REVIEW

sl

www.small-journal.com

Transducer Systems Integrated into Organ-on-a-Chip

Devices: From Detection to Fabrication

Gabriel M. Ferreira, Patricia C. Sousa, Susana O. Catarino, and Graga Minas*

Organ-on-a-chip (OoC) devices are an emerging class of advanced
microfluidic systems that replicate human physiological functions at the
microscale. Enabled by advances in microfabrication techniques
(cleanroom-based microfabrication and 3D printing technologies) and tissue
engineering, OoCs allow culture cells, manage fluid flow, and recreate
biochemical and mechanical stimuli, with high reproducibility and low cost.
Therefore, they offer a promising alternative to the traditional preclinical
testing of pharmaceutical drugs, contributing to predict the efficacy of new
developed drugs. Nevertheless, for this prediction is essential an accurate
monitoring of cellular responses over time. However, the effective integration
of various types of transducers—optical, electrochemical, mechanical, and
resistive—into a single platform for real time monitoring remains a key

organs, as the heart, lung, liver, brain, intes-
tine, kidney, blood vessel and lymph node,
or even multiple organs.'-*] OoC develop-
ment has been promoting the non-use of
animals in initial preclinical tests, avoiding
ethical and social concerns.l! In addition,
the small size, low cost, fast analysis, energy
efficiency, and the ability to establish more
realistic physiological models have made
OoC devices increasingly more attractive
for the advance of biomedical research.>#

The concept of OoC has been emerging
for studying drugs, aimed at treating can-
cer and other diseases, in which the varia-
tion of several biological parameters is es-

challenge. This review explores the main transduction techniques used in
O0Cs, as well as current strategies, limitations, and suggests potential

solutions for their integration into functional organ models.

1. Introduction

The Organ-on-a-Chip (OoC) concept is a revolutionary idea that
mimics the complex physiological or pathological processes of
human tissues and organ models. OoC devices boost the devel-
opment of drug discovery and screening, and encourage the tox-
icology research, emulating the behavior of different cells and
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sential. A key feature of these platforms is
their capacity to monitor and control the cel-
lular microenvironment in real time, cap-
turing dynamic changes in biochemical and
physical parameters. Critical factors such
as temperature, pH, oxygen concentration,
glucose, lactate, and mechanical forces influence cell function,
differentiation, and response to treatment. These biological re-
quirements define the sensing needs of OoC platforms, shaping
both transducer selection and device architecture.

Therefore, the design of an OoC device must be dictated by
several important considerations, including transducing mech-
anisms, materials availability, microfabrication techniques, and
finally, the integration of all components and processes into a sin-
gle platform.l!

In particular, sensors are essential for the monitorization of
biological and physiological parameters. They transform the sig-
nal outputted from a physico-bio-chemical quantity (variable to
be measured), which usually is in one form of energy into elec-
trical signals, which can be easily processed and interpreted. Op-
tical, chemical, mechanical, and thermal transducers have been
the most applied in OoC systems, essentially for sensing pH, oxy-
gen (O,), glucose, lactate, proteins, pyruvate, temperature, and
pressure.l®]

Complementarily, actuators play a key role in regulating and
control experimental conditions and dynamic stimuli, helping
to replicate physiologically relevant stimuli. They are most com-
monly used for temperature regulation, fluid mixing, and me-
chanical stimulation, providing real-time feedback control. These
actuators typically operate by converting electrical signals into
physical effects, such as localized heating, membrane defor-
mation, or microchannel vibration. Together, sensing and ac-
tuation components form closed-loop systems capable of mim-
icking and dynamically controlling the complex microenviron-
ment of living tissues in vitro. However, one of the critical
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Figure 1. Overview of the multidisciplinary components required for the development of Organ-on-a-Chip platforms, from biological parameters to

fabrication and integration.

challenges in the development of clinically relevant OoC devices
is the integration of all components, including microfluidic chan-
nels/chambers, sensors, biosensors, actuators, and the respective
readout and control electronics into a single module. This inte-
gration process is essential for continuous, real-time, and mul-
tiplexed measurements,/’! and it can influence the sensing ele-
ments behavior. Soft lithography, injection moulding, 3D print-
ing, hot embossing, and bonding!®?! are techniques usually used
to fabricate, assemble and/or integrate microfluidic chips. Yet,
it is imperative to perform the fabrication and integration in a
controlled environment. For instance, optical and electrochemi-
cal based-sensors are the most affected by the bonding processes
during assembly and integration phases.['%l The adequate assem-
bly method depends on the materials, chip architecture, and fab-
rication techniques employed.['% So, although there is no stan-
dard method and no recommendation on how to perform the
bonding between sensors, the microfluidic chip, and the sub-
strate, there is a plethora of methods reported in the literature
that help to draw conclusions regarding the best methods for
each specific application.[*’]

Since the OoC devices and technologies are becoming a re-
search area with enormous scientific growth and expansion
within the last years, it is extremely important to carry out a
review focusing on the different types of applied transducers
and their integration into OoC systems. Several literature re-
views have examined sensors for OoC devices, focusing on detec-
tion methods and integration strategies.[*1%1*] However, most of
them have not addressed the interplay between sensing and ac-
tuation in a unified manner. This review provides a structured
and critical analysis of both sensors and actuators designed for
integration into OoC systems. It discusses the different physico-
chemical parameters and biomarkers relevant to monitor and
control in OoC systems, the various transduction methods, and
their main fabrication techniques, assembly, and integration ap-
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proaches, along with current strategies, limitations, and poten-
tial solutions that are driving significant technological progress.
In addition, the review highlights different applications of these
transducers, such as in lab-on-a-chip (LoC) systems and in micro-
bioreactors, as foundational technologies for the development of
the OoC models. The contribution of this review lies in empha-
sizing how the integration of sensors and actuators enables more
physiologically relevant and real-time responsive organ models.
These insights are essential for the adoption of OoC devices as
predictive preclinical testing platforms. A schematic representa-
tion of the main elements and their interconnection in the devel-
opment of OoC is shown in Figure 1.

2. Relevant Biological Parameters Analysis in OoC

For some in vitro studies, it is important to maintain the culture
cells in hypothermia and/or hyperthermia conditions, to cover
the optimal cell growth temperatures.'*! Thus, temperature
control is essential to minimize differences between the incuba-
tor/chamber set point and the in situ temperature, particularly
when door opening can affect cell culture.l®! In addition to tem-
perature, pH and O, concentration are critical in cell culture. pH
can vary significantly in long-term cultures and tissue studies,
influence cell differentiation.l'#!>] The optimal pH for most
cultured cells is &7.4, although slight variations are observed
among different cell lines.['*'7] While the ideal pH for cell growth
varies among cell strains, normal fibroblast lines typically exhibit
optimal performance within a pH range between 7.4 and 7.7,
whereas transformed cells tend to proliferate more efficiently
at a pH between 7.0 and 7.4. Additionally, some studies have
indicated that epidermal cells can be maintained at a pH of
5.5.11%1 However, certain pathological conditions can alter the pH
of cells and their surrounding media during proliferation. For
instance, as a cell undergoes tumorigenic transformation, the
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extracellular environment experiences a pH reduction from 7.4
to ~6.5-7.0, while the intracellular pH becomes more acidic, to
values between 4.5 and 5.5.'8] Small fluctuations in cellular pH,
typically within 0.1-0.6 units, naturally occur as part of normal
cell activity and metabolism.!"’! These variations reflect changes
in ion transport and energy balance that regulate many biological
processes, such as growth, signalling, and protein synthesis.[!]
Although subtle, they are essential indicators of cell health and
function. Therefore, accurate in situ pH monitoring is thus
crucial for assessing cell health and drug efficacy.[2>°]

Another relevant parameter is oxygen. It is one of the main
components of cellular respiration and energy production, be-
ing crucial in cell metabolism and function.?!! It presents dif-
ferentiated values in cancer and healthy cells/tissues. There-
fore, an accurate monitoring and control of this parameter is es-
sential in OoC system.[??] For instance, typical oxygen tensions
range from 90-110 mmHg (12-14% O,) in brain tissue, 27—
49 mmHg (3.6-6.4% O,) in bone marrow, and 30-90 mmHg
(3.9-12% O,) in liver tissue. These variations in oxygen con-
centration are not only tissue-specific but also directly influence
cellular enzymatic activity.!?}] Several intracellular enzymes, are
oxygen-dependent in the range of 30-200 uM O,, indicating that
even small fluctuations in oxygen levels can alter metabolic and
transcriptional pathways.[?}] Consequently, sensors designed for
OoC platforms must provide high sensitivity and resolution, ca-
pable of detecting oxygen changes below 10 um to accurately
mimic physiological and pathological oxygen dynamics. In ad-
dition to oxygen, other environmental parameters, such as pres-
sure and humidity, and also biochemical analytes (proteins, glu-
cose, and lactase) need to be analysed, depending on the intended
OoC function.'"*?*%] Glucose and lactate monitoring is crucial to
treat diabetic patients, assess cellular metabolism, and maintain
physiological homeostasis.[??”] Glucose concentrations typically
range between 2 and 6 g L! (~11-33 mM), requiring sensors
with wide dynamic range, high resolution (~0.1-0.5 mM), and
fast response times,[?8%] Lactate, produced through glycolysis
even under normoxic conditions, accumulates extracellularly, re-
ducing pH and indicating altered metabolic states.[**! Thus, both
analytes are essential biomarkers for evaluating tissue function
and disease progression in OoC platforms.

Understanding and controlling these biological, physical, and
chemical parameters is fundamental to guarantee physiologi-
cally relevant microenvironments required for viable OoC sys-
tems and for seeking the efficacy of a drug therapy. Therefore,
the integration of in situ transducers, in the OoC cellular model
and/or in the microfluidics network, which convert those vari-
ables into measurable electrical signals is of utmost importance
for effectively multi-parametric real-time monitoring. This trans-
lation is achieved through different transduction mechanisms,
which bridge the biological and the electronic readout domains.

3. Transducers

3.1. Optical Transducers

Optical detection is widely employed in OoCs mainly due to its
real-time monitoring capability, flexibility, high sensitivity, com-
pact size, immunity to electromagnetic interference, and less de-
pendence to pH and temperature changes. As schematized in
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Figure 2, it is employed when the materials or samples under
analysis, either alone or in combination with a specific dye, ex-
hibit characteristic optical properties, particularly in terms of ab-
sorption, luminescence, fluorescence, reflectance, or refractive
index.['1-2431] For its proper implementation, excellent transpar-
ent materials are required in the OoC platform, assuring a bet-
ter transmission of the optical signals. Typically, those materi-
als are PDMS, glass, and PMMA, enabling also a fast and easy
OoC integration.!"!] Furthermore, optical transducers allow for a
remote and non-invasive detection, which advantages long-term
measurements. In most of the optical methods, the light that tar-
gets the sample is subsequently directed to an optical transducer
for their electric conversion and quantification. Optical sensors
have been widely used and implemented in OoC, mainly for pH,
oxygen, glucose, and lactate, as summarized in Table 1.

3.1.1. pH Detection

Optical methods have been reported in literature for pH sensing,
mostly based in absorbance and luminescence approaches.l!]
As presented by Wu et al.*¥) and Khalid et al.,**] pH can be
monitored in micro-scale cell culture environments for liver and
heart-on-a-chip applications, by measuring the optical properties
of phenol red, normally contained in culture medium.*2-4 The
phenol red is a non-toxic, non-invasive, colorimetric pH indica-
tor widely used in cell culture, particularly due to its ability to
visual output a change in its color, from yellow to bright pink,
when the pH of the culture medium changes from acid to al-
kaline, bellow 6.2 and above pH 8.2, respectively, with an opti-
cal absorbance peak at 560 nm.3>3¢! In particular, Wu et al.l}?]
used a light emitting diode (LED) at 568 nm wavelength, one op-
tical fiber to connect the sample to the light source and another
one to connect the sample to a photodiode used as the optical
sensor. In this setup, the light passes through a polydimethyl-
siloxane (PDMS) microfluidic chip, then passes through the sam-
ple solution and through a thin glass cover slide, finally reach-
ing the photodiode. The phenol red dye was also used by Khalid
et al. for pH measurements. The detection was performed using
a white LED, an optical filter and a photodiode. Khalid et al.*]
achieved a sensitivity of 0.489 V pH!, while Wu et al.32] achieved
20.83 V pH~! sensitivity. Also, Shaegh et al.’’] and Zhang et al.l*®!
quantified pH using phenol red and a silicon (Si) photodiode for
readout, with a sensitivity close to 0.160 V pH™! for both sys-
tems. These systems comprised a white LED, an optical filter (at
515 nm) and a photodiode. Based on a miniaturized system, San-
tos et al.3%) explored the optical properties of the EGM-2 Endothe-
lial Cell Growth Medium-2 BulletKit at different pH values, also
employing the phenol red as the pH indicator (already included
in the culture medium), to develop an optical sensor able for pH
detection of the culture medium flowing in the OoC microflu-
idic chamber.[*! The authors proposed a microsystem, based on
CMOS photodiodes and current-to-frequency converters (Figure
3A), to mitigate the problems found in recent methods, which
involve complex and non-miniaturized systems with commer-
cial photodiodes,*®] optical fibers,[*) sol—gel filters,[*!l and optical
microresonators.[*?] The microsystem was fabricated through the
UMC L180 MM/RF CMOS technology, and on top a PDMS mi-
crochannel/microchamber was bonded. By evaluating the slopes

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

Juill

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

pauiodal 10N -¥N

10128} ymou3d

asuodsau Je|n|jad 4N 4N apoipojoyd SOIND u19104d /aduadsaion|4 |eljayopuy [¢9]
uoissaidoid sown| WW [-90°0 ¥N ¥N HAVN / 42qy [eando aduadsalon|4 91e1087 [og]
Kdoosoudads

uBjs wiealoq L—Ip Sw 00505 4N Keute spoipojoyd syenu| dIN 22U asnyiq asoon|n [Lo]

wnJas uewny WW O/ ¥N sapoipojoyd |eldiawiwo) Kdoosourdads ¥|N uoIssiSUEl] asoon|n [9g]

a1nynd |20 WW y—/€°0 ¥N J0suas 0D aoo / duadsauiwinT asoon|n [z2]

J211aAU0D 3.} |0A
sisougelp |ediul)d 1-Ip 8w 00€-5Z 8w _sipnizse 011y31] |eJaWIWOD aoo / aduequosqy asoon|n [oz]
ssado4d SOND-wH 81°0

ainynd |3 BN BN DINSL J0 3poipoloyd +l¢(ddp)ny] / @duadsauiung o) [ed]

asuodsai Jejn|jad IN IN AN dd413d / @usdsauiwing e} [8¥]
Aesse-o1q pazunjeluiw

pue ‘uunynd |2 ‘Bulisauidus anssi| qdd oz1 4N apoipojoyd IS MdI01d / 9dusdsauiwng 0 [zs]

diyd-e-uo-1aA1] wdd -0 N N d30id / @duadsaionyy ‘0 [6v]

diyd -e uo-jeay-pue-1ani| ¥N %LO/AW £ apoipojoyd IS (ddp)ny / @duadsaion|4 0 [g¢]

anynd |23 AN AN aN dd413d / 92uadsaion|y ‘o [zv]
921A9p diyd-e-uo-uedio

puE 2n3n |32 dIpINYOIIN AN [zo%l/Aw 9 4N (ddp)ny / @dusdsauiung ‘o lze]

SUOI1EWIOJSUEL]

awiAzus jo SuoUOW BUIUO edy 600°0 YN AN 4dg.1d13d / @2usdsauiun ‘0 [Ls‘0s]

Burusaids 3nup pue sjppow Jown| Hd g—g Hd/NV zvZ 0 4N D114 / 92uadsaion|4 dujawoney Hd [9]

S|[92 UBljeWIWE Hd €000 N N ZLDHO / @>uadsauiunT Hd [s¥]

Aanfui Sun| paonpui-8nip oiwiny ¥N \-Hd AW 7 F 99 Jo3sisaioroyd |e1DIBWIWOD pay |ouayd / dueqiosqy Hd (9]
921A9p diyd-e-uo-uedio

puUE 24Nn3|N |93 JIPINPOIDIA| uN \—=Hd AW € F 091 apoipojoyd IS pay |ouayq / 9dueqiosqy Hd [z€]
s8nup Jo ssauanidayd

ay1 Sunen|eas pue Jolaeyaq [|92-3|3uls UN \—Hd |x1d y6—1§ Josuas ddd 19he| 1sd / wisnewsnsy Hd [oy]

J3LI2AUOD)
D1A3p (uonnjosau jo 41 +wri g0 dAN
diy> e uo uedio ue ul winipaw ainynd Hd 10) Hd £/~ —Hd ZH L woyy spoipoioyd SOND pay |ouayd / 9dueqiosqy Hd [6¢]
diyo-e-uo-1aAn

diy-e-uo-19oued Sunq ¥N —Hd A 6870 apolpojoyd [eDiawwo) pay |ouayd / dueqiosqy Hd [peeel

diyd-B UO-1IBIY-pUEB-IIAI] AN \—-Hd A6SL0 spoipojoyd 1S pay [ouayd / 9ueqiosqy Hd [g€]

ainynd [|3D Hd Z0 (8'£-89) \—HA A €80 apoipojoyd |eiawwio) pay |ouayd / 9dueqiosqy Hd [z¢l

suoljedlddy aol Ayanisuss Jadnpsuel| JaxJewolq 4o akp/ poyia|y uoidaleQg Jo1oweled EN]

‘swiojre|d 00O /D07 ul uonei3alul paemo) sidnpsues) pue spoyiaw [eanindo jo uosiiedwo) | 9|qeL

© 2025 The Author(s). Small published by Wiley-VCH GmbH

€10425 (4 of 31)

Small 2026, 22, 10425


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

Light source

www.small-journal.com

Optical sensor

Reflectance

Microfluidic chip

Dye

Transmittance

- - - -

&

Figure 2. Schematic of different optical detection techniques in a microfluidic chip. The light source illuminates the sample inside the chip, where an
indicator dye interacts with the target analytes. The transmitted, reflected or luminescented light is captured by an optical sensor, enabling the analysis
of the sample optical properties, such as transmittance, reflectance, luminescence, and refractive index. The readout signals are electronically processed

to obtain the data.

between the transmittance values at three specific wavelengths
(500, 560, and 600 nm), the microsystem was able to distinguish
pH values from 7.7 to 4.4, with a resolution of 0.1 pH units. These
slopes’ methodology overcome the limitation referred by some
authors that the optical detection of pH by phenol red has a lim-
ited pH range, typically around pH 6.8 to 8.4.1}1 While some au-
thors use only one of the following wavelengths, 515,371 560,441
or 568 nm,3?] Santos et al. used three wavelengths (500, 560,
and 600 nm), achieving greater accuracy in determining the ab-
sorbance of phenol red.?°] Another optical method for pH detec-
tion in a microfluidic system with cell media was described by
Miiller et al.,[*] using the luminescence of OHC12 dye, as pre-
sented in Figure 3B.I**! The pH indicator was excited with red
light (620 nm), and their emitted light was in the Near-Infrared
(NIR) range. Optical fibers were used to guide the light to an optic
block. The sensor presented a resolution of 0.003 pH units with
a response time of ~30 s for a pH shift of 0.5 pH units, from pH
7 to 7.5.1%] Despite the better resolution, this detection method
is more complex when a complete integration in a single module
is needed. Also, the long-term monitoring can be compromised
due to the sensor spot reusability.

Besides absorbance and luminescence, a new optical method
was used by Moghaddam et al.,[*®] called astigmatism method.
It is based on the use of the swelling and shrinkage of chitosan-
tetraethyl-orthosilicate-PDMS as a pH-sensitive layer (PSL). The
authors used a setup comprising two cylindrical lenses with per-
pendicular axes and an objective lens, as well as a 667 nm wave-
length LED to illuminate the sample. The working principle of
the sensor is based on the swelling of the PSL layer when ex-
posed to different pH values. Therefore, by measuring the PSL
volume changes, the pH of passing buffers can be identified. At
the same time, the divergence of the light reflected from the PSL
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surface changes by alternating the distance between the objec-
tive lens and the surface. After the reflected light passes through
two cylindrical lenses, the shape of the beam appears on a 5 MP
charge-coupled device (CCD). The method achieved a sensitivity
of 54-94 pixels pH~1.[40]

When comparing the different optical pH sensing strategies,
absorbance-based methods stand out for their higher usability,
simplicity, low cost, low power consumption, and ease of in-
tegration, as they can directly use phenol red present in most
culture media. However, phenol red may feature a limited pH
range (typically 6.8-8.4) not covering all physiological changes,
and the absorbance readings can be influenced by medium com-
position and optical alignment, which requires careful calibration
and control. Luminescence-based sensors, on the other hand, of-
fer higher resolution and lower detection limits, making them
suitable for monitoring subtle pH variations. However, their in-
tegration can be more complex, requiring additional excitation
sources, optical filtering, and an even more accurate optical align-
ment. More advanced techniques, such as astigmatism-based
sensing, allow label-free and highly sensitive measurements, but
involve bulky and less practical optical setups that are not yet op-
timized for compact OoC platforms. Overall, while absorbance
remains the most practical option for rapid prototyping and
integration, luminescent sensors are more promising for high
performance.

3.1.2. Oxygen Detection
Oxygen detection in OoC platforms relies predominantly on

luminescence-based methods due to their high sensitivity
and suitability for continuous, non-invasive monitoring. It
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Figure 3. A) Setup for the transmittance measurements of the culture medium at different pH levels, presented by Santos et al.[>*] Reproduced from[3°]
with permission from MDPI, under a Creative Commons Attribution (CC BY) license. Copyright 2024, MDPI. B) Concept of the microfluidic chip utilized
by Miiller et al.[°] Reproduced from[43] with permission from Elsevier, under a Creative Commons Attribution (CC BY) license. Copyright 2021, Elsevier.

uses either fluorescence or phosphorescence dyes that re-
spond to O, molecules as a quencher available inside the
chip.?!l Few examples of the most used dyes are: Platinum
(II) tetrakis(pentafluorophenyl)porphyrin (PtTFPP),*#8] Pla-
tinium (II) octaethylporphyrin (PtOEP),[*! Platinum (II)-meso-
tetra(4-fluorophenyl)tetrabenzoporphyrin (PtTPTBPF),15051
Ruthenium-tris(4,7-diphenyl-1,10-phenanthroline)  dichloride
(Ru(dpp)),*”8 and Singlet O, sensor green (SOSG).

Muller et.al.[**] integrated the previous described pH lumines-
cence sensor with a O, sensor (Figure 2B), taking the lumines-
cence optical properties of polymer particles stained with oxy-
gen sensitive PtTPTBPF.[*] These particles are excited with red
light (620 nm) and emit in the NIR range of the electromag-
netic spectrum, like the used pH indicator, which simplifies the
light source and detection setup. The lifetime of the excited dye
molecule is proportional to the oxygen partial pressure and is
used as a robust, intensity independent parameter.[*?]

The sensors designed by Shaegh et al.3”] and Zhang et al.*®]
consist of [Ru(dpp);] 2*Cl,~tris(4,7-diphenyl-1,10- phenanthro-
line)ruthenium (II) chloride as an oxygen indicator, with an
excitation wavelength at 463 nm and a maximum emission
at 618 nm. The designed sensors presented a sensitivity of
6 mV/[%0,]*”] and 7 mV/[%0,],*®¥ respectively. Shaegh et al.l?”]
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used a Si photodiode to receive the light emitted by the oxygen
indicator. Another option, presented by Matsumoto et al.,[*] is
the use of a polystyrene (PS) layer containing PtOEP, with an
excitation wavelength at 510-560 nm and a fluorescence emis-
sion wavelength at 650 nm. Matsumoto et al.[*} achieved a detec-
tion range of 0-9 ppm, detecting ultralow oxygen levels. Further-
more, Vollmer et al.l’?] selected Pt octaethyl-porphyrin-ketone
(PtOEPK) as the O, dye due to its desirable optical properties
and compatibility with readily available and inexpensive solid-
state electronic components. Its excitation and emission wave-
lengths are at 590 and 760 nm, respectively. A LED, centred at a
590 nm wavelength, was positioned vertically directly above a Si
photodiode.[*’] The system presented a limit of detection (LOD)
of 120 ppb.

Furthermore, some authors used CMOS technology for op-
tical detection of fluorescent light, taking advantage of low di-
mensions and high integration density.[>>># Daivasagaya et al.l>*]
studied and described a compact luminescent gaseous O, sen-
sor microsystem, using CMOS technology from TSMC 0.18 pm-
CMOS process. The microsystem is composed by an array of
32 x 32 photodetectors (1024 elements) as active pixel sen-
sors, and each pixel includes a high-gain p-n-p phototransistor
to convert the detected optical signals into electrical currents

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. A Microphotograph of the CMOS imager IC. The inset picture shows a single active pixel sensor. Complete packaged imager IC, developed by
Daivasagaya et al.l>3] Reproduced from![%3] with permission from Elsevier. Copyright 2011, Elsevier.

(Figure 4). For each readout pixel, the authors designed a corre-
lated doubling sampling circuit and an integrator circuit. It was
used a 470 nm LED as excitation source, and a tris(4,7-diphenyl-
1,10-phenanthroline) ruthenium. (II) ([Ru(dpp);]**) dye. The
considered dye emits light at 600 nm.>*!

Taken together, these studies highlight the diversity of lumi-
nescent indicators and strategies available for oxygen sensing in
OoC systems. While ruthenium-based indicators are commonly
used due to their accessibility and ease of integration, platinum-
based dyes are often selected for applications requiring higher
sensitivity and long-term stability. The choice of the detection ar-
chitecture, whether intensity or lifetime-based, also strongly in-
fluences the performance, cost, and integration complexity of the
final platform.

3.1.3. Glucose, Lactate, and Other Analytes Monitoring

In the literature, several methods have been reported to detect
glucose optically, including absorbance,?®! luminescence,!?’->]
NIR spectroscopy!*®! and photoacoustics.’”*8] Currently, photoa-
coustic is mostly used for measurements directly on skin, and is
being a target method due to the raising interest in non-invasive
glucose sensors. Its miniaturization for LoC and/or OoC is
a promising area of  research, which could lead to advances in
human tissue models and more accurate detection systems.!
Srinivasan et al.[?®l presented an optical glucose sensor with
an electrowetting chip fitted for fluidic operations and chemi-
cal processes, also including a non-invasive optical absorbance
measurement system. For detection, the described setup con-
sists of a green LED with emission at 545 nm, a photodiode,
and an amplifier integrated on the same device for light to volt-
age conversion (Figure 5A). The device presented a sensitivity of
27.2 pAU dl s7! mg™! (AU stands for absorbance units) and a
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25-300 mg d1~! LOD. On the other hand, Park et al.?”] developed
an optical glucose sensor film, fabricated by a simple process, by
using commercial pressure sensitive paint with an emission light
at 655 nm. The sensor is based on the optical detection of the oxy-
gen consumed by the glucose oxidase (GOD)-catalysed oxidation
of p-D-Glucose (Figure 5B). The methodology for the measure-
ments included an excitation light source at 420 nm, a CCD cam-
era, optical filters, and a spectrometer.!””] The sensor presented
a LOD of 0.37 mM. However, as the concentration of GOD in-
creased, the LOD value became smaller, and the linear detection
range also tended to be reduced.?’]

Near-infrared (NIR) spectroscopy offers two fundamental mea-
surement modes for glucose detection:®®! transmittance,!>%¢]
and reflectance.[®!] Ryckeboer et al.[’*58] demonstrated how the
transmission spectra of aqueous glucose solutions change due
to the presence of glucose. The transmission was measured for
different glucose solutions using a fiber array, an optical chip
composed of a Si waveguide, a LED with emission centred at
1570 nm, and a tunable optical filter, for the 1540-1610 nm range.
The setup presented a glucose detection range of 1-36 mM and
a resolution of 1.14 mM.[5¢38] Based on the same measurement
method, Goodarzi et al.[l achieved an accuracy of 0.56 mM
within a detection range of 1-30 mM.[®IOn the other hand,
Maruo et al.l!! presented a NIR-based sensor using diffuse re-
flectance detection, obtaining a glucose detection range of 50—
500 mg d1-!, with an accuracy of 27.2 mg dI~1.[°!] Both arrange-
ments used non-miniaturized systems, composed by commercial
photodiodes, LEDs, and optical fibers.

Lactate concentration detection is also a key parameter for
studying the metabolic alterations in tumor progression. How-
ever, the number of optical lactate sensors validated for use in
cell cultures is limited due to challenges such as biocompati-
bility, selectivity, and interference from the culture medium.[®?!
However, Zheng et al.3%! described an optical fiber nanosensor

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 5. A) Vertical cross-section of the electrowetting chip, along with the optical detection instrumentation for absorbance glucose detection. Re-
produced from[2®] with permission from Elsevier. Copyright 2004, Elsevier. B) Schematic of a general optical detection system of a luminescence-based
glucose sensor presented by Park et al.I?’] Excitation light is provided by LEDs and filtered by a band-pass filter before reaching the glucose sensor
film. The luminescent light is collected by an optical probe and analyzed by a spectrometer, while a CCD camera can be used for image detection.[?”]
Reproduced from with permission from MDPI, under a Creative Commons Attribution (CC BY) license. Copyright 2021, MDPI. C) Illustration of a fluo-
rescence imaging system based on a contact CMOS chip. The ultrathin glass microfluidic chip contains cultured cells, where excitation light is emitted
by LEDs. The fluorescent light is captured by the CMOS image sensor, which is in direct contact with the structure, allowing for high-efficiency optical
detection.[®®] Reproduced froml®3] with permission from AIP, under a Creative Commons Attribution (CC BY) license. Copyright 2017, AIP.
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B) Diagram illustrating the working principles of potentiometric and amperometric measurements using a two or three-electrode system, respectively.
Working Electrode (WE), Reference Electrode (RE), and Counter Electrode (CE).

with a detection limit of 20 uM and a dynamic range of 0.06—
1 mM, allowing a noninvasively study.?°! The authors used, for
the optical reaction, the enzymatic product NADH (nicotinamide
adenine dinucleotide + hydrogen), converted due to lactase
catalysation, that emits fluorescence at 460 nm when excited at
360 nm.

Apart of glucose and lactate, Takehara et al.[®] implemented
contact fluorescence microscopy in a microfluidic chip to control
the Endothelial growth factor and other biological samples. The
proposed transducer is composed by a CMOS image sensor chip,
fabricated using the 0.35 um 2-poly, 4-metal standard CMOS tech-
nology, a thin-film absorption filter, and a fiber optic plate (FOP)
(Figure 5C).

In summary, these studies demonstrate the variety of op-
tical approaches used for monitoring key metabolic analytes
such as glucose and lactate in microfluidic and OoC platforms.
Each method offers distinct advantages and limitations, which
must be considered depending on the required detection sensi-
tivity, integration constraints, and long-term monitoring needs.
Absorbance-based glucose detection methods are attractive due
to their simplicity, low cost, and ease of integration with mi-
crofluidic chips. However, they typically require higher analyte
concentrations and offer limited sensitivity compared to fluo-
rescence or NIR spectroscopy. Luminescent and fluorescence-
based methods provide higher sensitivity and lower LODs (0.1-
0.5 mM), enabling continuous monitoring even at low analyte
levels, but involve more complex optical setups (light source,
filters, detectors) and may suffer from photobleaching and sig-
nal drift over long experiments. NIR spectroscopy offers the
advantage of label-free detection, reducing chemical interfer-
ence and enabling non-invasive measurement, but its integra-
tion into miniaturized OoC systems remains technically chal-
lenging due to alignment, signal-to-noise ratio, and cost of
components. Photoacoustic methods, while promising for high
accuracy and non-invasiveness, are still in an early stage of
miniaturization and have not yet been widely adopted in OoC
platforms.
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3.2. Electrochemical Transducers

Comparing with optical detection, electrochemical detection is
more favorable to miniaturization; the electrical signal is already
available at the transducer’s output.!®]

Electrochemical sensors have been of much interest due to
their easy integration in microfluidic devices. They allow mul-
tiparametric monitoring of metabolites by multiplexed sensors,
and their architecture makes this method robust and repro-
ducible for in situ monitoring.l1%?* In the electrochemical sen-
sors, the sensing surface can be composed only by metal elec-
trodes, which is mostly used for pH sensors.[*>%] However, most
of the parameters to be analysed need a biomarker, as frequently
used for glucose and lactate detection.”%8] As demonstrated
in Figure 6, in a potentiometric electrochemical sensor, it is
measured the difference of the potential between the reference
electrode (RE) and the working electrode (WE). The metal ox-
ide based (MOx) sensors and ion-sensitive field-effect transis-
tors (ISFETs — which resemble a regular metal oxide silicon FET
where the metallic gate was changed by an ion-selective mem-
brane) are some examples of potentiometric sensors,[®1% being
the latter specially targeted for miniaturization and integration.
In amperometric sensors, usually a third electrode is needed,
the counter electrode (CE), for measuring changes in the cur-
rent flowing between the electrodes due to the electrically ac-
tive species.[®] Apart of these analysed parameters and transducer
type, some analytes can be detected by an impedimetric trans-
ducer, which measure the electric impedance of a solution.!13©]
Table 2 presents a variety of electrochemical transducers and
their biological parameter detection, such as pH, oxygen, glucose,
lactate, etc.

3.2.1. pH Detection
Electrochemical pH sensors presented in the literature rely

mostly on the potentiometric type, ie., the variation of the

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

MICRO

Juill

www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

pauoday 10N 4N

diyo-e-uo-ejuade|d ¥N ¥N S9p0J1d33 p|oD NEETN sainads uadAxo anieay [sg]
diyo-e-uo-n AU 10 WUy gzt sapoud3|2 /3y REENE (1N8H [ys]
21nynd |10 ¥N ssewolq |7 8 4ad %590 wnuneld JuPWoldwy UOI1BJJUIIUOD SSELUOIG [zs]
wiojie|d 3uisuasolq aied-jo-julod \-Jw3dg —1w 3d €200°0 S9p0J123|2 pjoD sujawoladwy A-N4I [6£]
diy-e-uo-12ued Jun AN IN $9p0I3|3 Ol ¥33L fpdixol [l
diyo-e-uo-uedio ui s||22 |einaN uN NN sap0oJ29|d auaydein Jujawipaduw | yimous 12D [og]
[192 943
diyo-e-uo-Sun ¥N ¥N apou1a|d Jaddo) SlpwWIpaduw| Jo sjuawanow Aiojedidsay [69]
(s383287) W 90 (e181087) LW, AW YU 0L X §'8
diyo-e-uo-adejued (ssoon|n) Wwi || (8503N|D) ;W _NW WU (0L X 861 9poJ3|? 41/1d sulawoladwy 91e1de| pUE 3500N|D [z2]
diyo-e-uo-1aAr 4N 3N 9p0J129d 1d sujawosadwy 91B1DB| PUB 9500N|D [8/1]
swiaisks diyd-e-uo-uedio (o1e308)) M |9 (e383287) |_INW YU ££°0L
‘salpnys A)1o1xo pue 3uiuaaids 3nig (9s02n|D) WM 97/ (8503n|D) | _INW YU 08'€E 9p0I1239 1d suawoladwy 91B10E| PUB 9502N|D [g9]
soipinjjosdiw Jawik|od
puE $D1U0.}23[201q D1UBSIO Ul YDIeasay AU L ¥N paiednfuod adki-u sujawoladwy asoon|n [s/]
diya-e-uo-1anr] ¥N LeL+ (Ww) o¢p°52 = (V) | 91sed UogJeD) sujRWosdwy asoon|n lo/]
(a1€3087) W | (e183287) _NW YU §
sa1pn1s A1121x01/a1ny N |19 (9s02n|n) Wwi § (es02n|D) _Nw yu 9 DdOD Yim apoa1dd|d 1d sujawoladwy 91e1dE| pUB 3500N|D [£9]
(e3e398]) M 06 (e383987) L_WW | W YU 97
sainynd (uresg) [|32 Jowin} uewiny (9s02n|3) M g/ (8s03n|D) ,_wiwi W yu €°¢ 9poJ3d 1d JuPWoladwy 9)e1dE| pUE 3500N|D [99]
(diyo e uo uediQ) uoneusdsal sejnjj2d Wi zo =T _wo i 1z 00— 9poJ1d9d 1d adAi-yaeD 0 2]
eixodAy Jown| edy L0 |—Bd)| VU §65°0— d oupwosadwy 0 [9g]
UOIBAI}|ND ||9D dN 1=18wad yu /¢ 9p0I1233 1d sujawoladwy 0 [z]
salpnis A121x01 /213 N3 |80 ¥N ¥N 1d Wiy uly sulawoladwy 0 [£9]
sa4nynd (uredg) |92 Jowin} uewnH N 2w AT v 6g/°0 1d Wy uy g sujpwoladwy ‘0 [99]
swaishs diyo-e-uo-uedio
‘salpnys A)1o1xo pue 3uiuaaids 3nig A L =AM, _wd il g5 d sujawoladwy 0 [g9]
JolABYaq Je[N||I3D 4N %°0/vd 00l sainpnuis 14 aleg sulawoladwy 0 L]
uoljezlio}uowW (£=¥) (—Hd y prseL
[e2130j01q pue s3|npow uesio HA L0 (6=£) |-Hd w1l s0g5°L (o183 “011) 134-4 supwosadwy Hd [e/]
ainyna |j9 Hd 2000 -Hd A 9500 (o188 *0%el) 134SI SH3aWoNUR30d Hd [z
sa1pn3s A3121x03/31n3nd |20 N -Hd A 68500 XOA| Wiy uyL SljBWoUR10d Hd [£9]
sainynd (uresg) [|32 Jowin} uewiny 4N —Hd A €90°0 XQJ| Wy uy J133WO0I3U}0d Hd [99]
loineyaq Jejnjj2d 4N -Hd A 6£0°0 NEIS pue wiy 1d uyL dl3dWONU0d Hd [Lz]
Apnis sa1ho0Awolpaed oixodAy 50'0¥F (0L-2) —Hd A 850°0 spoJoueu ‘ony JlI33WOIU0d Hd [s1]
suoljedlddy aol AuAisuas Jadnpsuel| poyYIa|\ Uo1d219Qq Ja1awWeled

‘swoyie|d D0Q/D07 Ul uonei3alUl PJEMO] SIDNPSUEI] PUE SPOLISLU [EDILLBYD0JII3|d JO UOSLIedWO) *Z 3|qeL

© 2025 The Author(s). Small published by Wiley-VCH GmbH

€10425 (10 of 31)

Small 2026, 22, 10425


http://www.advancedsciencenews.com
http://www.small-journal.com

SCIENCE NEWS

www.advancedsciencenews.com www.small-journal.com

ADVANCED smuII

Reference electrode

Iridium oxide working electrode

Metal tracks (Pt) to chip edge
These are buried beneath the silicon
dioxide / silicon nitride sandwich

500 microns
structure
i,
B) ) fﬁ 0
| - TP
i . 7y Ak
V. |  Reference electrode 3 L 4 «
GS Trof }.5}—'9"_"’_\\ o FGexension for recording .
p— P activity from electrically »7
h  active cells *Ai
Gate Gate insulator R e
S dhllcmmah for
Mem bl'a ne ‘ 7 &:henmi sensing

D

g : I Extension of the FG
(in black)

Terminal for passive
microelectrode

Figure 7. A) Optical image of the sensor of Pemberton et al., showing the reference electrode, iridium oxide working electrode, and platinum metal
tracks embedded beneath the silicon dioxide/silicon nitride structure. Reproduced from[®7] with permission from MDPI, under a Creative Commons At-
tribution (CC BY) license. Copyright 2014, MDPI. B) Schematic representation of an ISFET, illustrating the p-type silicon substrate, gate insulator, floating
gate membrane, and reference electrode used for potentiometric electrochemical sensing. Reproduced from!% with permission of ACS Publications,
under a Creative Commons Attribution (CC BY) license. Copyright 2021, ACS Publications. C) Schematic of the proposed OoC device by Aydogmus
et al.l”3] Pink arrows indicate electrical connections for floating-gate FETs used to monitor pH changes, as well as extension of the floating-gates used
as microelectrodes for recording activity from electrically active cells. In the purple arrow is an inset of one of the sensors with the labeled terminals.[73]
Reproduced froml”3] with permission from Nature, under a Creative Commons Attribution (CC BY) license. Copyright 2024, Nature.

electrical potential parameter is measured as a function of the 63 mV pH~1.[%! Similarly, Pemberton et al. developed a poten-
pH H* ions."% In the developed pH sensor, Bonk et al.’!l used  tiometric electrochemical sensor based of iridium oxide layers
Pt structures passivated by a thick 1.2 um layer of silicon nitride ~ for the WE (Figure 7A).[”] The authors achieved a sensitivity of
(Si;N,). Thin Si;N, layers (20 or 60 nm) were used as the sen-  58.5 mV pH™!, a rapid response (< 1 min) to pH changes and
sitive material of the pH electrodes. These electrodes showed a  a drift less than 0.01 pH.[*”] Apart of Pt with Si;N, and IrOx,
linear behavior in the pH range from 4 to 9, with a sensitivity ~ also Ruthenium Oxide (RuOx) is frequently used for the WE of
of up to 39 mV per pH step. Also, Weltin et al.l®! presented a  the potentiometric pH transducers. Inl">! Tanumihardja et al., it
human tumor cell culture system with a potentiometric pH sen-  is used RuOx nanorods as sensing material. The authors used
sor. Five pH sensors were used, based on thin-film iridium ox-  two-electrodes configuration, with the Ag/AgCl reference elec-
ide electrodes. The pH sensors presented a linear sensitivity of  trode placed 5 mm from the RuOx working electrode. The sensor
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achieved a sensitivity of 58 mV pH™!, as the sensor reported by
Pemberton etal.[’lin a pH range of 2-10 with 0.05 pH variations.

Krommenhoek et al. also reported a potentiometric pH sen-
sor, based on an ISFET (Figure 7B).['%72] The gate of Ta,Oy ox-
ide is in direct contact with the electrolyte surrounding the sen-
sor, allowing hydrogen ions in the solution to interact with the
Ta,O; oxide. Consequently, the surface charge of the gate oxide
varies with the concentration of hydrogen ions in the solution,
enabling the threshold voltage of the device to serve as a reliable
measure of the solution’s pH. The authors achieved a sensitivity
of 56 mV pH~1.["2l Also based on a FET, Aydogmus et al.[’3! de-
veloped an amperometric pH sensor (Figure 7C). Compared to
the ISFET studied by Krommenhoek et al.,l’?! this transistor re-
sponds to charge accumulation on the floating gate of the FET
(FG-FET), generating a proportional current,/lrather than de-
pendent of threshold voltage.l”?] The selective layer used on the
gate is of TiO, The developed FG-FET achieved worst sensitiv-
ity and a higher limit of detection than the ISFET, as reported in
Table 2.

Overall, the studies described a variety of electrochemical
strategies available for pH monitoring in OoC systems. While all
aim to provide accurate and real-time measurements, their per-
formance and suitability strongly depend on the electrode mate-
rial and sensing method.

ISFET-based sensors provide better resolution (< 0.1 pH),
miniaturization potential, and compatibility with CMOS fabri-
cation, which facilitates integration. Regarding metal oxide elec-
trodes, the IrOx offers higher sensitivity and good stability over a
broad pH range when compared to Pt thin films, making them a
popular choice, but their deposition processes is less compatible
with soft microfluidic materials.

3.2.2. Oxygen Detection

Amperometric measurements have been widely employed in oxy-
gen detection using electrochemical transducing systems. In par-
ticular, most of the works published in the literature report cir-
cular platinum electrodes in the inlet and/or outlet inside the
cell culture chamber.[%¢6871] Based on that, Weltin et al.[¢! im-
plemented five circular oxygen platinum sensors, with 100 um
diameter, in a chamber for culturing T98G human brain can-
cer cells. Supported on 3 electrodes configuration, a potential of
800 mV was applied to promote the formation of platinum ox-
ide. Subsequently, two successive negative potential steps (—350
and —300 mV) were applied to reduce the oxide and facil-
itate oxygen reduction, while the corresponding current was
recorded.[®®! The authors achieved a sensor with a sensitivity
of 0.735 pA pM~tecm™ in a medium with no CO, dependence.
Dornhof et al.[®®] also implemented a circular oxygen sensor with
200 um of diameter inside of culture channels. The authors devel-
oped three platinum sensors in each of three microchannels. The
fabricated sensor presented a sensitivity of —0.58 pA cm=2uM~!
with a relative error of 0.8% + 0.4% before and 1.2% + 0.4% after
long-term measurement. A limit of detection below 1 uM was ob-
served. By implementing cell cultures in the channels and mea-
suring the oxygen content in the inlet and outlet of the channels,
this approach allowed the authors to measure oxygen consump-
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tion rates very precisely and to reveal drug-induced effects on res-
piratory metabolism.[®®]

A microelectrodes array was also proposed for oxygen sensing.
For instance, Pemberton et al.] used a sensor with 3 microelec-
trodes composed by a working Pt microelectrode array with six
discs of 10 um diameter, an electroplated Ag/AgCl reference elec-
trode (1500 pm X 400 um), and a Pt counter electrode (1500 pm
X 400 pm), as shown in Figure 8A. The authors studied the disc
diameter in the sensor response and concluded that 10 ym is the
minimum diameter that meets the requirements, as it exhibits
the steady-state behavior typical of microelectrodes and provides
a reproducible steady-state current response.l®’] Other O, sensor
with 114 microelectrodes with 4 pm of diameter was designed
by Krommenhoek et al.l”?] The experimental results with super-
natant solution indicated that the current flowing through the
microelectrodes array change linearly with the concentration of
dissolved oxygen, resulting in a sensitivity of 3.7 nA mg='L~1. A
low current was obtained in the absence of oxygen, demonstrat-
ing the high selectivity of the sensor.l”?]

For the dissolved oxygen measurements, the Clark-type am-
perometric sensors have been commonly used. Based on this ar-
chitecture, Liebisch et. al.l7 developed a three-electrodes sensor
for dissolved oxygen measurements. As presented in Figure 8B,
the sensor is composed of a Pt WE, an Ag/AgCl RE and a Pt
CE. In a Clark-type sensor, a gas-permeable membrane separates
the sensor electrolyte from the measurement medium to elimi-
nate cross-sensitivity issues. The authors applied a fixed poten-
tial between the working electrode and the reference electrode,
forcing the reduction of dissolved oxygen. The counter electrode
serves to balance the system and prevent the net consumption
of oxygen in the solution. The generated current is measured at
the working electrode, resulting in a sensor with a sensitivity of
—0.121 pA cm~2uM ™! and a resolution of 0.2 uM.l"#]

When compared, these studies highlight the versatility of elec-
trochemical oxygen sensors for integration in OoC platforms.
Clark-type electrodes remain the most widely used approach due
to their high sensitivity and well-established operation principles.
However, they consume oxygen during measurement, which can
alter the local concentration in small-volume OoC environments
and consequently affect biological responses. Microelectrode-
based designs minimize this issue by reducing sensor size and
response time, but their small dimensions make them more
prone to drift, biofouling, and fabrication variability. Integration
with CMOS readout circuits provides additional advantages in
size, cost, signal stability, and multiplexing capabilities, though
at the more complex microfabrication.

3.2.3. Glucose, Lactate and Others Analytes Monitoring

Glucose and lactate have also been detected and monitored us-
ing electrochemical biosensors,[® mostly by means of amper-
ometry measurements. In sensing, the most used elements for
biorecognition were the glucose oxidase (GOX) and the lactate
oxidase (LOX) enzymes, which react with glucose and lactate an-
alytes, respectively.[®6¢77>-77] Ag presented in Table 2, the analysed
glucose and lactate biosensors primarily use Pt electrodes!®®:%.7]
or variations, such as Pt/Irl”’] or mediators like cobalt phthalo-
cyanine (CoPC).[”] For instance, Bavli et al.,l’8] Dornhof et al.l%¢!
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Figure 8. A) Photograph of a microfabricated oxygen sensor from Pemberton et al.l®’] showing bare platinum working and counter electrodes; working

electrodes = 6 off 10 micron diameter. Reproduced from![®7] with permission from MDPI, under a Creative Commons Attribution (CC BY) license.
Copyright 2014, MDPI. B) Schematic representation of the clark-type microsensor architecture from Liebisch et al.,[’4] showing the counter electrode
(CE), working electrodes (WE1, WE2), and reference electrodes (RET, RE2) embedded in a glass substrate. Different materials used in the fabrication
are highlighted, including platinum, Ag/AgCl, PDMS, pHEMA, and SU-8. The microsensor chip was embedded in a conventional tissue culture flask.

The inset provides a detailed view of the Clark-type microsensor. Reproduced from!74] with permission from ELSEVIER. Copyright 2020, ELSEVIER.

and Weltin et al.[%! designed transducers based in Pt electrodes.
Dornhof et al.[%] achieved a sensitivity of 3.80 nA mM~! for glu-
cose and 10.77 nA mM™! for lactate, %] higher values were ob-
tained by Weltin et al., with 3.3 nA mM~'mm~2 for glucose and
2.6 nA mM'mm~2 for Lactate.[*®] Furthermore, the authors also
achieved a better resolution for both analytes, namely 7.6 and 6.1
uM, for glucose and lactate, respectively.l®®] With a variation of
the traditional Pt electrodes to CoPC electrodes,|®”) (Figure 9A),
Pemberton et al. proposed a glucose biosensor with a sensitivity
of 6 nA mM ™! and a lactate biosensor with 5 nA mM~! sensitivity.
The LOD obtained was 5 mM for glucose and 1 mM for lactate.
Rothbauer et. al.””) designed a glucose and a lactate biosen-
sor based on 3-electrodes configuration integrated in a cartilage-
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on-a-chip, with a working electrode of Pt/Ir, as depicted in
Figure 9B.”] The biosensors were characterized applying a
0.75 V potential. The authors obtained a sensitivity of 19.8 x
10> nA mM~'em~? (glucose) and 8.5 x 10> nA mM~lcm™2
(lactate),l’””) which is a higher sensitivity when compared to the
other electrochemical glucose biosensors described in Table 2.
However, the obtained limit of detection, which was 1.1 mM for
glucose and 0.6 mM for lactate, is worse than when using Pt-
based electrodes in the biosensors.[66:68]

Other materials have been widely used for glucose detection.
Wu et al.”% used carbon paste and silver (Ag) for the working and
counter electrode, respectively, and silver chloride for the refer-
ence electrode on a Polyethylene Terephthalate (PET) substrate
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Figure 9. A) Photograph of the microfabricated screen-printed microbiosensor showing the depositon of the screen-printed working electrode ink, from
Pemberton et al.l®’] Reproduced from!®7] with permission from MDPI, under a Creative Commons Attribution (CC BY) license. Copyright 2014, MDPI.
B) Cartilage-on-a-chip platform with integrated biosensor, from Rothbauer et al.,[’’] including cross-sectional view of the sensor wire and sensor tip
coating. Glucose and lactate are oxidized in the sensor tip by GOx and LOx. Reproduced from!’’] with permission from ELSEVIER, under a Creative
Commons Attribution (CC BY) license. Copyright 2025, ELSEVIER. C) Design of the electrochemical sensor from Wu et al.l’¢] Reproduced from!”8] with
permission from E3S Web Conf. Copyright 2020, E3S Web Conf. D) Schematic from Koklu et al. of the OECT with the electrical connections from the left,
and a microscope image of the gate along with two channels from the right.[’>] The enzyme (GOx) was immobilized on P-90, patterned at the channel

and on the gate electrode.”>! Reproduced from!”>! with permission from ELSEVIER. Copyright 2021, ELSEVIER.

(Figure 9C).”% Koklu et al.[*] integrated a n-type organic electro-
chemical transistor (OECT) in a microfluidic device.””! The GOX
enzyme was immobilized on P-90, as shown in Figure 9D.I’]
This method for glucose detection presented a lower detection
limit than those reported in Table 2. According to the authors,
the transducer exhibits high sensitivity to low glucose concentra-
tions, ~1 nM, demonstrating that n-type organic electrochemical
transistors stand out as next-generation miniaturized biosensors
and will be useful for fundamental studies and applied research
in organic bioelectronics and microfluidics.”®!

Among the various electrochemical biosensing approaches,
distinct performance trends can be observed. Pt-based electrodes
remain the most widely used due to their excellent stability, repro-
ducibility, and biocompatibility, offering good sensitivities and
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low detection limits in the micromolar range. The carbon-based
materials, such as carbon paste and printed Ag/AgCl systems,
stand out for their low fabrication cost and high adaptability to
polymeric substrates, though typically with reduced sensitivity
and signal-to-noise ratio. The most promising recent advances
are OECTs, which combine exceptional sensitivity down to the
nanomolar range, high miniaturization potential, and compati-
bility with low-cost fabrication and a green environment.

Other biological parameters were also detected and mon-
itored in organ-on-a-chip systems based on electrochemical
transducers. Liu et al.”?! developed a microfluidic chip inte-
grated with magnetic beads (MBs) for continuous monitoring
of Interferon gamma (IFN-y) concentration.”! (IFN-y) is a key
proinflammatory cytokine with antiviral, antiproliferative, and
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Figure 10. A) The schematic of the integrated customized microfluidic chip where it can be seen the sampling zone and the sensor zone; the sensing
electrodes, including the working electrode (WE), reference electrode (RE), and count electrode (CE), on the silicon wafer, are integrated in the the top
part of a PDMS-based chip, from Liu et al.l”®I Reproduced froml”®] with permission from Nature, under a Creative Commons Attribution (CC BY) license.
Copyright 2019, Nature. B) Design of the microimpedance transducer and integration in the lung-on-a-chip from Mermoud et al.l%] The lung-on-a-chip
proposed consists of a flexible PCB bonded between the actuation part and the actuation membrane of the lung-on-a-chip. Each sensing region consists
of a tetrapolar arrangement of two pairs of electrodes separated by a distance of 3 mm. The sensing electrodes (SE) of each pair are located in the centre
of the working electrodes (WE) to avoid zones of negative sensitivity.[®*] Reproduced from[¢°! with permission of ELSEVIER. Copyright 2018, ELSEVIER.
C) Schematics and dimensional characteristics pertaining to the interdigitated electrode (IDE) structure from Ouedraogo et al.[®] Reproduced from[8]

with permission from APL Materials, under a Creative Commons Attribution (CC BY) license. Copyright 2025, APL Materials.

immunoregulatory functions. Elevated IFN-y levels can serve as
an early marker for diseases such as tuberculosis, HIV, Crohn’s
disease, paratuberculosis, and various cancers.””) Aptamers la-
beled with ferrocene (Fc), targeting IFN-y, were immobilized on a
three-electrode transducer consisting of two gold electrodes (WE
and CE) and a silver reference electrode (RE) (Figure 10A).17"]
The MB-aptamer solution flowed through the microfluidic de-
vice with a magnetic field applied, fixing the MB-aptamers in the
sensor zone. The oxidation signal of ferrocene was measured via
chronoamperometry, achieving a sensitivity of 0.0023 pg mL™!
and a detection limit of 6 pg mL~'.1” In a similar way, Krommen-
hoek et al.”?l used an amperometric method for biomass con-
centration monitorization using platinum electrodes. Mermoud
et al.[®! developed a microimpedance tomography system inte-
grated into a lung-on-a-chip to mimic the alveolar barrier and
study the respiratory movements of the cells.[] The system in-
cludes three impedimetric coplanar gold electrodes (Figure 10B),
which monitor resistivity changes in real time and track the
3D movements of the membrane. The electrodes are arranged
around a 2 mm opening, allowing the cell imaging, and are po-
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sitioned 1 mm below the membrane to accommodate its 600 um
deflection. As represented in Figure 10 B, the transducer is com-
posed by a working electrode to inject current, while sensing elec-
trodes (SE) measure potential differences, enabling precise as-
sessment of barrier integrity and mechanical behavior.!®! Also
based in an impedimetric transducer, Ouedraogo et al.l%! de-
veloped a graphene-based sensor for real-time monitoring of
neural cell growth in an organ-on-a-chip device.l®] This sensor
comprises two electrodes, namely the working and counter elec-
trodes, as illustrated in Figure 10C.1%% The closely spaced, finger-
like structures within the electrode design increase the electrode-
electrolyte interface area, thereby facilitating efficient electro-
chemical reactions and enhancing signal detection. Additionally,
the interdigitated electrode configuration effectively minimizes
capacitive coupling between adjacent fingers, reducing interfer-
ence and noise that arises from stray capacitance.®]

Based on electrical measurement, some authors implemented
a trans-epithelial electrical resistance (TEER) sensor to study
the bio-impedance of cells and monitoring barrier tissues
development.®!] TEER is a key non-invasive method to assess
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Refs. Parameter Detection Method Transducer Sensitivity LOD Applications
[88] Kl solutions and detection of Piezoelectricity ZnO NR NR Lab-on-a-chip
PS latex particles
[95] Blood Pressure Pressure sensors Fused Silica Capillary NR 134.5 + 0.3 mmHg Body-on-a-chip
1.5+ 0.2 mmHg
[89] Contractile behavior Piezoelectricity PVDF film NR NR Heart-on-a-chip
[92] Circulating tumor cells Piezoelectricity Ceramic plate NR NR Phenotyping of cancer
cells
[97] Cardiac contraction Piezo-resistivity CB:TPU Gauge factor 2.56 NR Cardiac micro-tissues
[93] Detection of contractile Resistive Strain Sensor PBS (phosphate-buffered 0.67 Q Hz™/? Ar~ 50 nm Heart-on-a-chip
stresses exerted by multiple saline)
microtissues
[94] Evolution of the stiffness of Resistive Strain Sensor Carbon nanotube (CNT) NR NR Cultured tissue
cell-hydrogel constructs
[90] Faster mixing microfluidic Piezoelectricity PZT / PVDF NR NR Microfluidic devices
[87] Mechanism of Resistive force sensor Nano-sized force sensing NR 20 gto 10 Kg Renal-on-a-Chip

material

hydronephrosis

NR- Not reported

epithelial barrier integrity and detect permeability changes
caused by cell layer disruption.®?] This type of sensor has been
applied in barriers-on-a-chip to study the integrity of organs
models like skin, brain,!®! gut,®* lung,**] and placenta.l®]
Khalid et al.®*! implemented an indium tin oxide (ITO) TEER
sensor to study the toxicity of drugs. Using a similar sensor,
Wang et al.l®* and Schuller et al.®] implemented TEER sensors
to study the cell barrier integrity in the study of Hg(I[)®* and
reactive oxygen species.[®]

3.3. Mechanical Transducers

While molecule-based analysis techniques are relatively easy to
apply into OoC systems, applying and measuring mechanical
forces and displacement is more challenging due to the small vol-
ume and limited robustness of these platforms.”] As a result, me-
chanical transducers are still underrepresented in OoC systems,
being far less common than optical or electrochemical. Never-
theless, they are beginning to emerge in OoC models designed
to replicate the dynamic movement of organs.[''*”] These move-
ments, seen by cell mechanics, play a crucial role in various bio-
logical processes, influencing the fate and function of both cells
and tissues. Tissue mechanical properties have consistently been
shown to be a key factor in cell behavior and tissue morphogene-
sis. However, defining the ideal parameters for measuring these
properties remains a significant challenge.!”]

The mechanical transducers in literature benefit from
the advantages of some specifically materials properties, as
piezoelectricity,[#8 piezo-resistivity,[®!] and resistive strain, as
presented in Table 3. Sakamiya et al. designed a system to mimic
the contractile behavior of the cardiac tissue,®) taking advan-
tage of piezoelectric material properties. Contractile behavior is
one of the key features of cardiac function and plays an impor-
tant role in assessing the efficacy and safety of drugs during
the screening process.!®! The authors designed a system with a
micro-pillars structure made of PDMS. These micro-pillars are
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embedded within a culture chamber. To detect the deformation of
the micro-pillar array when the cardiac tissue contracts, a PVDF
(Polyvinylidene fluoride) film was used, outputting electrical sig-
nals proportional to the intensity of contraction, which is given
by Vo, = AX kX hx F/(z x d*) (Figure 11A), where h represents
the height at which equivalent force of the cardiac contraction is
applied; d is the diameter of the pillar; k is the piezoelectric volt-
age constant of the PVDF film, and A is a constant. Based on
that, the authors proved that the voltage (V,) increased with the
applied force (F) and the output frequency was proportional to
the input one.[®!

Furthermore, some pathologies modify the elastic properties
of biological cells.®] Gao et al. integrated a transducing system
to produce acoustic waves in a microfluidic channel, in order
to evaluate the elastic properties of fluids and single biological
cells.®8] In this system, the authors presented two piezoelectric
transducers, one working as an actuator and the other working
as sensor. A Zinc oxide (ZnO) film was sinusoidally actuated at
its resonance frequency, 1.3 GHz. This device allowed to charac-
terize chemical solutions of different concentrations.[®¥] In addi-
tion, Zhao et al.l®?l implemented a piezoelectric actuator to evalu-
ate cell biophysical properties.l®?] In this case, the authors used a
piezoelectric ceramic plate, stimulated with a sinusoidal wave at
1.98 MHz. The transducer forms an acoustic resonance field in
the main channel. The authors proved that, applying an acoustic
force, the position of the cells when exciting the channel is de-
pendent on their biophysical properties.l®?l Based on a piezoelec-
tric material as an actuator to produce acoustic waves, Catarino
et al.®® compared lead zirconate titanate (PZT) and f-PVDF ma-
terials as actuators in microfluidic systems. The goal of the study
was to develop an actuator capable of generating acoustic waves
to facilitate mixing time in microfluidic devices, while avoiding
the use of pumps or moving parts.®* The authors demonstrated
that both PZT and g-PVDF transducer materials effectively en-
hanced mixing, resulting in significantly reduced mixing times
for the complete reaction process—achieving reductions of over
90% for PZT and 80% for f-PVDF in an 8 mm X 7 mm cuvette.!*!
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Figure 11. A) Detection of micro-pillar array deformation via digital image processing and piezoelectric sensing techniques from Sakamiya et al.[%°]
Reproduced from[3°! with permission from ELSEVIER. Copyright 2020, ELSEVIER. B) Deformable membrane platform with on-chip strain sensors in
compression mode of operation from Liu et al.[>*] Reproduced from[®*! with permission from ELSEVIER. Copyright 2018, ELSEVIER. C) Schematization
of the Renal-on-a-Chip Microfluidic Platform with a Force-Sensitive Resistor from Xiao et al.[8”] Reproduced froml®”] with permission of ACS Publications.

Copyright 2022, ACS Publications.

Taking advantage of the piezo-resistive materials properties,
Lind et al. developed an instrumented cardiac microphysiological
device.’! The authors used thermoplastic polyurethane (TPU)
ink filled with 25 wt.% carbon black nanoparticles (CB:TPU) to
form an elastic piezo-resistive material with a Young’s modulus
of 8.8 MPa and resistivity of 1.19 Q.cm.®V The sensors discussed
by Lind et al.®!l enabled non-invasive electronic readouts of the
contractile forces generated by human stem cell-derived cardiac
tissues. These sensors outputted a resistance change according
to the contractile forces, demonstrating a gauge factor of 2.51
+ 0.09.°1 Also, Jayne et al.®}] developed a strain gauge sensor
to monitor real-time mechanical deformation and force within
PDMS structures in heart-on-a-chip devices. Each device featured
a central cell culture well surrounded by an annular microfluidic
channel. When a pressure differential is applied between the well
and the channel, the separating PDMS wall deflects accordingly.
This deflection alters the volume of the conductive phosphate-
buffered saline (PBS)-filled microchannel, leading to a measur-
able change in the electrical resistance (AR). The resistance vari-
ation is directly correlated with the wall displacement, enabling
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the system to work as a transducer that converts mechanical
strain into electrical signals. With proper calibration, this allows
for accurate estimation of applied forces, whether externally in-
duced or generated by the spontaneous contraction of the car-
diac tissues.[®*] This transducer presented a resistance variation
of 0.67 Q Hz"'/? and a maximum displacement variation of the
wall of Ar ~ 50 nm.[®}! Furthermore, Liu et al. used carbon nan-
otube (CNT) strain sensors applied in tissue engineering.[**! The
electrical resistance of these sensors changes as the membrane
deforms (Figure 11B), allowing the measurement of the stiffness
of the tissue.®*

Chen et al. designed capillary-assisted pressure sensors inte-
grated into a microfluidic circulatory system.[ The sensor is
based on a simple physical principle without relying on electri-
cal components. It uses air compression inside a capillary — an
extremely thin tube with an internal diameter of 100 um, made
of fused silica. One end of the capillary is sealed with epoxy glue,
while the other is inserted into a microfluidic channel where it
is exposed to the fluid pressure. When the pressure in the chan-
nel changes, the air inside the capillary is compressed, causing a
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Refs. Method Transducer Sensitivity LOD Applications
[38] Resistive Copper-constantan thermocouple NR 150 °C Liver-and-heart-on a- chip
wire
[67] Resistive Platinum 02Q°Cc™! 20-60 °C Cell culture/toxicity studies
[25] Resistive Platinum 0.3542 mv °C™! 35-45°C Efficiency of drug nanocarriers
[72] Resistive Platinum 2.2x1073/°C 20-45 °C Cell culture
[99] Resistive Platinum 1695 ppm °C™! 11 W (200 °C) Lab-on-a-chip
[99] Resistive Platinum 1440 ppm °C~! 245 °C Lab-on-a-chip
[100] Resistive Aluminium 0.339 °C mA™! 35-45°C OoC Device
[102] Electronic (PTAT 0.18 um CMOS IC 57.1ns°C”! 25-100 °C OoC Device
+ relaxation
oscillator)

displacement of the liquid—gas interface. This movement is ob-
served through a microscope coupled with a CCD camera. It was
demonstrated that the sensor can detect rapid pressure changes,
such as simulated pulsations, and that it maintains a stable per-
formance over several days in an incubation environment at
37 °C and high humidity, with a maximum pressure of 134.5
+ 0.3 mmHg and a minimum pressure of 1.5 + 0.2 mmHg.[**]
Furthermore, Xiao et al.l¥’] constructed a force-sensitive resistor
integrated in a Renal-on-chip Microfluidic platform Figure 11C.
The sensor responded to force applied to the sensing are, with a
sensitivity from 20 g to 10 Kg. The sensor is composed by a ro-
bust polyester film, a high-conductive material, and a nano-sized
force sensing material. The top layer contained the force-sensitive
area on a flexible film, while the bottom layer had conductive cir-
cuit traces on another flexible film. These two layers were bonded
with a spacer adhesive, except in the active area. When force was
applied to this area, the top force-sensitive layer contacted the bot-
tom conductive traces, causing a change in resistance at the out-
put terminals.[#]

Overall, these examples underline the growing interest in me-
chanical transducers for OoC platforms, particularly for applica-
tions involving shear stress, pressure regulation, or tissue me-
chanics. Although their use is less widespread, mechanical sens-
ing and actuating offer the unique advantage of directly probing
physical stimuli relevant to the dynamic cell behavior and tissue
function.

Piezoresistive sensors are attractive due to their simple elec-
trical readout, higher sensing range, and higher sensitivity.
However, they often require careful calibration to minimize
temperature-dependent drift and careful fabrication.[*! Piezo-
electric sensors, on the other hand, is a simpler structure, but
their integration into soft, flexible OoC materials can be more
challenging. Capacitive and strain gauge-based sensors provide
good mechanical compliance and can be embedded in flexible
chips, though they may be more sensitive to noise and environ-
mental fluctuations.

3.4. Resistive transducers
Temperature needs to be carefully monitored in mostly organ-

on-a-chip devices. For that, it is necessary to implement accurate
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and sensitive sensors and actuators to maintain the cells in a suit-
able environment to growth.””] As presented in Table 4, platinum
is the most used metal for temperature transducers, due to its
high temperature coefficient of resistance (TCR) value, chemi-
cal stability, high conductivity, good adhesion to substrates, and
biocompatibility, which makes it increasingly used and sought-
after for biomedical applications, particularly in organ-on-a-chip
systems.[25:67729899] Pemberton et al. implemented a platinum
resistance temperature sensor (Figure 12A) with a linear resis-
tance over the range 20-60 °C. The authors obtained a sensor
with a sensitivity of +0.2 Q °C~1.1%] Furthermore, Sousa et al. ob-
tained a platinum resistance temperature detector (RTD) with a
resolution of 0.1 °C in the range of physiological (35 °C) to hy-
perthermia (45 °C) temperatures. The authors designed a four-
wire configuration RTD, with 24 windings, 200 nm platinum film
thickness, 10 um of line width and spacing, and an area of 0.38
mm? (Figure 12B). Similarly, Krommenhoek et al. designed a re-
sistance temperature sensor with a 150 nm thick platinum strip
with a length of 4600 pm and a width of 10 um.I”?! The platinum
sensor resistance at room temperature equals 486 Q, and its TCR
is 2.2 x 1073 /°C.I”?] Resnik et al.[! also integrated a platinum
heater having a TCR of 1695 ppm and a power consumption of
11 W to reach 200 °C.I* Furthermore, the authors also integrated
Pt temperature sensors with a TCR of 1450 + 100 ppm.[*°]
Regarding heating systems and their actuation, based on an
aluminium transducer, Ferreira et al.'®! implemented a heat-
ing system in an OoC device. The authors studied three differ-
ent geometries of aluminium microheaters (Figure 12C). The
best geometry chosen by the authors presented a sensitivity of
0.339 °C mA~!, and combine good temperature uniformity in a
culture chamber with low power consumption (lower than the
1 W).[1%! Using an identical geometry, Ferreira et al. also stud-
ied, through COMSOL Multiphysics numerical simulations, the
best materials to use as microheaters in an OoC chamber.[°!]
The authors found that, for the same current consumption,
a platinum microheater reached higher temperatures than an
aluminium microheater. However, the aluminium microheater
showed better results in terms of heat distribution uniformity.
A silicon substrate and platinum microheater were found as the
best combination for the microheater fabrication, featuring good
heat distribution uniformity and lower current consumption.!'%!l
In addition, the use of silicon instead of glass also allowed the
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Figure 12. A) Photograph of a microfabricated screen-printed microbiosensor showing the temperature sensor developed by Pemberton et al.l5’] Repro-
duced from!®7] with permission from MDPI, under a Creative Commons Attribution (CC BY) license. Copyright 2014, MDPI. B) Schematic representation
of the temperature sensors integrated in the organ-on-a-chip, fabricated by Sousa et al.l?’] Reproduced from[23] with permission from MDPI, under a Cre-
ative Commons Attribution (CC BY) license. Copyright 2021, MDPI. C) Photographs of three configurations of aluminium microheaters.!'®! Reproduced
froml[1%1 with permission from ELSEVIER, under a Creative Commons Attribution (CC BY) license. Copyright 2023, ELSEVIER.

integration of the OoC chamber with CMOS electronics, capable
of controlling the microheater and featuring other relevant sen-
sors and electronics into the same die.'”!) Besides custom-made
platinum and aluminium sensors, commercial temperature sen-
sors have also been integrated into OoC devices. For instance,
a type T (or Copper-Constantan) thermocouple wire with a di-
ameter of 0.025”, working in the range between 0 and 150 °C
and with a response time of 0.1 s was integrated by Zhang et al.
in a modular platform, working in an automated manner for
at least 5 days.[*®! Taking advantage of a compact, low cost and
miniaturized design, Ponte et al.l'%%] projected a smart tempera-
ture sensor on a modular silicon-based OoC device, using CMOS
technology.[1%2! The authors used a system of two main blocks:
a proportional to absolute temperature (PTAT) current genera-
tor (employing NPN bipolar transistors to sense the temperature
information) and a relaxation oscillator. The authors obtained a
sensor with 57.1 ns °C~! of sensitivity in a range of 20-100 °C.[12]

When comparing the main approaches for resistive temper-
ature sensing in OoC systems, platinum-based sensors remain
the benchmark in terms of accuracy, stability, and biocompati-
bility. Their excellent linearity and resistance to corrosion make
them particularly suited for long-term operation in physiolog-
ical environments. Thermocouples, although robust and fast-
responding, are more difficult to miniaturize and integrate seam-
lessly within microfluidic architectures. Regarding actuators,
aluminium-based heaters provide uniform heat distribution and
are easier to pattern, but their lower stability and reduced resis-
tance to oxidation can affect reproducibility over time. CMOS-
based temperature sensors represent a newer and promising di-
rection, allowing direct integration with other sensing and con-
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trol elements on the same chip. While they generally offer lower
precision than platinum sensors, their scalability, compactness,
and compatibility with electronic readout circuits make them
ideal for multiparametric and autonomous OoC platforms.

4. Integration and Fabrication Techniques

The use of new biomaterials!!®! and advanced fabrication
techniques!®! enabling novel layouts can accelerate and simplify
OoC production, making these platforms increasingly physiolog-
ically relevant for biomedical studies.

Different sensing transduction principles inherently require
distinct fabrication and integration strategies (Table 5), which
direct impact device performance, reproducibility, and scalabil-
ity. In OoC systems, optical, electrochemical, mechanical, and
resistive transducers not only differ in their detection physics
but also in how they are implemented within microfluidic
architectures (Table 5).

4.1. Optical Transducers

The integration of optical sensors into OoC platforms poses sev-
eral specific challenges, including the requirement for transpar-
ent substrates, accurate optical alignment, and adequate protec-
tion of luminescent dyes against photobleaching or leaching.
These aspects directly impact the stability, reproducibility, and
sensitivity of measurements.

Two main strategies are commonly adopted for optical sens-
ing. The first involves soluble indicators (e.g., phenol red or lu-
minescent dyes), which can be either dissolved in the culture
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Table 5. Summary of integration and fabrication techniques of transduction systems, highlighting fabrication methods, strengths, and limitations.

Transduction Fabrication / Integration Approaches Strengths Limitations
Optical ® Soluble dyes dispersed in medium or ® Non-invasive ® Requires optical transparency and
immobilized in thin films/membranes; ® High sensitivity alignment
Integrated photodiodes via CMOS; ® Compatible with transparent sub- ® Photobleaching
strates ® Dye leaching

® Bonding with UV adhesives or plasma;
PDMS (soft lithography) or PMMA (em-
bossing, laser ablation, micromilling).

Electrochemical ® Electrode deposition and patterning .
(sputtering, evaporation, printing) on L
glass, silicon, or polymers; passivation by .

PECVD/CVD (SiO,, Si;N,, parylene-C);
® Integration by adhesives, tapes, plasma, or
thermal bonding.

Mechanical ® Microfabrication of flexible membranes .
(soft lithography, 3D printing, electrospin- .
ning, solution casting); o

® Strain gauges by sputtering/printing met-
als or inks;

® MEMS-based silicon or polymer pressure
sensors;

® Precise bonding to prevent leakage.

Resistive ® Patterning of conductive tracks (sput- o
tering, evaporation, photolithography, or .
screen/inkjet printing) on rigid or flexible .
substrates (PDMS, thermoplastics); .

® Post-deposition annealing;

® Use of adhesion/barrier layers. .

® Complex alignment
® Limited scalability

Wide analyte range ® Reference degradation
Multiplexing potential ® |nsulation requirements
High specificity and sensitivity ® Sensitive to fouling and delamination

® Complex calibration
® Possible drift in long-term use

Real-time mechanical information ® Material constraints
Barrier and strain monitoring ® Complex alignment
Mimics physiological mechanics ® Harder integration

® Calibration needs

Simple architecture ® Limited multiplexing

Low-cost ® |nsulation requirements

Scalable ® Requires annealing control

Good temperature and strain sen- ® Sensitive to thermal stress, diffusion

sitivity and adhesion failures

Suitable for flexible devices

medium or introduced as dispersed microbeads (Figure 13 i).
This approach avoids complex fabrication steps, it is simple and
fast to implement, making it useful for proof-of-concept studies
or flexible experimental setups. However, since the sensing el-
ements are not fixed, signal fluctuations can occur due to dye
diffusion or degradation, and the presence of particles may inter-
fere with cell behavior, ultimately reducing measurement stabil-
ity over time.

The second strategy involves immobilizing the sensing ma-
terial in a predefined location within the device, typically in the
form of a thin film, membrane, or localized spot (Figure 13 ii).
This method is often used for oxygen measurements, where lu-
minescent dyes are embedded in a polymer matrix or coated onto
channel walls. Immobilization ensures spatially defined sensing,
improved stability, and enables repeated or continuous measure-
ments in the same region. However, it requires additional pro-
cessing steps, such as surface functionalization, immobilization
chemistry, and calibration procedures, and may limit flexibility
when multiple sensing points are needed and are prone to bio-
fouling.

Therefore, for the optical transducers, the selection of an
appropriate bonding method is highly dependent on the sensor
die and matrix, making general recommendations challenging.
However, non-thermal and solvent-free bonding techniques are
preferred to preserve sensor stability. While UV-curable adhe-
sives can be used, prolonged UV exposure should be avoided due
to the degradation of the adhesive and surface damage.[* Plasma
bonding may alter sensor properties due to changes in the matrix
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surface; however, it has been successfully employed for bonding
microfluidic chips with integrated luminescent sensors.[1104]

Material selection also plays a key role in the successful in-
tegration of optical sensors. A large fraction of OoC devices is
fabricated from PDMS due to its optical transparency, gas per-
meability, and ease of fabrication specially for prototyping. Fur-
thermore, it presents interesting properties for biomedical appli-
cations, including physiological indifference, excellent resistance
to biodegradation, biocompatibility, and chemical stability.[*]

Alternatively, PMMA and other thermoplastics offer higher
mechanical stability, lower gas permeability, and improved di-
mensional control. They are typically processed through hot em-
bossing, laser ablation, or micromilling. However, these materi-
als require higher processing temperatures and more demand-
ing bonding techniques compared to PDMS. PDMS can be di-
rectly cast and cured on top of rigid inorganic substrates, allow-
ing conformal contact and seamless integration without the need
for adhesives. In contrast, PMMA typically requires additional
bonding processes, such as bonding, gluing, thermal, or solvent-
assisted assembly, which are less flexible and more complex. Con-
sequently, PMMA-based systems are generally less compatible
with monolithic integration approaches.

A more advanced route involves CMOS-based technologies,
which enable direct integration of optical detectors and electronic
components onto silicon wafers. CMOS fabrication involves mul-
tiple steps, including photolithography, doping, metal deposi-
tion, and dielectric passivation. This allows embedding photodi-
odes, amplifiers, and signal processing circuitry directly on the

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 13. Schematic illustration of optical sensing integration in PDMS or PMMA-based microfluidic devices. Two main configurations are shown: i)
soluble indicators, such as phenol red, dispersed within the flowing medium, and ii) immobilized sensing elements (thin films, membranes, or localized
spots) integrated into the channel walls. The transmitted or emitted light is detected by a photodiode integrated with CMOS readout electronics, enabling

real-time optical monitoring of the biological microenvironment.

chip, leading to compact systems with improved signal stability.
The main limitations are the need for cleanroom facilities, lower
flexibility for rapid prototyping, and more complex packaging to
interface with the biological microenvironment.

4.2. Electrochemical Transducers

Electrochemical transducers rely on the deposition and pattern-
ing of conductive materials, often on glass, silicon, or thermo-
plastic substrates. These methods allow fine pattern control and
reproducibility, but demand robust insulation and packaging to
avoid electrode degradation in aqueous conditions (Figure 14).

Their performance depends on electrode material, fab-
rication method, and surface functionalization. Commonly
used materials include platinum, gold, carbon-based materi-
als, and conductive polymers like PEDOT:PSS. The standard
used reference electrode is of Ag/AgCl, often formed by silver
electrodeposition and chlorination.”*l Fabrication approaches
vary in complexity. Whereas thin-film microfabrication (as metal
sputtering and photolithography processes) enables precise
and reproducible structures on glass or silicon,”# printing
techniques, such as screen or inkjet printing, offer a low-cost
alternative and large availability in regular laboratories for rapid
prototyping, 17191 albeit with larger features sizes.

Passivation of electrochemical electrodes is critical to en-
sure electrical insulation, chemical stability, and reproducibil-
ity in OoC devices. The choice of method depends on the sub-
strate, integration strategy, and desired performance. Thin-film
techniques, such as chemical vapor deposition (CVD), phys-
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ical vapor deposition (PVD), and evaporation, are commonly
used to deposit uniform dielectric layers (e.g., SiO,, Si;N,,
Al,O,, parylene-C), providing chemical resistance and CMOS
compatibility.l”*! Parylene-C, in particular, offers conformal, bio-
compatible protection suitable for long-term applications and
complex 3D structures.[171%] Additionally, photopatternable ma-
terials, such as SU-8 or polyimide photoresists, can be spin-
coated and UV-patterned to form thick, stable passivation layers
that also serve structural functions, offering flexibility and chem-
ical resistance.l'%]

Other polymeric layers can also serve as passivation materials.
For instance, PDMS coatings can be used both as protective layers
and gas-permeable membranes, although their long-term stabil-
ity is limited they offer simpler electrical insulation solutions at
lower cost.

Other less common but valuable strategies include sol-gel
coatings, which provide good chemical resistance and can be
applied by dip or spray coating, and atomic layer deposition
(ALD), which allows highly controlled but ultrathin films of
materials.[110.111.112]

Electrochemical transducers are integrated into microfluidic
and organ-on-a-chip platforms through several bonding ap-
proaches, each selected according to the materials and fabrica-
tion constraints of the device'3] (Figure 14). Liquid adhesives are
often used as bonding agents, providing a straightforward and
low-temperature method to seal sensor substrates to microflu-
idic layers while maintaining biocompatibility and avoiding dam-
age to sensitive components. Alternatively, adhesive tapes offer
a fast and reversible strategy for assembling multilayer struc-
tures, allowing easy alignment and replacement of individual

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 14. Schematic illustration of the fabrication and integration workflow for electrochemical sensors in OoC devices. The process involves the
deposition of metallic electrodes on different substrates (glass, silicon, or thermoplastics) using photolithography, physical vapor deposition, or printing
techniques. A passivation layer is subsequently deposited by CVD or PVD to ensure electrical insulation and chemical stability. The microfluidic module
is bonded to the substrate via adhesives, thermoplastics, or plasma bonding to achieve full device integration.

components. Plasma bonding, which is particularly suited for
PDMS-based microfluidic systems, enables the formation of
strong covalent bonds between polymer surfaces, ensuring ex-
cellent sealing and optical transparency. In thermoplastic de-
vices, thermal bonding using polymer foils is another effective
technique, allowing the stable integration of electrodes and mi-
crochannels without the need for additional adhesives. More re-
cently, multilayer nanotube membranes have been introduced as
functional interlayers for sensor integration, improving both ad-
hesion and the electrochemical performance of the embedded

4.3. Mechanical Transducers

The fabrication of mechanical transducers in OoC platforms typ-
ically depends on the sensing principle, but most approaches are
compatible with microfluidic integration.

For TEER-based systems, electrodes are usually patterned us-
ing photolithography or screen printing of conductive materials
such as gold, platinum, or ITO on glass, thermoplastic substrates,
or PDMS membranes (Figure 15). These electrodes can be inte-
grated directly into the chip during fabrication or added as mod-

transducers.!3] ular inserts bonded to the device.!'*]

Microfluidic Chin:

Inlet
Glass, PDMS, PMMA Outlet
Flow —
4 >
/
y — —
5 =
1= .
Electrodes

Deformable material Fabrication:

ZzZZ

4 . .gr

Soft Lithography 3D printing  Electrospinning Solution Casting

Figure 15. Schematic representation of the integration of deformable mechanical transducers within microfluidic and OoC systems. The device consists
of a microfluidic chip (glass, PDMS, or PMMA) containing a deformable membrane positioned between microchannels. The membrane deflection can
be actuated or sensed via embedded electrodes placed below or around the deformable material. Various fabrication techniques—such as soft lithog-
raphy, 3D printing, electrospinning, and solution casting—are employed to produce flexible and biocompatible membranes with controlled mechanical
properties suitable for simulating physiological motion and stress conditions.
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For strain and deformation sensing, flexible membranes are
first produced using soft lithography, 3D printing, electrospin-
ning and solution casting!!®®! (Figure 15). Strain gauges are then
formed by depositing and patterning thin metallic films or con-
ductive inks, typically using sputtering, evaporation, or printing.
These membranes are bonded to the microfluidic structure to al-
low real-time monitoring of tissue deformation.11]

Pressure sensors are often fabricated using micro electro me-
chanical systems (MEMS), involving microstructuring of sili-
con or polymer substrates using lithography, etching, lift-off,[!7]
embossing,!!® or molding.['*115] The sensing elements are then
aligned and sealed with the microfluidic chip, frequently requir-
ing precise bonding to avoid leakage and ensure stable signal
transmission.

Integration strategies vary from simple modular electrode
insertion to fully embedded MEMS devices. Modular systems
are easier to fabricate and replace, while integrated sensors of-
fer higher reproducibility, compactness, and potential for mul-
tiplexing but more complex fabrication. Proper alignment and
bonding are critical to minimize signal drift and mechanical
instability.

4.4, Resistive Transducers

The resistive transducers are structurally simple and relatively
easy to integrate compared with other sensing modalities. Typ-
ical fabrication involves the patterning of thin conductive films
or printed conductive tracks on rigid or flexible substrates. For
high-resolution structures, metal sputtering or evaporation com-
bined with photolithography and etching is frequently used to de-
fine platinum, aluminium, gold, silver, or doped semiconductor
resistors.['?%) These processes allow accurate control of geometry
and resistance values, which is particularly important for temper-
ature and strain sensing applications. For flexible or disposable
devices, screen printing and inkjet printing of carbon, silver, or
hybrid conductive inks on PDMS or thermoplastic substrates of-
fer a lower-cost and rapid alternative.!'?!]

A key fabrication challenge is the thermal treatment (anneal-
ing) often required after oxide deposition or passivation. Anneal-
ing can significantly modify the electrical properties of the metal
layer already deposited-changing grain structure, resistivity, or
adhesion. For example, platinum thin films can experience resis-
tance drift due to grain growth or even delamination under high
annealing temperatures if adhesion is poor or thermal stresses
accumulate. Similarly, gold and silver may undergo diffusion into
surrounding layers, particularly in the absence of a proper adhe-
sion or barrier layer.[®! These effects can compromise sensor per-
formance and reproducibility, making process sequencing and
temperature control critical in the fabrication of reliable resistive
elements.

Overall, resistive transducers combine fabrication simplicity
with good sensitivity and integration flexibility. However, their
performance strongly depends on careful control of fabrication
parameters, especially when multiple deposition and annealing
steps are involved. Proper selection of materials and process or-
der is therefore essential to maintain stable and reproducible sig-
nals in OoC applications.
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4.5. Modular and Monolithic Integration

In recent years, there has been a significant evolution in the in-
tegration of sensors into OoC platforms, particularly concerning
the architecture of the systems and the degree of miniaturization
(Table 6).

Initially, several approaches offered a modular integration,
where different sensors and functional units were incorporated
separately but assembled into a single, coordinated structure. A
remarkable example of this philosophy is presented by Zhang
et al.,® who developed a platform in which the organ models
and the fluidics channels, integrated in independent PDMS de-
vices, are connected by tubing, as well as the biosensing electro-
chemical module for biomarkers and the physical/chemical sens-
ing module for pH, (O,, and temperature monitorization all con-
nected in a modular way (Figure 16A).8] The authors claimed
long-term monitor of the organ models parameters. However,
the complete system required a high complex operation. Simi-
larly, Huang et al.['??] also used a hybrid approach, combining a
PDMS microfluidic module with PMMA microwells, onto which
an O,-sensitive layer was deposited, followed by a pH-sensitive
layer, forming a dual luminescent sensor. The reading system
was composed of LEDs, optical fibers, and commercial photodi-
odes. On the other hand, Miiller et al.**] 3D printed microflu-
idic chips in thermoplastic cyclic olefin copolymer (COC) and
deposited optical indicators using a microdispenser MDS3200+
(VERMES Microdispensing GmbH), maintaining the principle
of separate functional modulation, with optical fibers and photo-
diodes (Figure 16B). Shah et al.'?] followed a similar modular
strategy, integrating an optical O, sensor (commercial optode)
and a TEER sensor using STX2 electrodes between two polycar-
bonate (PC) enclosures, that compress silicone rubber gaskets to
form spiral-shaped microchambers (Figure 16C).['23] The bond-
ing of the PC membrane to the microchamber was performed
by medical-grade double-sided adhesive tape. In contrast, Asif
et al."?*l developed a compact hybrid system combining a sili-
con elastomer-based microfluidic chip fabricated in a 3D printer,
with an optical pH sensor and a TEER sensor. The pH sensor
used a white LED, an optical fiber, and a photodiode integrated
into a custom transparent tube, while TEER was measured via
ITO electrodes screen-printed onto a glass substrate.!124]

Despite the versatility and ease of maintenance offered by the
modular approach, especially in the context of prototyping and
experimentation, there is a clear trend toward total functional in-
tegration into a single platform or chip, monolithic integration,
particularly driven by objectives such as miniaturization, porta-
bility, automation, ease of production, and industrial scalability.
In this regard, the works of Pemberton et al.,l”] Dornhof et al.,[%8]
Krommenhoek et al.,[”?] Khalid et al.'?! and Curto et al.l'?®] rep-
resent an important turning point. Pemberton et al.l’] devel-
oped a fully integrated system for cell biomarkers on a silicon
substrate, with electrochemical pH (based on IrOx), O,, glucose,
and lactate sensors (Figure 17A). The IrOx was deposited by re-
active sputtering, and all platinum tracks and electrodes were
fabricated by optical lithography and dry etching processes. In
addition, platinum-based temperature sensors were embedded
under a SiO,/Si;N, layer, all within five functional wells. The
Si0,/Si; N, layers were deposited by plasma-enhanced chemical
vapor deposition (PECVD), and patterned using lithography and
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Figure 16. A) Schematic of the integrated microfluidic device developed by Zhang et al.,[3] consisting of modular components including microbioreac-
tors, breadboard, reservoir, bubble trap, physical sensors, and electrochemical biosensors.[*8] Reproduced froml38] with permission of National Academy
of Sciences. Copyright 2017, National Academy of Sciences. B) Physical design parameters of the HuMiX device developed by Shah et al.['?3] Reproduced
from!123] with permission of Springer nature. Copyright 2016, Springer nature. C) Chip holder with the optic block by Miiller et al.,[4>122] Reproduced
from[43] with permission from ELSEVIER, under a Creative Commons Attribution (CC BY) license. Copyright 2021, ELSEVIER.

reactive ion etching in a CHF, /O, mixture to leave exposed plat-
inum pads. Dornhof et al.[®®! followed a similar approach, inte-
grating O,, glucose, and lactate sensors on a glass wafer insu-
lated with a Si;N, layer (Figure 17B). The microchannels were
fabricated by photolithography using permanent epoxy photore-
sist (SU-8) and a Poly(methyl methacrylate) (PMMA) covering to
the fluidic unit.’"! The integrated platform was tested for mon-
itoring and quantifying multi-analyte metabolite comsumption
during one week. Electrical connection was made via printed cir-
cuit board (PCB) bonded with epoxy adhesive.l®] Krommenhoek
etal.l’?l used ISFETs with Ta, O gates for pH monitorization, and
a platinum electrode for O, and biomass monitoring, also inte-
grating resistive temperature and heating transducers directly on
an oxidized silicon substrate, for an online monitoring of rele-
vant fermentor conditions.[”?! The ISFETs with Ta,Os gates were
fabricated using standard photolithography to define doped drain
and source regions. Tantalum was deposited and oxidized to form
the sensing gate, with aluminum sputtered for electrical contacts
and platinum for the remaining metal structures, using tantalum
as an adhesion layer. A lift-off process was employed to avoid
damage from wet etching, and non-sensitive areas were passi-
vated with a photopatterned polyimide layer.l”?! Khalid et al.['?]
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explored the integration of O, and reactive oxygen species (ROS)
sensors on glass, with gold and silver electrodes printed by a
dispenser system, and microfluidic channels also printed with
medical-grade elastomer, forming a multilayer architecture sup-
ported by PMMA and a porous polycarbonate membrane for bi-
layer cultures (Figure 17C). Finally, Curto et al.'?! proposed a
platform based on organic transistors (PEDOT:PSS) with gold
transistors channels and gate electrodes, integrating glucose and
TEER sensors, with microfluidics coupled by PSA adhesive and
silicone rubber inlet ports. The transistor channels and gate were
patterned using a parylene C (PaC), while the active layer of the
transistor channel and the gate electrode were performed us-
ing PEDOT:PSS.[126] PEDOT:PSS is a conducting polymer com-
monly employed as the active layer of OECTs, due to its easy pro-
cessability, chemical tunability, and biocompatibility.l}?} Curto
et al.l'?l made a significant breakthrough in coupling OECTs
with microfluidics, achieving a multi-parametric transducer
platform.

Comparing the two approaches (Table 6), i.e., modular sys-
tems and monolithic modules where everything is produced into
a single substrate, it is clear that, despite simpler to configure
and modify, modular systems have limitations in terms of
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Figure 17. A) Diagram illustrating cross-section (not to scale) through the MEMS-microfabricated sensor device platform. Overall view of the design for
the 5-well MEMS sensor chip with five sensors per well base (25 sensors in total). Bottomless wells have been added to the surface of the MEMS chips.[67]
Reproduced from[®7] with permission from MDPI, under a Creative Commons Attribution (CC BY) license. Copyright 2014, MDPI. B) Photographs of
an assembled device filled with colored hydrogel and with attached PMMA-cover. Electrical sensor readout is done by means of a custom-made printed
circuit board. Phase-contrast micrograph shows breast cancer stem cell (BCSC1) spheroids within a spheroid compartment after five days of culture.[®%]
Reproduced from[%867] with permission from Royal Society of Chemistry, under a Creative Commons Attribution (CC BY) license. Copyright 2022, Royal

Society of Chemistry. C) Annotated expanded view of the bilayer microfluidic chip.!'?*! Reproduced from[12%:68.67] with permission from Royal Society of
Chemistry. Copyright 2022, Royal Society of Chemistry.
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miniaturization and automation, and are heavily reliant on com-
mercial optical components (LEDs, fibers, photodiodes). On the
other hand, fully integrated systems on silicon or glass substrates
are more compact, reproducible, and compatible with large-scale
industrial processes. Furthermore, these miniaturized systems
offer lower volume, reduced energy consumption, and greater po-
tential for portable, implantable, or point-of-care applications./'?’]
This represents a paradigmatic shift in bioanalytical device en-
gineering, bringing organ-on-a-chip platforms closer to full
functional integration at the micro/nanometric scale.

5. Challenges and Future Directions

Despite the advances in modular sensor integration within
organ-on-a-chip platforms, recent studies reported in the litera-
ture show a growing trend toward replacing optical sensors with
electrochemical ones, particularly in systems featuring full inte-
gration within a monolithic module. This shift is largely driven by
the relative ease of integrating and fabricating of electrochemical
(bio)sensors in microenvironments, especially when using sub-
strates like glass or silicon and standard clean room processes.
However, this approach often sacrifices the high sensitivity and
selectivity typically offered by optical sensors, as well as their po-
tential for flexibility, multiplexing, non-invasive, real-time, and
mainly long-term monitoring. Additionally, in a multi-OoC plat-
form, it is also required the analysis of the effect of cellular re-
sponses and microenvironmental changes due to inter-organs
communication, which requires a continuously measurement
strategy, specially tailored for optical methods, where fouling and
degradation electrodes are not applied. An emerging solution to
overcome the more complex integration of optical transducers is
the application of CMOS technology, which enables the mono-
lithic integration of light sources, photodetectors, and readout
circuitry. Moreover, for the development of an organ-on-a-chip
platform capable of simultaneously monitor multiple parame-
ters, such as temperature, pH, oxygen, glucose, lactase, among
others, and enabling a monolithic configuration, silicon stands
out as a highly versatile and suitable material to serve as the
substrate.[128] Tts compatibility with cleanroom microfabrication
techniques (wet etching, plasma etching, laser processing, and
bonding methods)!?8] as well as the possibility of integration
with aluminium or platinum-based transducers, photodetectors,
and integrated circuits in CMOS, makes it particularly advanta-
geous for the creation of miniaturized and multiparametric de-
vice. This paves the way for highly miniaturized optical sensors
that are fully compatible with microfluidic environments and can
be seamlessly integrated with readout electronics.!'?! Such con-
vergence promises to combine the best of both worlds: the practi-
cality of microfabrication with the advanced performance of opti-
cal detection. Moreover, the fast evolution of photonics integrated
circuits will lead to new optical sensors approaches that not rely
only in endpoint measurements but also will be able to assess
cellular response with a 3D spatial resolution. This could be a
breakthrough in multimodal sensing for continuously physiolog-
ical events measurements in multi-OoC devices.

Looking even forward, future OoC sensing modalities are ex-
pected to combine multi-physics transduction principles, lever-
aging optical, electrochemical, and mechanical responses within
the same platform. This hybridization will improve data robust-
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Figure 18. Schematic summary of the main current and future challenges
to be addressed for transducers’ integration in OoC devices.

ness and reduce cross-sensitivity among parameters, allowing
inter-organ interactions, which could have a transformative path
in precision medicines.['*"] Moreover, nanostructured materials,
2D semiconductors, and organic transistors (such as OECTs)
are emerging as promising alternatives for biocompatible, low-
power, and flexible sensing layers.['*1132] These materials of-
fer tunable electrical properties and mechanical flexibility com-
patible with polymeric substrates, enabling direct integration
with soft microfluidic architectures. Despite their potential, chal-
lenges such as long-term stability, device encapsulation, and re-
producibility remain to be addressed before large-scale imple-
mentation in organ-on-a-chip systems.

Finally, the incorporation of artificial intelligence (AI),['*}] ma-
chine learning (ML),[1** and data fusion algorithms is set to rede-
fine the landscape of OoC analysis. By integrating multiple sen-
sor outputs into unified predictive models, these Al-enhanced
systems can rapidly and autonomously extract hidden correla-
tions, identify early signs of toxicity, and provide feedback for op-
timizing experimental design in real time. This new paradigm
will transform OoCs from traditional, passive, and resource-
intensive analytical tools into active, intelligent platforms capa-
ble of providing dynamic biological insights, ultimately position-
ing them as a gold standard in personalized medicine. Despite
this potential, challenges remain: the large and heterogeneous
datasets produced by high-throughput OoCs require standard-
ization, careful preprocessing, and high-quality annotations for
robust ML training. Integrating multimodal data from imaging,
sensors, and fluidics is technically complex, and the “black-box”
nature of many Al models raises concerns about interpretabil-
ity, reproducibility, and regulatory acceptance. Addressing these
issues through explainable Al, standardized datasets, interopera-
ble formats, and closed-loop automation will be key for realizing
adaptive OoCs as gold-standard platforms for drug development,
toxicity testing, and patient-specific therapeutic screening.

In summary, the future of OoC technologies lies at the inter-
section of advanced materials,['*] integrated microfabrication,
and data-driven analytics, as summarized in Figure 18. The syner-
gistic development of these areas will enable the next-generation
of OoC platforms that are fully autonomous, scalable, and ca-
pable of reproducing human physiology with unprecedented
precision.

© 2025 The Author(s). Small published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

6. Conclusion

This review has provided a comprehensive exploration of trans-
ducers for monitoring and controlling physicochemical and en-
vironmental parameters, particularly pH, oxygen, glucose, lac-
tate, and temperature, to maintain viable cellular organ models
in OoC platforms. Optical-based technologies show promising
advances due to their flexibility, multiplexing, non-invasiveness,
and ability for real-time, continuous, and long-term monitoring.
However, challenges related to microfabrication need to be ad-
dressed. Temperature and mechanical transduction are crucial
for heating, dynamic stimuli, and flow conditions setting a phys-
iologically relevant environment.

Therefore, future research should focus on developing hybrid
transducing systems integrated into a single advanced OoC plat-
form for real-time monitoring. Additionally, employing sensor
data fusion and machine learning techniques can provide in-
sights into transducers interaction, expand the range of mea-
surable parameters, and enhance data processing and decision-
making capabilities. Addressing these challenges could support
a true transformative potential for driving the clinical translation
of OoC platforms in personalized therapy.
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