokines) and/or hyperphy-
siological mechanical loading, while electrochemical sensors could
simultaneously measure calcium ion levels associated with fibroblasts
signaling pathways.307 From a practical standpoint, this combination
is feasible because both optical and electrochemical sensors have
already been applied for cartilage-on-chip323 and synovium-on-chip
optical monitoring.320

Optical/electrochemical/biochemical and mechanical sensors. A
JoC platform that couples mechanical and optical or electrochemical
sensors can capture both morphological and ionic changes in the ECM
arising from controlled physiological and pathological mechanical
stimulation. This setup could be especially relevant for subchondral
bone-on-chip or osteochondral unit-on-chip models, where interac-
tions at the cartilage–bone interface critically influence OA progres-
sion. By concurrently measuring mechanical compression and/or
shear (e.g., via microcantilevers) and metabolic/inflammatory
responses (e.g., using fluorescent nanoprobes or mass spectroscopy),
researchers can pinpoint how different levels of mechanical loading
activate specific mechanotransduction pathways to drive joint degener-
ation. This sensor combination is practically achievable in a stepwise
manner because mechanical actuation is already compatible with carti-
lage-on-chip sensing (electrochemical sensing under mechanical load-
ing308). A possible implementation pathway would be to start with one
chemical modality combined with mechanical readout, and then
expand to biochemical assays.

Mechanical and electrical sensors. Integrating mechanical and
electrical sensors in a JoC platform offers insights into the biomechani-
cal and electrochemical properties of joint tissues under pathological
biochemical or biomechanical stresses. In particular, the delay between
a tissue’s mechanical reaction and its electrical activity can be quanti-
fied, clarifying the relationship between streaming potential and com-
pressive forces within the joint. The streaming potential itself is an
electrokinetic phenomenon arising when the synovial fluid, rich in
ions, is forced through the cartilage ECM during movement. Notably,
the amplitude and timing of this potential depend on the ECM integ-
rity. Early degenerative changes such as proteoglycan loss or collagen
disruption alter the fluid flow and thus the electrical signal, making
this approach highly relevant for detecting the onset of OA and guid-
ing early intervention strategies.

Multi-modal approach for continuous sensing. A truly multi-
modal continuous sensing strategy would involve an integrated JoC
platform with interconnected joint compartments—e.g., cartilage, sub-
chondral bone, synovium, and ligament—each equipped with dedi-
cated sensors. The design would replicate the functional
interdependence found in vivo and enable the real-time data acquisi-
tion of relevant parameters using tissue-specific sensors: mechanical
sensors to capture stress and deformation in tissues like cartilage and
ligament, electrical sensors to monitor electrokinetic phenomena (e.g.,
streaming potential in cartilage and changes in electrical conductivity
in bone tissue), and chemical/biochemical sensors to detect inflamma-
tory or degradative markers (e.g., cytokines, MMP in cartilage and
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synovium). By feeding real-time data from each sensor into a central-
ized acquisition system, subtle changes in ECM composition, synovial
inflammation, or bone remodeling can be detected at very early stages,
providing critical insights into how localized disruptions in one tissue
can propagate to others. Such a holistic view is crucial for unraveling
joint pathophysiology at a system level. While this represents a longer-
term target, it is practically feasible through modular design: individual
sensing units can be deployed for each joint compartment and pro-
gressively interconnected.

D. Challenges of multi-sensor integration

From this outlook, it appears evident that incorporating multi-
sensing capabilities for real-time monitoring would offer several
advantages with respect to exclusively performing end point analysis.
A JoC platform equipped with integrated sensors not only enables a
deeper exploration of biomechanical, electrical, and biochemical fac-
tors governing joint health and disease, but also provides a potent test-
ing ground for emerging therapies targeting OA and RA. Continuous
monitoring can streamline data collection, facilitate real-time quality
control, and significantly boost experimental throughput, potentially
outperforming traditional preclinical models in terms of efficiency and
predictive power.42

Despite these advantages, the integration of multiple sensors into
the same platform still remains a non-trivial engineering challenge. As
we have specifically discussed in Sec. II, different sensors often demand
distinct materials or microfabrication techniques, raising compatibility
issues that can undermine the overall performance. Technological
strategies should be identified to integrate multiple nearby sensors and
maintain sensitivity and accuracy over an extended period of time,
while minimizing signal interference that could degrade the data
quality.

An additional challenge is the validation of such sensorized JoC
models against clinical dataset to demonstrate their predictive accuracy
in resembling native joint tissues and/or diseases. While many plat-
forms demonstrated biological plausibility and ability to detect phar-
macological responses,201,207,285,327 their benchmarking against clinical
data are still missing. This validation deficit represents a barrier to reg-
ulatory acceptance and clinical adoption of JoC technologies as recog-
nized preclinical tools. Establishing clinically relevant validation
requires key components, such as identification of biomarkers that
correlated between JoC measurements and clinical assessments, the
creation of reference datasets from patient populations, and the devel-
opment of standardized protocols for translating in vitro readouts to
clinical data.

E. Standardization of JoC platforms

Standardization has also emerged as a critical issue to be
addressed to achieve a widespread adoption of OoC technologies,
and JoC specifically, for the drug development and potentially in
the future clinical applications. The current lack of standardized
terminology, protocols, and performance metrics creates hinders
the technology transfer, regulatory approval, and commercial
adoption of OoC technologies. A recent initiative by European
organizations have identified key areas for the OoC widespread
adoption including biological, engineering, manufacturing and
data collection standardization.42 Biological standardization

represents a particularly complex challenge given the inherent
variability in primary cell sources, tissue donors, and culture con-
ditions. Standardized cell characterization protocols, quality con-
trol metrics, and acceptance criteria are essential to ensure
reproducible results across different laboratories and platforms.
Engineering standardization encompasses multiple technical
domains including microfluidic interfaces, sensor calibration
procedures, and data acquisition protocols. The development of
standardized connection interfaces would enable modular inte-
gration of different JoC components, facilitating innovation
while ensuring compatibility. Standardized calibration proce-
dures for multi-sensor systems are essential for ensuring mea-
surement accuracy and enabling data comparison across different
platforms and studies. Manufacturing standardization becomes
critical as JoC technologies transition from laboratory prototypes
to commercial products. This includes establishing good
manufacturing practices guidelines specific to microfluidic devi-
ces, quality control procedures for complex multi-component
systems, and sterilization protocols compatible with sensitive
sensor components. Data standardization represents another
critical need, particularly as JoC platforms generate increasingly
complex multi-parameter datasets. Standardized data formats,
metadata requirements, and sharing protocols are essential for
enabling meta-analyses as well as machine learning applications.
In fact, collecting large datasets from multiple sensors also adds
layers of complexity to data analysis, necessitating sophisticated
algorithms and computational tools capable of synchronizing
and interpreting real-time signals. Incorporating artificial intelli-
gence tools may help identify patterns, predict disease trajectories
and outcomes, and refine interventions.

In summary, while the integration of real-time sensors into JoC
poses non-trivial hurdles, it holds promise for advancing our under-
standing of joint disorders and accelerating the discovery of effective
therapies. Continued innovation and interdisciplinary collaboration
will be vital to overcome these obstacles, and the potential benefits for
studying and treating OA, RA, and other joint-related diseases are
unparalleled.

IV. CONCLUSIONS

Multi-tissue dynamic JoC platforms hold the potential to revolu-
tionize the way OA and RA are studied and treated by providing a
more precise and comprehensive understanding of these complex dis-
eases already in the preclinical phase. The integration of multi-sensing
capabilities will allow the researchers to gain deeper insights into the
dynamic changes occurring within the joint microenvironment, lead-
ing to more informed decisions in the development and testing of new
therapeutics, particularly in the field of precision medicine and person-
alized drug treatments. Even though some engineering hurdles are yet
to be addressed to obtain a standardized and sensorized JoC model,
the integration of noninvasive sensors for real-time monitoring ulti-
mately represents a significant leap forward in the development of the
next generation of JoC, offering a powerful tool for advancing our
knowledge and treatment of joint-related disorders.
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