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Abstract: The organ-on-a-chip (OoC) technology holds significant promise for biosensors 
and personalized medicine by enabling the creation of miniature, patient-specific models 
of human organs. This review studies the recent advancements in the application of pol-
ydimethylsiloxane (PDMS) microfluidics for OoC purposes. It underscores the main fab-
rication technologies of PDMS microfluidic systems, such as photolithography, injection 
molding, hot embossing, and 3D printing. The review also highlights the crucial role of 
integrated biosensors within OoC platforms. These electrochemical, electrical, and optical 
sensors, integrated within the microfluidic environment, provide valuable insights into 
cellular behavior and drug response. Furthermore, the review explores the exciting po-
tential of PDMS-based OoC technology for personalized medicine. OoC devices can fore-
cast drug effectiveness and tailor therapeutic strategies for patients by incorporating pa-
tient-derived cells and replicating individual physiological variations, helping the healing 
process and accelerating recovery. This personalized approach can revolutionize 
healthcare by offering more precise and efficient treatment options. Understanding OoC 
fabrication and its applications in biosensors and personalized medicine can play a piv-
otal role in future implementations of multifunctional OoC biosensors. 
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1. Introduction 
Microfluidics, a multidisciplinary field that manipulates fluids at the micron scale, 

has revolutionized various applications since its emergence in the 1980s [1]. Microfluidic 
devices offer significant advantages, from inkjet printers to advanced organ-on-a-chip 
(OoC) and lab-on-a-chip (LoC) technologies. These compact devices, typically just a few 
centimeters in size, enable the analysis of samples with minimal volume, increased cost 
efficiency, faster experimentation, and a smaller footprint [2]. Notably, LoC systems inte-
grate complex laboratory processes into miniature platforms, such as fluid transport, 
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mixing, and analysis [3]. Similarly, OoC devices replicate human organ functions, provid-
ing new avenues for research into human physiology by mimicking organ functionalities 
in a controlled microscale environment [4]. 

The OoC technology represents a paradigm shift in personalized medicine. These 
devices surpass traditional in vitro models by precisely mimicking human organ func-
tions. By incorporating living cells from a patient’s induced pluripotent stem cells, OoCs 
offer unparalleled personalization [5]. These platforms replicate organ architecture and 
physiological conditions, including fluid flow, to simulate individual organ responses. 
This capability allows researchers to study drug interactions with a patient’s unique ge-
netic makeup, presenting a significant advantage over conventional drug discovery meth-
ods that rely on animal models with limited human relevance [4]. For instance, an OoC 
populated with a patient’s liver cells can predict drug metabolism and identify potential 
toxicity issues before clinical trials [6]. Despite being in its early stages, OoC technology 
holds immense promise in studying the effectiveness of drugs on the genetic makeup of 
the human body. While current models often focus on specific functions, potentially ne-
glecting in vivo complexity, the potential for more human-relevant and patient-specific 
drug testing is transformative. The OoCs could revolutionize medication development, 
enhancing efficacy and reducing side [7]. 

The progress of microfluidics and OoC technology has been driven by significant 
interdisciplinary collaborations, bridging gaps between biology, engineering, and chem-
istry. Early milestones in microfabrication techniques, such as photolithography, injection 
molding, and hot embossing, have laid the foundation for current advancements. Recent 
innovations, including 3D printing and advanced materials, have further improved the 
precision and functionality of microfluidic devices [8]. These technological advances have 
sped up research and broadened commercial applications, from diagnostic tools to thera-
peutic devices [9]. In the clinical field, microfluidic systems are increasingly used for 
point-of-care testing, offering quick and accurate diagnostics. The collaboration between 
academic research and industry has been crucial in translating microfluidic innovations 
into practical solutions and emphasizing the transformative potential of this technology 
in scientific research and everyday healthcare [10]. 

This review article explores the recent advancements in PDMS-based microfluidics 
for OoC, emphasizing the integration of electrochemical, electrical, and optical biosensors 
for personalized medicine. It covers the PDMS fabrication process, foundational work, 
and our contributions, particularly in reviewing the microfabrication of PDMS-based sen-
sors. The integrated biosensors in OoC platforms provide real-time insights into cellular 
behavior and drug response, which significantly benefit personalized medicine. Devices 
using patient-derived cells can predict drug effectiveness and tailor therapeutic strategies 
to individual physiological variations. This study explores the expanding applications of 
OoCs, including several organs such as (heart, lung, liver, kidney, brain, gut, skin, and 
multi-organ) on-chip existing structures. Ultimately, the review article presents the future 
prospects and challenges of OoCs in personalized medicine, aiming to lay the ground-
work for future advancements in PDMS-based microfluidics for OoC applications. 

2. Fabrication Process of PDMS-Based Microfluidics 
Microfluidic technologies have gained widespread use across various fields due to 

their ability to downsize and manipulate fluids [11]. PDMS is a commonly utilized mate-
rial in microfluidics, and it is favored for creating OoC devices because of its beneficial 
properties, such as biocompatibility, ease of use, elasticity, optical transparency, and cost-
effective fabrication techniques [12]. However, PDMS has some material limitations, such 
as absorption of organic solvents and hydrophobicity, which is crucial to consider for mi-
crofluidic devices. Thus, PDMS’s tendency to adsorb small hydrophobic molecules can 
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lead to significant issues in drug development, mainly when accurate drug concentrations 
are crucial for bioassays [13]. This absorption can alter drug bioavailability in microfluidic 
devices like “Organs-on-Chip,” potentially skewing experimental results. One solution to 
this problem is the application of lipophilic coatings, which have been shown to prevent 
or reduce small molecule absorption into PDMS [13]. Another approach involves the de-
velopment of glass-based microfluidic devices, which do not exhibit the same level of 
compound absorption as PDMS [14]. Additionally, modifying PDMS with smart poly-
mers like PDMS-PEG can decrease nonspecific adsorption while maintaining the mate-
rial’s biocompatibility [15]. 

While the hydrophobicity of PDMS impacts fluid flow, surface modifications such as 
chemical treatment play a role in tailoring it for several applications [16]. Chemical treat-
ments, such as plasma treatment, thermal treatment, and UV curing, offer powerful tools 
to modify the surface properties of PDMS, adjusting wettability, introducing functional 
groups, and enhancing biocompatibility [17]. Our prior work on PDMS explores the ef-
fects of the curing condition, including time, temperature, and environment, on the optical 
properties of PDMS at terahertz frequencies. A correlation has been found between curing 
temperature and the absorption coefficient, in which the absorption coefficient is in-
creased due to the higher cross-linked network formed at the higher temperature. Thus, 
the underlying physics of the curing process is important for implementing PDMS-based 
microfluidics for OoC devices [18]. Furthermore, blending PDMS with nanocomposites 
can enhance mechanical strength and chemical stability [19]. Overall, these treatment 
methods unlock the full potential of PDMS for OoC and other microfluidic applications, 
expanding its capabilities and performance [1,20]. This section reviews the main tech-
niques for fabricating PDMS-based microfluidic devices, including photolithography, in-
jection molding, hot embossing, and 3D printing. Each method offers distinct advantages 
and challenges, which are discussed below. 

2.1. Photolithography 

Photolithography is a technique that utilizes light to define patterns on a photosensi-
tive material, which is then used to fabricate microfluidic devices [21]. The process is out-
lined in Figure 1 and consists of the following steps: (1) cleaning the substrate wafer (e.g., 
Si), (2) depositing a layer of photoresist onto the silicon substrate, (3) placing the wafer in 
an oven for soft baking, (4) aligning a photomask containing the desired microstructure 
pattern with the substrate and photoresist, (5) exposing the photoresist to ultraviolet (UV) 
light through the mask to crosslink it in the desired pattern, (6) immersing and stirring the 
coated substrate in a suitable solvent (the developer) to remove the exposed portions of 
the photoresist for positive resist or the non-exposed portions for negative resist, (7) rins-
ing the substrate with deionized (DI) water, (8) baking the wafer to remove residual sol-
vent and water, (9) depositing a PDMS layer on the substrate to transfer the pattern onto 
the PDMS surface, and (10) separating the PDMS from the substrate and bonding it to a 
flat slide with inlet and outlet ports to complete the microfluidic system [22]. 

Photolithography offers numerous advantages, particularly in terms of high preci-
sion and resolution. It allows for creating patterns with nanometer-scale detail on various 
surfaces [23]. The alignment process enhances the accuracy and resolution of microfluidic 
device fabrication. Additionally, photolithography is relatively cost-effective, making it 
an affordable option for producing various microsystems. However, the technique does 
have limitations. One challenge is using UV light, which can present issues in 3D micro-
fluidic device fabrication. The process also requires skilled operators, particularly when 
creating complex structures. Furthermore, the cost of producing advanced microfluidic 
models is high, as it necessitates specialized equipment and cleanroom facilities. Environ-
mental concerns related to the chemical fabrication process must also be considered. 
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Figure 1. The main steps of the photolithography technique for microfluidic device fabrication in-
cluding cleaning the substrate wafer, depositing the photoresist on a silicon substrate, baking the 
wafer into the oven, aligning the photomask containing the pattern with the substrate, exposing the 
photoresist to UV, immersing the coated substrate in a solvent, rinsing the substrate with DI water, 
baking the wafer, depositing PDMS, and separating the polymer from the substrate and bonded 
with flat slide. 

2.2. Injection Molding 

Injection molding is a widely used technique for processing PDMS and creating var-
ious microfluidic system shapes [24,25]. This method is performed in six basic steps, as 
shown in Figure 2a: (1) creating two halves of a mold with the desired topographic pat-
tern, (2) clamping the two mold halves against each other in a machine press, (3) melting 
the PDMS to turn it into a liquid, (4) injecting the molten polymer into the heated mold 
cavity to fill it completely, (5) allowing the molds to solidify and cool below the glass 
transition temperature (Tg) of the PDMS, and (6) releasing the solidified PDMS by sepa-
rating the mold halves [24]. 

Injection molding has gained popularity in microfluidic system fabrication due to 
several advantages. One of the key benefits is high replication accuracy, as high-volume 
production can maintain consistent properties due to the molten nature of the polymer 
during the injection. This method allows for the creation of complex microstructures, such 
as systems used in 3D cell culture [26]. Moreover, the process enables the integration of 
other fluidic components (e.g., connectors and pumping tools). Various materials, partic-
ularly polymers, can be used for microfabrication, and the process is cost-effective and 
fast. Injection molding can also produce microstructures with excellent filling without 
trapping air bubbles, which is essential for microfluidic applications. However, there are 
some limitations to consider. The cooling time of the polymer is critical, as it can lead to 
thermal stress and defect formation if the cooling process is too rapid [26]. Only thermo-
plastic materials are suitable for manufacturing complex 3D devices, which imposes ma-
terial restrictions [27]. 
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(a) (b) 

Figure 2. The main steps of PDMS-based microfluidic system fabrication using (a) the injection 
molding method; (b) the hot embossing methods. 

2.3. Hot Embossing 

The hot embossing method involves transferring mold features to a PDMS substrate 
under high temperature and pressure, similar to injection molding, as depicted in Figure 
2b. The process includes the following steps: (1) creating the desired pattern on a solid 
material, such as silicon, to form the molds, (2) placing the PDMS between the molds, (3) 
applying pressure range of kPa, (4) heating the molds for a period of time, (5) cooling all 
parts to below the glass transition temperature (Tg) of the PDMS, and (6) carefully sepa-
rating the molds from the PDMS [28]. 

Hot embossing offers several advantages over injection molding. It enables the fab-
rication of microfluidic devices at the nanoscale (sub-50 nm), which are highly sought af-
ter for biological fluid applications [29]. The technique is also cost-effective, making it 
more accessible to researchers and commercially viable for microfluidic companies. In 
contrast to injection molding, the PDMS flows only a short distance, reducing material 
stress and minimizing shrinkage [30]. This method allows for the creation of small features 
and high aspect ratios due to the low pressure, low flow rate, and controlled cooling rates 
applied during the process. However, there are some limitations. Hot embossing can be 
more expensive and time-consuming when 3D molds are required. The process involves 
both heating and cooling the polymer and molds, which takes longer than injection mold-
ing. Typical processing times for hot-embossed parts range from 4 to 30 min. Additionally, 
non-uniform temperature distribution can lead to distortion in the mold due to internal 
stresses [31]. 

2.4. 3D Printing 

3D printing is a fabrication technique that creates objects layer by layer, with each 
layer being added on top of the previous one. This process is utilized to produce three-
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dimensional microfluidic devices, and several technologies have been developed to con-
struct the object layers [32]. The primary 3D printing methods include fused deposition 
modeling (FDM) [33], stereolithography (SL) [34], selective laser melting (SLM) [35], and 
Multi-Jet Modeling (MJM) [36]. In FDM, the lowest layer is created by melting a thermo-
plastic filament (such as polystyrene), extruding it through a nozzle, and allowing it to 
cool and solidify. The process is then repeated for each subsequent layer, gradually build-
ing the 3D structure [37]. On the other hand, stereolithography (SL) utilizes photosensitive 
thermoset polymers to create 3D microfluidic devices. The LED or UV light is focused 
onto a vat of photopolymer resin to shape and solidify the resin according to a computer-
aided design, starting with the bottom layer of the desired structure [34]. Selective Laser 
Melting (SLM) is an additive manufacturing process in which a focused laser beam scans 
a layer of PDMS powder, selectively fusing the material based on the pattern provided. 
The laser heats the material, triggering chemical reactions that fuse and solidify the layer 
[35]. In Multi-Jet Modeling (MJM), tiny photopolymer droplets are ejected from multiple 
inkjet print heads onto a removable platform. Each droplet is cured immediately by UV 
light, forming the desired layer. By repeating this process, the entire 3D structure is grad-
ually created. 

In recent years, 3D printing techniques have gained significant attention for fabricat-
ing microfluidic devices due to their many advantages. These methods allow for the cre-
ation of parts and assemblies from multiple materials with varying physical and mechan-
ical properties in a single-build process [31]. 3D printing also enables high-throughput 
production of microfluidic devices compared to other techniques that require clean room 
facilities, and 3D printing offers a more cost-effective fabrication process [38]. Addition-
ally, recent advancements have improved the resolution of 3D-printed microstructures to 
the scale of tens of micrometers [31]. One benefit of 3D printing is the ability to easily 
adjust features by simply modifying the device design in the software. This flexibility al-
lows for the production of complex, functional 3D shapes tailored to user specifications, 
including flow-regulating components and robust connection ports [38]. Furthermore, 3D 
is generally more affordable, faster, and easier to use than other microfabrication methods. 
However, there are some limitations to 3D printing for microfluidics. For devices with 
high-resolution features (below 100 µm), removing resin and support material from the 
structure can be challenging [31]. Also, few available transparent materials for microflu-
idic fabrication can be used in 3D printing, which hinders the utilization of 3D printing in 
many applications [24]. Additionally, multilayer structures may fracture due to insuffi-
cient fusion between adjacent layers [30]. Finally, some low-resolution 3D printers can 
reduce surface profiles on the printed microstructures. 

3. Integrated Sensors with OoC Platform 
In this section, we will mention three main categories of integrated sensors and ex-

plain the types of each category in the following subsections. The three categories of inte-
grated sensors are electrochemical, electrical, and optical. 

3.1. Integrated Electrochemical Sensors 
Electrochemical devices are versatile in transforming interactions between analytes 

and electrodes into measurable electrical signals [39,40]. These signals, typically current 
or potential differences, enable detecting a broad range of analytes, from oxygen to spe-
cific ions crucial for pH measurement. This core functionality lays the groundwork for 
biosensor development by incorporating a biochemical recognition element [41]. Notably, 
potentiometric and amperometric techniques offer straightforward and practical imple-
mentation for biosensing applications. At their heart, electrochemical sensors excel at con-
verting selective (bio)chemical interactions into electrical outputs. Their inherent 
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simplicity, reliability, and amenability to miniaturization and cost-effective production 
make them ideal candidates for integration with microfluidic devices. This synergy ex-
tends their applications significantly within the biological and biomedical realms [42]. In 
the field of bioelectrochemistry, there are four primary classifications of electrochemical 
biosensors: amperometric, potentiometric, voltammetric, and impedimetric. Each type is 
characterized by its unique method of electrical measurement for signal transduction, ef-
fectively converting biological recognition events into measurable electrical signals, in-
cluding current, potential, or variations in impedance. The versatility of electrochemical 
sensors highlights their immense potential for future advancements in biochemistry, bio-
technology, and biomedical engineering [43–45]. 

3.1.1. Amperometric Sensors 

It functions by applying a constant potential to the working electrode, inducing elec-
tron transfer reactions with target analytes in the surrounding medium. The resulting cur-
rent is then measured and correlated to the analyte concentration using Faraday’s Law 
[46]. This current reaches a steady-state value, and a critical step involves distinguishing 
between capacitive and faradaic currents to quantify the electroactive species accurately. 
Chronoamperometry is a prominent technique within this framework, where the current 
response is monitored over time at a constant potential. Amperometric sensors have 
gained significant traction in recent years, particularly within biomedical diagnostics, due 
to their appealing attributes—high sensitivity, accuracy, stability, and portability [47]. 
These sensors essentially leverage a fixed electrode potential to trigger electron transfer at 
the electrode surface with target molecules, enabling direct detection and quantification 
based on the resulting current [48,49]. 

Within electroanalytical chemistry, amperometry is vital in continuously monitoring 
currents produced by biochemical reactions involving the oxidation or reduction of elec-
troactive species [50]. A classic illustration of this principle is the Clark oxygen electrode, 
an amperometric biosensor. A precisely controlled potential applied to a platinum work-
ing electrode facilitates oxygen reduction. A silver-silver chloride (Ag/AgCl) reference 
electrode completes the circuit. Crucially, the current generated by the sensor exhibits a 
direct proportionality to the concentration of oxygen present. This linear relationship 
arises because the current depends on the rate of oxygen reduction at the electrode sur-
face. As oxygen concentration increases, the reaction rate accelerates, leading to a corre-
spondingly amplified current. This proportionality allows the sensor to assess oxygen lev-
els quantitatively via current measurement [46]. However, it is essential to distinguish 
amperometry from voltammetry. While amperometry focuses on a single, constant poten-
tial for current measurement, voltammetry employs a dynamic approach. Here, the cur-
rent is monitored as the applied potential is systematically varied. Voltammetry’s analyt-
ical power hinges on the linear relationship between peak current and analyte concentra-
tion within a specific potential range. Higher peak currents directly correspond to greater 
concentrations of the target electroactive species in solution. This dependence allows re-
searchers to quantify the analyte based on the measured peak current [46]. 

Despite their impressive sensitivity, a significant hurdle is the inherent lack of elec-
troactivity in many protein analytes. These proteins struggle to readily donate or accept 
electrons at the working electrode, hindering direct detection. To overcome this limitation, 
amperometric devices often employ mediated electrochemistry. Here, a mediator mole-
cule acts as a bridge, facilitating electron transfer between the protein analyte and the 
electrode. While this strategy introduces additional complexity, it offers a significant ben-
efit—signal amplification. This allows amperometric sensors to achieve much lower de-
tection limits than potentiometric devices. However, it is crucial to acknowledge a poten-
tial trade-off. Introducing a mediator can introduce additional complications and 
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potentially compromise the selectivity of the measurement, meaning the sensor might 
struggle to distinguish the target protein from other interfering species [46]. 

3.1.2. Potentiometric Sensors 

The assessment of various chemical species, including ions like sodium and potas-
sium, as well as pH levels and carbon dioxide concentrations, is fundamental in many 
analytical contexts. These sensors measure the possible difference between an indicator 
electrode and a reference electrode. There are two principal types of indicator electrodes 
in use: Metal oxide (MOx) sensors and ion-sensitive field-effect transistors (ISFETs), rep-
resenting key chemical sensing technologies. MOx sensors apply the Nernst equation, 
which links the measured potential difference to the solution’s pH, demonstrating how 
pH influences the surface potential and electrical properties of the metal oxide material. 
In contrast, ISFETs are based on silicon substrates and feature an ion-sensitive membrane 
integrated with a field-effect transistor (FET) along with a reference electrode, as depicted 
in Figure 3 [43]. In FET, the application of voltage between the source and drain terminals 
induces a conductive channel beneath the gate electrode, which regulates the current flow 
as a function of the applied voltage. This electric field influences the current at the gate 
and is further affected by charged species present above it. By integrating molecular re-
ceptors or an ion-sensitive membrane on the gate region, ISFETs can distinguish specific 
ions or charged biomolecules based on their interactions with the membrane [43,46]. 

 

Figure 3. An ion-sensitive field-effect transistor (ISFET) functions by establishing a voltage across 
its source and drain electrodes to detect variations in current. The gate region is equipped with an 
ion-selective membrane or biological receptors, which modulate the current flowing between the 
drain and source [43]. Adapted with permission from reference [43]. 

In electroanalytical chemistry, potentiometry reigns supreme for extracting infor-
mation on ionic activity within electrochemical reactions [51]. This methodology system-
atically examines the voltage difference between the active and reference electrodes 
within a uniquely constructed electrochemical cell. Notably, this measurement occurs un-
der conditions that minimize or prevent current flow across the system. This allows for 
precisely determining the potential, free from the influence of ongoing electrochemical 
reactions. The linchpin of this approach is the Nernst equation, which forges a crucial link 
between the concentration of ions and the potential measured during a potentiometric 
experiment. Direct potentiometry harnesses the power of this equation to quantify the 
concentration of target analyte ions directly. Notably, ion-selective electrodes (ISEs) stand 
as the champions of potentiometry, boasting some of the lowest detection limits currently 
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achievable, reaching analyte-specific ranges between 10−8 and 10−11 M [52]. A key strength 
of potentiometric sensors lies in their exceptional ability to analyze low concentrations 
within minuscule sample volumes. This advantage stems from their ideal characteristic of 
leaving the sample chemically unaltered. However, while these techniques offer impres-
sive shallow detection limits, a key limitation lies in their applicability. These methods are 
often restricted to a specific range of ions, unfortunately excluding analytes of significant 
environmental and biological interest, such as nickel, manganese, mercury, and arsenate 
ions. This selectivity constraint necessitates further development to broaden the scope of 
detectable analytes and fully unlock the potential of these shallow detection limit methods 
[51]. 

3.1.3. Voltammetric Sensors 

It functions by analyzing the system’s response to a continuously changing electrical 
potential. This variation in potential, applied to an electrochemical cell, elicits a corre-
sponding current reaction. A voltammogram characteristic curve is generated by plotting 
this current against the applied potential [53]. This versatile technique encompasses vari-
ous methods, each with its strengths for specific applications, including differential pulse, 
stripping, square wave, and cyclic voltammetry. Conductive polymers (CPs), due to their 
sensitivity to analyte-induced changes, offer a valuable approach to developing voltam-
metric sensors. Voltammetric biosensors, a specialized type, leverage these principles to 
glean information about target analytes. They measure the current response of a biological 
recognition element (receptor) immobilized on the electrode surface as the potential var-
ies. Within a defined linear potential range, the measured peak current directly correlates 
to the analyte concentration in the solution. This dependence allows quantifying the target 
analyte based on the measured peak current, offering a powerful analytical tool for bio-
sensing applications. Traditionally, working electrodes in voltammetric sensors were con-
structed from mercury, carbon materials, or inert metals [54]. However, mercury has been 
phased out due to toxicity concerns and handling difficulties. While established carbon 
materials like nanotubes, glassy carbon, graphene, and diamond remain valuable, their 
high cost can be limiting. Carbon paste electrodes have emerged as attractive alternatives 
in recent years due to their compatibility with mass-production techniques like screen 
printing, making them a viable option for large-scale applications. Screen-printed elec-
trodes offer another attractive option due to their robustness, miniaturization, and suita-
bility for commercial applications. Most commercially available electrochemical sensors, 
such as glucose sensors, utilize screen-printed electrodes. This technology holds immense 
potential for expansion beyond the glucose sensor market. The speed, operational sim-
plicity, real-time analysis capabilities, and the possibility of miniaturization for portable 
use make voltammetric sensors promising candidates for various diagnostic methods 
[48,55,56]. 

3.1.4. Impedimetric Sensors 

Operate by measuring the electrical impedance of a system in response to biomolec-
ular interactions. This can involve applying a direct current and measuring resistance (ap-
plicable to resistive, conductometric, or capacitive sensors) or introducing an alternating 
current at various frequencies and analyzing the resulting impedance spectrum [57]. Ex-
tensive research has yielded diverse strategies for designing impedimetric biosensors [58]. 
One approach involves creating surface functional groups (carboxyl, amino, etc.) on glass 
or gold using salinization or alkanethiol monolayer formation. These functional groups 
then serve as anchor points for covalent attachment of biomolecules like enzymes or anti-
bodies. Alternatively, biomolecules can be physically entrapped using electrochemically 
deposited polymers, gel coatings, or layer-by-layer assembly techniques. While 
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conductometric methods within impedimetric devices can assess the conductivity of ma-
terials and solutions, their application in biosensing faces limitations. The variable ionic 
background of clinical samples can obscure the target signal, and measuring minute con-
ductivity changes in highly conductive media is challenging. Impedimetric biosensors of-
fer a more robust solution. They directly monitor changes in the electrode’s conductance 
upon immobilizing biorecognition elements like enzymes or antibody-antigen pairs onto 
the surface, providing a more sensitive and specific signal for biosensing applications 
[44,46]. 

3.1.5. Evaluation of Integrated Electrochemical Sensors 

Integrating various electrochemical sensor technologies—namely amperometric, po-
tentiometric, voltammetric, and impedimetric sensors—plays a pivotal role in enhancing 
the functionality of organ-on-a-chip platforms and advancing personalized medicine. 
Each sensor type presents distinct advantages and challenges: amperometric sensors are 
distinguished by their high sensitivity and real-time monitoring capabilities, albeit with 
potential stability concerns [47]; potentiometric sensors offer simplicity and low power 
requirements, which are particularly beneficial for wearable applications, although they 
may exhibit slower response times [46,47]; voltammetric sensors excel in specificity and 
sensitivity, yet their dependence on precise electrode materials can impede miniaturiza-
tion efforts [47,54]; meanwhile, impedimetric sensors facilitate label-free detection and 
seamless integration with nanomaterials, despite the necessity for complex signal inter-
pretation and meticulous surface preparation [57]. Collectively, these sensor modalities 
underscore the importance of careful optimization and adaptation to specific applications, 
ultimately enhancing the precision, sensitivity, and integration of organ-on-chip systems 
in diagnostics and personalized medicine. 

3.2. Integrated Electrical Sensors 

Incorporating electrical sensors within PDMS-based OoC platforms significantly ad-
vances disease modeling and drug discovery efforts. These integrated sensors enable real-
time, in-situ monitoring of crucial tissue microphysiological parameters. This enhances 
the model’s fidelity and offers a deeper understanding of complex biological processes. 
An illustrative example of such a platform is the silicon-polymer hybrid OoC device 
equipped with charge sensors and recording microelectrodes. This novel design exploits 
the natural biocompatibility and optical transparency of polymers at the sensing interface, 
simultaneously leveraging silicon’s outstanding electrical properties and its capability for 
integrating active electronic functionalities. This synergistic approach allows for sensitive, 
multi-modal monitoring of the microenvironment, paving the way for more robust and 
translatable pre-clinical assessments [59,60]. 

Sensor fabrication employs a BiCMOS-based cleanroom process at the wafer level, 
yielding a population of nominally identical microchips with dimensions optimized for 
seamless integration with liquid handling components, such as 3D-printed microfluidic 
wells and holders. A crucial aspect of this process involves the development of custom-
designed printed circuit boards (PCBs). These PCBs ensure compatibility with commer-
cially available microelectrode array (MEA) readout systems, enabling efficient liquid 
management within the sensing areas [59,61]. Furthermore, there is a burgeoning interest 
in the synergistic integration of diverse sensing technologies, encompassing pH, oxygen 
levels, and additional parameters, to comprehensively understand cellular behavior and 
responses in real-time [62,63]. This trend toward incorporating multiple sensors within 
multi-organ platforms is an emerging field that aims to broaden the utility of OoC devices 
across various research domains [63,64]. Diverse electrical sensors are pivotal in OoC plat-
forms, monitoring and analyzing multiple physiological parameters in real-time. These 
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sensors enhance functionality by providing continuous data acquisition, facilitating a 
deeper understanding of cellular behavior, tissue responses, and environmental condi-
tions within the OoC microenvironment [43,44,65,66]. Commonly employed electrical 
sensors in OoC platforms include: 

3.2.1. Electrical Sensors 

Within the domain of OoC, electrical sensors reign supreme as the most prevalent 
sensing methodology. This ubiquity can be attributed to two key factors: their inherent 
simplicity of integration and the established expertness in microelectronics, facilitating 
the seamless incorporation of reduced electrodes. Notably, these electrodes empower the 
measurement of critical parameters encompassing cellular and physical properties. On 
the cellular front, they illuminate details of tight junction formation within barrier epithe-
lia and provide morphological insights. Regarding physical properties, they enable the 
analysis of strain, which is precious in monitoring the contractile activity of cardiac cells 
[43]. 

3.2.2. Cell Impedance Sensors 

These sensors measure alterations in impedance within microfluidic pathways, ena-
bling the assessment of cellular adhesion, proliferation, and morphology. The trans-epi-
thelial/endothelial electrical resistance (TEER) reigns as the dominant electrical sensing 
method. Measured across a cell-cultured semipermeable membrane (Figure 4a), TEER 
quantifies barrier integrity, with high values reflecting tight junction formation. This guar-
antees the accurate in vivo recapitulation of permeability investigations. Additionally, 
TEER, with proper modeling, can reveal other aspects like cellular differentiation. Imped-
ance spectra fitting or single-frequency measurements provide normalized cell resistance 
(Rcells, Ω cm2). Electrical cell-substrate impedance sensing (ECIS) offers a localized anal-
ysis of cell behavior via patterned electrodes (Figure 4b). This method extends beyond 
tight junctions to evaluate cellular functions [43]. 

  
(a) (b) 

 
(c) 

Figure 4. Shows three essential sensing modalities in OoCs. (a) Trans-epithelial/Endothelial Electri-
cal Resistance (TEER) quantifies barrier integrity via resistance across a cultured cell membrane; (b) 
Patterned electrodes with two different techniques, field potential, and Electrical Cell-Substrate Im-
pedance Sensing (ECIS) sensors, analyze the behavior of cells in specific areas. Field potential sen-
sors capture electrical activity (voltage) outside cells, while ECIS gauges cell properties (impedance) 
at the interface; (c) A strain gauge affixed to a conductive element within the device quantifies the 
deformation induced by cellular activity. These techniques offer comprehensive insights into vari-
ous cellular functions within OoCs [43]. Adapted with permission from reference [43]. 
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Mermoud et al. have created an innovative microimpedance tomography (MITO) 
system designed to be integrated with lung-on-a-chip platforms. This framework aims to 
tackle the difficulties associated with conventional TEER assessments in lung-on-chip 
models, which are influenced by the rhythmic motions of the barrier that occur during the 
respiratory process. The MITO system employs three coplanar impedance electrodes in-
tegrated into a flexible PCB to assess the lung alveolar barrier from a distance of 1 mm, 
facilitating movement. This advancement addresses the constraints of earlier systems, 
which had electrodes positioned significantly closer to the barrier. The MITO system can 
detect alterations in both electrical and mechanical properties of the barrier, including 
those induced by respiratory movements. It can even detect slight variations in the me-
chanical strain due to differences in cell density. This technology has the potential to pro-
vide valuable physiological data on biological processes and disease development in the 
lungs, making it a promising tool for drug discovery and other applications [45,67]. 

3.2.3. Extracellular Field Potential Sensors 

Multielectrode arrays (MEAs), intricately woven with isolated microelectrodes, ex-
amine the electrophysiological secrets of Organs-on-Chip. Directly culturing electrically 
active cells (think neurons and cardiomyocytes) on their surface, MEAs capture the subtle 
shifts in extracellular field potential as cells depolarize and repolarize. By monitoring volt-
age spikes exceeding a set threshold, these arrays unveil the symphony of action potential 
firing with high spatial resolution, thanks to the rapid decay of electrical signals with dis-
tance. This versatile platform simultaneously measures individual cells’ high-frequency 
whispers and coupled activity’s low-frequency hum, reflecting cellular and organ-level 
physiology. By investigating the spatial and temporal characteristics of these signals with 
parameters such as the duration of field potentials, intervals between peaks, and conduc-
tion velocity, MEAs elucidate the complex nature of electrophysiological responses in cul-
tured cell systems [43]. 

Shin et al. presented a novel three-dimensional high-density MEA, which combines 
optical stimulation techniques, microfluidic systems for drug delivery, and high-density 
recording functionalities. This MEA features 18 microfabricated shanks, including a mul-
tifunctional one with embedded optical fiber and microfluidic channels, as shown in Fig-
ure 5a–c, achieving dense recording coverage (114 sites/mm³) within 3D neural tissues. 
For in vitro experiments, they packaged the 3D MEA by bonding it to a custom PCB for 
electrical connections, a Microdrive for manipulation, and a PDMS microfluidic chip for 
drug delivery, see Figure 5d,e. Furthermore, a light-emitting diode (LED) was attached to 
the fiber for simplified operation, shown in Figure 5d, and the recording capability was 
enhanced by electrodepositing platinum black onto the electrodes for increased surface 
area. 3D MEA design offers significant potential to revolutionize in vitro investigations of 
neural circuits. This technology facilitates the acquisition of precise measurements for syn-
aptic latencies and the capability for localized network modulations. This combined func-
tionality promises to unveil a deeper understanding of neural network dynamics in a con-
trolled vitro environment [68]. 
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Figure 5. Illustrate the 3D microelectrode array’s high-density, multifunctional capabilities encom-
passing its design principles, fabrication techniques, packaging strategies, and integration methods. 
(a) illustrates the assembly process, showcasing individual 2D MEAs before stacking, the final as-
sembled 3D MEA with a microfluidic interface, and its application to a compartmentalized 3D neu-
ral network model; (b,c) present high-resolution images of the 3D MEA and its components, includ-
ing the multifunctional shank with its embedded features; (d) Displays the packaged 3D MEA with 
a light-emitting diode and a flexible connector. Finally, (e) Depicts the complete 3D MEA system 
integrated with a Microdrive and a culture chamber and showcases a 3D rendered image of a pop-
ulated neural network within the system [68]. Adapted with permission from reference [68]. 

Beyond Shin et al. recent high-density 3D MEA, advancements in MEA technology 
encompass diverse strategies to enhance performance. These advancements include inte-
gration with impedance spectroscopy within microfluidic devices, disposable MEAs, and 
silicon-polymer hybrid multi-modal platforms. These innovations have empowered re-
searchers to achieve higher precision and accuracy in neural activity measurement and 
analysis, significantly contributing to the development of neuroprosthetics and related 
fields [59,68,69]. 

3.2.4. Strain Sensors 

Strain gauges offer a powerful tool for deciphering the mechanical forces exerted by 
cells within OoCs. These sensors are usually made up of an inactivated conductive mean-
der that is securely attached to a substrate (see Figure 6). They can measure small defor-
mations, such as the bending of a membrane used in cell culture, which may be related to 
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various cellular activities, including the contraction of cardiac tissue. The principle relies 
on the change in resistance experienced by the meander as it elongates or compresses 
along its conductive paths. However, strain gauges are often integrated into Wheatstone 
bridges due to the small magnitude of this change relative to the overall resistance. This 
configuration converts the measured resistance change into a differential measurement, 
significantly enhancing accuracy [43]. 

 

Figure 6. The device combines a flexible sheet (membrane) with built-in carbon nanotube (CNT) 
sensors to apply 3D pressure and measure how cells respond in gels at the same time. (a) Gels-
containing cells are attached to the membrane using a particular chemical reaction. This allows the 
membrane to squeeze and stretch the gel repeatedly. Tiny sensors made of carbon nanotubes con-
stantly track how much the membrane bends (strain) in response to pressure (P); (b) An image of 
the device with the built-in CNT sensors. Wires for electrical signals are hidden within the mem-
brane for insulation; (c) shows a single section of the membrane with the sensor at rest; (d) and (e) 
shows the membrane bending with and without the gel attached [70]. Adapted with permission 
from reference [71]. 

Liu et al. developed a new microdevice platform for studying tissue development. 
This innovative platform combines real-time stiffness monitoring with the ability to apply 
mechanical forces (stretching or compression) to 3D cell-laden hydrogels. Such an ap-
proach could overcome a major hurdle in current methods, which only analyze tissues at 
the end and miss crucial dynamic changes. Furthermore, they successfully used the plat-
form to track stiffness variations in hydrogels containing stem cells under different con-
ditions. The microdevice in such a platform builds upon their existing bulging membrane 
technology. This method features 3D hydrogels containing the target tissues bonded to 
these membranes, which are then stretched. Embedded carbon nanotube sensors measure 
the resulting deflection, with the amount of deflection reflecting tissue stiffness. Changes 
in sensor resistance (|ΔR/R0|) due to strain are used to calculate the tissue’s elasticity [70]. 
The fabrication process in such a platform involves creating microchannel-laden mem-
branes from a specific PDMS mixture and bonding them to a glass base. A CNT-PDMS 
blend is then screen-printed onto the membranes to create strain sensors. Furthermore, 
calibration and assembly with a cell culture chamber complete the device. The researchers 
further explored integrating tunable poly (ethylene glycol)-norbornene (PEG-NB) hydro-
gels containing cells onto the membranes. These hydrogels were synthesized and 
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covalently bonded using thiol-ene click chemistry. By incorporating specific peptides, 
they achieved controllable degradation and adhesion properties. Finally, mesenchymal 
stem cells were incorporated into a PEG-NB solution to create cell-laden hydrogels. A mi-
crofluidic technique with stencils and a photomask formed these hydrogels with embed-
ded cells directly on the membrane, resulting in a covalently bound and cell-encapsulat-
ing interface [70]. 

3.2.5. Evaluation of Integrated Electrical Sensors 

Ultimately, integrating advanced electrical sensors—encompassing Electrical Sen-
sors, Cell Impedance Sensors, Extracellular Field Potential Sensors, and Strain Sensors—
into organ-on-a-chip (OoC) platforms signifies a pivotal advancement in personalized 
medicine. These sensors collectively enhance the capability to perform high-resolution 
monitoring and facilitate real-time analyses of cellular dynamics. However, challenges re-
lated to material compatibility, system miniaturization, and environmental variability 
persist [63,66]. Notably, while Cell Impedance Sensors and Extracellular Field Potential 
Sensors provide invaluable insights into cell behavior and electrical activity, their efficacy 
is often limited by electrode fouling and noise susceptibility [59,64,65,68]. Furthermore, 
Strain Sensors contribute crucial biomechanical data yet demand further optimization to 
reduce invasiveness and improve durability [44,70]. Comparative studies underscore the 
necessity for innovations in material science, alongside enhancements in sensitivity and 
biocompatibility, to fully harness the potential of these technologies. Ultimately, the con-
vergence of these advancements positions OoCs as transformative platforms for develop-
ing predictive, patient-specific diagnostics and therapeutic testing, marking a significant 
step forward in pursuing individualized medical care. 

3.3. Integrated Optical Sensors 

Optical sensing techniques have been developed rapidly in recent years and have 
shown great promise as an essential piece in LoC systems such as PDMS-based OoC de-
vices. Monitoring OoC models presents a significant challenge, where continuous and 
precise observation of the biological and physiological parameters within the chip in real-
time is highly demanded [9]. 

Optical sensors have several attractive features, making them a great alternative to 
traditional sensing strategies. One of the main benefits is the easy fabrication, integration, 
calibration, and validation of optical sensors within OoC systems compared to other mon-
itor types, such as electrode sensing that requires advanced microfabrication tools [71–
73]. Miniaturization, low manufacturing costs, and commercially available optical sensors 
highly contributed to the possibility of placing sensors inside a microfluidic system and 
achieving more experiments to improve the interpretation of results [74,75]. In addition, 
optical detection can provide information on various critical parameters in the cell culture 
matrix, such as metabolic activity, cellular pathology, tissue viability, cell growth, and 
cell-to-cell interactions [73]. Another main advantage of optical integration in OoC sys-
tems is that they are contactless with the detecting element and the sensor, where the sig-
nals can be transmitted in microfluidic materials, such as glass, or through a window. 
Contactless measurement gives this sensor significant potential for multi-parameter sys-
tems without requiring a reference element compared to an electrochemical sensor [43]. 
One of the advantages of optical sensing integration is that measurement does not con-
sume oxygen because of the independence of redox reactions, which is important in the 
microliter volumes applied in OoC systems [62]. Optical monitoring can be achieved in 
real-time by covering a broad spectrum of sensing techniques and long-term analysis 
where cells are generally not disrupted during experiments [76]. The temperature stability 
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of optical sensors up to 180 °C during measurement could help increase the result resolu-
tion [43]. 

Optical sensor integration in OoC systems still needs some development and more 
research to overcome some disadvantages. In the beginning, optical sensing techniques 
require a dye or labeled substrate for visualizing the compound in the cell culture micro-
fluidic, which requires knowledge of material chemistry and optics to determine polymer 
materials and indicator dyes. Additionally, for the long-standing stability of the optical 
detector, photodegradation, called bleaching of the sensor, was observed where some 
dyes degrade and lose their brightness after interaction with light, besides the limited 
range of substance concentrations [43]. These dyes may leach into the cell culture matrix 
and deteriorate the sensor sensitivity over time. Another limitation of optical sensors that 
highly affects the measurement performance is the optical length through the sample 
where the sensitivity reduction occurs as described by the Beer-Lambert law [76]. The 
limitation of absorbance measurement was also observed, resulting from the background 
fluorescence of some culture medium components [76]. To overcome these limitations, 
many efforts have been invested. Different dyes and matrices were developed in the case 
of a dye or labeled substrate of visualization that increases the possibilities of using optical 
sensing integration of the OoC chip [75]. To avoid photodegradation, dyes that have high 
photostability can be employed by reducing the light exposure of the sensing components 
[77]. The range expansion of matrix concentrations can be achieved by color development, 
such as adding absorbable phenol red [9]. For the elimination of leaching, covalently 
bonding between larger molecules or trapped particles and medium can be made [77]. 

In general, microfluidic devices, such as the OoC systems, with integrated optical 
sensors comprise two parts: a transparent microfluidic material, e.g., PDMS, already dis-
cussed above, and an optical detection system. Most integrated optical sensors contain a 
detector element, a transducer transducing the recognition event output signals, and a 
signal processing device converting output optical signals into appropriate readings [78]. 
The detector elements can be determined depending on the optical and measurement 
principle and monitor format. For example, intensity-based sensors typically require an 
excitation source such as a light emitting diode (LED) or lamp and sensitive indicator dye 
to the analyte of interest and matrix chip [76]. 

Before the integration of the optical sensing element into the OoC system, the optical 
sensing principle should be recognized beside multiple biomarkers of organs. Optical sen-
sors depend on detecting changes in optical proprieties of cell or culture microenviron-
ment, including absorbance, fluorescence intensity, refractive index, and scattering. One 
of the main monitors successfully integrated into a flexible OoC structure was the lumi-
nescence sensor [79]. In this sensor technique, molecules are excited by a light source at a 
wavelength absorbed by the indicator dye, resulting in emission spectra captured via the 
detector that is usually mounted on the same side of the light source, as shown in Figure 
7a [43]. Different measurement types of luminescent sensors can be achieved, such as life-
time, luminescent intensity, and temperature [80]. Lifetime-based measurement, which 
depends on the average time the fluorophore stays in the excited level before releasing a 
photon, has higher contrast and suppression of background signals than intensity-based 
sensors. Another integrated optical monitor system into the OoC device was an absorp-
tion sensor depending on the analyte concentration correlated to the dye’s molar absorp-
tion based on the Beer−Lambert law, as illustrated in Figure 7b [43]. 
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(a) (b) 

Figure 7. Diagram illustration of the optical monitor setup on the basis of (a) luminescence where 
the detector is located on the same side of the excitation light source and (b) Absorption measure-
ments [43]. Adapted with permission from reference [43]. 

Several recent attempts have been made to integrate optical sensors successfully into 
the OoC system using different-based measurements. Zirath et al. presented the incorpo-
ration of an optical oxygen meter into a flexible microfluidic PDMS using optical fibers to 
measure the oxygen level in a cell culture medium [81]. The number of effects of A549 
lung cells on oxygen consumption and the influence of cell types, including A549 lung 
epithelial, human umbilical vein endothelial cells (HUVEC) endothelial, normal human 
dermal fibroblasts (NHDF), and adipose-derived stem cells (ASC) stem cells on oxygen 
levels, were investigated. Figure 8a illustrates the hydrogel and cell seeding into a gas-
permeable 3D culture microfluidic chip with integrated oxygen detector spots. The results 
show a variation in oxygen consumption for increasing the numbers of cells after 10 min 
of cell seeding, indicating more oxygen requirements in the case of larger lung cell num-
bers, as shown in Figure 8b. At the same density of 2.5x104 cells/cm2, the impact of cell 
types on oxygen level was clearly observed, where the highest oxygen consumption was 
recorded to be 183 ± 0.4 hPa for NHDF fibroblast cells compared to the lowest of 28.4 ± 0.4 
hPa for HUVEC endothelial cells, as illustrated in Figure 8c. The outcome of this study 
supports the ability to integrate microparticle-based sensor spots for estimating cellular 
oxygen consumption. 

Real-time pH measurements are important for examining cell and organ functions in 
the chip. The integration of absorbance-based sensing into LoC systems was one of the 
attempts to monitor the pH value of the culture media. Saygili et al. designed a pH sensor 
containing an optical sensor (3 mm light-dependent resistor) and LEDs at wavelengths of 
430 and 560 nm for monitoring real-time pH changes in a microfluidic chip during the 
physiological and pathological changes resulting from bleomycin induction [82]. The bio-
mimetic microfluidic device was built using a matching design of PDMS channels sand-
wiched between two PMMA layers, as shown in Figure 9a. The result shows the absorb-
ance changes because of the pH changes, as shown in Figure 9b, and the decrease of pH 
value over time with/without cell in culture media, as presented in Figure 9c. The same 
approach was observed when the cells were hatched for 12 days in DMEM-F12 media as 
a control. Conversely, the descents and ascents of pH level were observed in the bleomy-
cin (BLM)-induced model, particularly within the first 96 h, as shown in Figure 9d. This 
study presents the possibility of optical sensor integration into an OoC system for pH 
change measurement with high reservoir volume and dynamic flow. 
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(a) 

  
(b) (c) 

Figure 8. In (a) The cross-section of microfluidic chips during cell and hydrogel seeding into a gas-
permeable 3D chip; (b) The effect of A549 cell density on the consumption of oxygen was recorded 
during 3 h of cell seeding into the chip; (c) The impact of cell type on the pressure of partial oxygen 
during the feeding process of cells [81]. Adapted with permission from reference [81]. 

 
(a) (b) 

  
(c) (d) 

Figure 9. (a) Design of sensor integrated into microfluidic to observe major features of cells in cell 
culture matrix; (b) The changes of absorbance caused by the pH changes vs. the UV-VIS wavelength 
scan; (c) The pH changes recorded based on the time with and without the cell’s presence in culture 
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media; (d) Time-dependent pH level changes in control and BLM-induced PF model and zoomed 
pH changes during 96 h of incubation [82]. Adapted with permission from reference [82]. 

Optical sensors based on quasi-elastic light scattering have been successfully inte-
grated with microfluidic devices for cellular growth analysis by Soares’s team [83]. The 
group fabricated a PDMS reversible microfluidic bioreactor comprising channels and per-
fusion chambers equipped with single-mode optical fibers (SMF) inserted inside the 
chambers during PDMS curing over 3D-printed molds. Experimentally, as shown in Fig-
ure 10, a portion of the 1310 nm laser beam launched through an SMF is transmitted to 
the medium containing Saccharomyces cerevisiae ATCC 7754 cells, and the other portion 
is reflected to the same fiber with intensity depending on the total number of cell growth. 
The reflected light is directed to a measurement system, a photodetector, to monitor the 
microbial kinetics and cell concentration. 

 

Figure 10. The setup of the PDMS microfluidic system integrated into an optical fiber sensor con-
taining SMF, 1310 nm laser system, and photodetector for the monitoring Saccharomyces cerevisiae 
cells concentration depending on the light scattering inside the microchamber [83]. Adapted with 
permission from reference [83]. 

The result shows that a bioreactor can be utilized for the direct and online observing 
of the Saccharomyces cerevisiae fermentation process where both cell concentration 
(number of cells/mL) and decay rate values (Γm) were obtained as a function of time as 
presented in Figure 11a. Another team worked on real-time monitoring of 60 kDa his-
tagged protein detection using a label-free porous silicon optical biosensor [84]. Graham 
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et al. designed PDMS channels at dimensions of 500 µm in width and 200 µm in height 
based on a 3D-printed polyacrylate model integrated with PSi to monitor the PSi’s reflec-
tivity changes. The microfluidic device has been successfully used to measure the aver-
aged relative effective optical thickness (EOT) differences for the protein at the range of 
concentration between 0.25 and 18 µM, as presented in Figure 11b. The super achievement 
of the 3D-printed fluidic system integrated aptasensor confirms the ability to detect vari-
ous target cells. 

(a) 

(b) 

Figure 11. (a) The direct relationship between the cell counting (cells/ mL) curve and the average 
decay rate Γm vs. fermentation time using an optical fiber sensor with chamber procedure [83]; (b) 
Averaged relative EOT variations at different concentrations of the 60 kDa his-tagged protein from 
the family of Arabinanase [84]. Adapted with permission from references [83,84]. 

To summarize, the integration of optical sensors within organ-on-a-chip (OoC) plat-
forms signifies a pivotal enhancement in the realms of personalized medicine and organ-
specific biosensing. These advanced systems markedly improve the predictive accuracy 
of disease models while enabling real-time monitoring of physiological parameters. Re-
cent investigations have demonstrated the effective incorporation of these sensors in lung-
on-chip and liver-on-chip models, allowing for the assessment of crucial metrics such as 
oxygen levels, pH, and cellular metabolism through the application of optical fluorescence 
and electrochemical sensing methodologies [74,80,84]. A primary advantage of these in-
tegrated optical sensors lies in their ability to provide continuous and non-invasive data, 
which facilitates in-depth analysis of dynamic cellular responses [81]. However, chal-
lenges remain, including biofouling, signal stability, and the complexities of incorporating 
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multifunctional sensors within microfluidic architectures [43]. For example, while fluores-
cence-based sensors offer significant sensitivity and scalability, their performance may be 
compromised by background interference in intricate biological environment chips [76]. 
Conversely, optical oxygen sensors integrated into liver organoids demonstrate potential 
for precise monitoring of metabolic flux, yet their successful application necessitates the 
development of advanced microfabrication techniques [43]. 

Combining these technologies with microfluidics and tissue engineering advance-
ments can significantly enhance their potential. Improved reliability may facilitate the de-
velopment of high-throughput personalized treatments and more effective disease mod-
eling [43,62,72]. To further advance these technologies, enhancements in 3D printing res-
olution and adopting smoother bonding methods, such as UV-curable adhesives, are im-
perative. Additionally, addressing issues such as non-specific adsorption in PDMS-based 
systems will be crucial. Material science and sensor integration advances can mitigate var-
iability and enhance device scalability. These innovations are poised to refine the accuracy 
and reliability of OoC platforms, thereby broadening their application within personal-
ized medicine. Ultimately, this could lead to improved drug testing methodologies, en-
hanced disease modeling, and the development of tailored therapeutic interventions 
[83,84]. 

Ultimately, the potential of THz spectroscopy integration with microfluidic plat-
forms as a THz-biosensor has been explored in our recent work, emphasizing its potential 
for label-free and reagent-free sensing. We highlighted the importance of selecting appro-
priate materials and structures that impact THz absorption and overall performance. 
While non-polymeric materials like quartz are effective, polymers such as PDMS are be-
coming viable alternatives due to their cost advantages. The works also discussed pio-
neering biological studies demonstrating improved spectroscopic performance with these 
integrated platforms, particularly in reducing water absorption. Our findings suggest sig-
nificant potential for further advancements in this novel integration [85]. 

4. Integrated OoC Platforms for Personalized Medicine 
In the wake of the Human Genome Project’s completion, genomics has experienced 

a surge driven by technological advancements [86]. The streamlined generation, analysis, 
and interpretation of genomic data have increased efficiency and cost-effectiveness [87]. 
Despite these strides, integrating these advancements into clinical practices has been grad-
ual. At the core of this transformation lies personalized medicine, an evolving healthcare 
discipline rooted in recognizing the uniqueness of each individual [88]. Traditional med-
ical practices are characterized by a ’one-size-fits-all’ model and transition to a more re-
fined and individualized methodology [89,90]. Personalized medicine embodies a holistic 
approach, integrating clinical, genetic, genomic, and environmental information to indi-
vidualize patient care across the health-to-disease spectrum. Leveraging molecular under-
standing, this approach optimizes preventive healthcare and introduces targeted drug 
therapies in early disease stages, aiming to tailor medical care for maximal individual out-
comes [91,92]. Technologies like mass spectrometry, high-throughput sequencing, imag-
ing, and microfluidics enable intricate measurements, revealing molecular and cellular 
variations between individuals. Analytics fused with these technologies usher in a new 
era of precision medicine, guiding tailored patient management strategies [93]. 

OoCs have garnered significant attention beyond academic circles. Acknowledged as 
one of the top budding technologies in 2016 by the World Economic Forum, the OoC ad-
dresses the imperative need for human-like testing systems in the pharmaceutical, cos-
metic, food, and chemical industries [94]. This acknowledgment underscores the potential 
of OoCs to revolutionize testing methodologies, replacing or complementing traditional 
approaches such as animal testing with more humanized in vitro alternatives. OoCs have 
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evolved into a transformative translational science paradigm, poised to significantly im-
pact drug discovery, disease modeling, and toxicity assessment [7]. By providing a more 
accurate representation of human diseases and responses to drugs, OoCs offer novel tools 
for researchers and contribute to the ongoing era of tissue chip research [95]. However, 
challenges and limitations exist, necessitating a thorough understanding of the context of 
use for OoC platforms to ensure their continued development and application. This sec-
tion will probe into the advancements of OoC technology, mainly focusing on platforms 
based on PDMS and integrated with diverse biosensors. These OoCs emulate human or-
gan functions at microscale levels and are instrumental in revolutionizing biomedical re-
search and pharmaceutical testing. Specifically, we explore PDMS-based models simulat-
ing the complexities of lung, liver, brain, and gut tissues individually and integrated mul-
tiorgan chips. Each OoC incorporates sophisticated biosensors tailored to monitor meta-
bolic activities, tissue barrier functions, and electromechanical properties within these mi-
crophysiological systems. This comprehensive approach enhances our understanding of 
organ-level responses to drugs and diseases. Also, it underscores the potential of OoCs to 
replace traditional experimental models with more accurate, human-relevant alternatives 
in biomedical applications and personalized medicine. 

4.1. Integrated PDMS-Based OoC Sensors 

This section will review the recent work in the integrated OoC systems, including 
lung, liver, heart, brain, and gut-on-a-chips, and multi-OoC systems. At the end of section 
4, Table 1 will summarize the biosensor types, targets, applications, and advantages for 
all discussed Organ-on-a-Chip. 

4.1.1. Lung-on-a-Chip 

In a series of studies exploring the transformative uses of lung-on-a-chip technology, 
distinct PDMS microdevices with integrated sensors are highlighted. Mermoud et al. ad-
vanced a micro-impedance tomography (MITO) system incorporated into a lung-on-a-
chip model that simulates breathing movements. MITO utilizes impedimetric coplanar 
electrodes to track both electrochemical and mechanical variations in the lung alveolar 
[67]. As shown in Figure 12a, this system employs a tetrapolar configuration of electrodes 
positioned 1 mm beneath the cell culture membrane, enabling sensitive detection of cell 
membrane barrier deflections without the need for apical electrodes. This approach is par-
ticularly advantageous when compared to traditional methods since it provides a straight-
forward and cost-effective method for real-time monitoring of lung microenvironments. 
However, further exploration of its sensitivity to deeper cellular processes is needed to 
enhance its applicability [67]. 

In addition, Henry et al. developed a human airway-on-a-chip with embedded TEER 
biosensors to monitor transepithelial electrical resistance [96]. This PDMS-based microflu-
idic device used a polycarbonate substrate for high optical clarity and cell culture com-
patibility, integrating four electrodes into the system for real-time monitoring. The TEER 
chip was assembled through a layer-by-layer approach, combining PDMS stamps and 
polycarbonate substrates treated with oxygen plasma and aqueous solutions of  (3-Glyc-
idyloxypropyl) trimethoxysilane (GLYMO) and 3-aminopropyl triethoxysilane (APTES) 
for optimal bonding Figure 12b. The device, featuring a porous PET membrane aligned 
with the PDMS layers, successfully maintained cell cultures for 62 days, including 56 days 
at the air-liquid interface, without cell toxicity. Compared to the previous MITO system, 
this study focuses more on long-term cell viability and TEER stability, making it ideal for 
chronic exposure studies. Its durability, however, may limit flexibility in dynamic appli-
cations [96]. Driven by cyclic mechanical strain, another study by Huh et al. focuses on 
reconstituting organ-level lung functions, emphasizing its ability to reproduce integrated 
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responses to bacterial and inflammatory stimuli. This PDMS lung-on-a-chip model high-
lights its effectiveness in revealing toxic and inflammatory reactions to silica nanoparti-
cles. This model excels in replicating immune responses critical for understanding disease 
progression, drug screening, and toxicology. However, it is less suited for structural or 
mechanical monitoring [97]. 

 
(a) 

  
(b) (c) 

Figure 12. In (a) Cross-sectional view of the micro-impedance tomography (MITO) system incorpo-
rated into a lung-on-a-chip with sensing electrodes (SE) and the working electrodes (WE) of the 
MITO are positioned 1 mm beneath the cultured membrane of cells [67]; in (b) Assembly of human 
airway-on-a-chip model combining PDMS stamps, PET membrane, and polycarbonate substrates 
integrating TEER biosensors; and in (c) Illustrative view of the 4-point electrodes on the opposite 
sides of the cell culture with current applied between two electrodes (IExcite) and voltage drop meas-
ured between a second pair of electrodes (Vmeas), allowing precise TEER measurement [96]. Adapted 
with permission from references [67,96]. 

Furthermore, Huh et al. utilized optical and strain sensors in a PDMS microdevice to 
serve as a human disease model, replicating pulmonary edema caused by drug toxicity 
via simulating organ-level lung functions. Mimicking the alveolar-capillary interface and 
subjected to fluid flow and cyclic mechanical strain, the microdevice successfully repro-
duces the pulmonary edema found in cancer patients undergoing interleukin-2 (IL-2) 
treatment. Through real-time imaging and quantitative analysis facilitated by the inte-
grated optical sensors, the study unveils the critical role of physiological breathing mo-
tions that exacerbate IL-2 toxicity, resulting in pulmonary edema [98]. This system, com-
pared to others, uniquely combines mechanical strain with optical imaging to visualize 
dynamic changes, providing a holistic view of disease mechanics. However, its complex-
ity might limit widespread adoption. 
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Using advanced biosensors, these studies significantly enhance the model’s capabil-
ities by providing precise measurements of electrochemical changes, mechanical strain, 
and transepithelial electrical resistance. These integrated features enhance the effective-
ness of lung-on-a-chip technology in replicating physiological conditions and clarifying 
organ-level responses. These developments highlight the adaptability and potential of 
lung-on-a-chip systems for disease modeling and swift diagnostics, opening up new ave-
nues for future advancements in personalized medicine and therapeutic approaches. 

4.1.2. Liver-on-a-Chip 

Research on liver-on-a-chip models, employing PDMS technology, aims to enhance 
drug development by replicating essential liver functions crucial for drug metabolism and 
detoxification. Electrochemical biosensors are predominantly used in these models due to 
the precise measurement of biochemical changes and metabolic functions, making them 
ideal for replicating the complex processes of the liver. Bavli et al. created a liver-on-chip 
microfluidic platform using a bioreactor based on PMMA with PDMS microwell inserts 
to analyze glucose metabolism and mitochondrial function, incorporating automated mi-
crofluidic analysis, as illustrated in Figure 13a,b [99]. The system utilized growth-arrested 
HepG2/C3A cells, a type of human liver carcinoma cell, maintained under physiological 
conditions. The platform integrates off-chip amperometric electrochemical glucose and 
lactate sensors and optical oxygen sensors, allowing continuous measurements for over 
24 h and 28 days, respectively. This setup revealed metabolic shifts during drug exposure 
(rotenone and troglitazone), with troglitazone inducing a switch to glycolysis and main-
taining ATP levels, while rotenone reduced glucose uptake and increased glutaminolysis 
[99]. This real-time monitoring capability highlighted mitochondrial dysfunction at drug 
concentrations previously deemed safe, demonstrating the platform’s potential in preclin-
ical drug development. Nonetheless, its reliance on carcinoma-derived cells, limits its rel-
evance for normal liver studies. 

Additionally, Moya et al. introduced a modular bioreactor (ExoLiver) equipped with 
inkjet-printed electrochemical sensors to track oxygen levels across different zones of the 
hepatic culture chamber [100]. As illustrated in Figure 13c,d, this system integrates three 
electrochemical dissolved oxygen (DO) detectors that are inkjet-printed within a fluidic 
channel of a very thin, porous cell culture membrane. These sensors operate on an am-
perometric principle, allowing real-time, in-situ observation of oxygen concentrations. 
The cells used in this study include primary human and rat hepatocytes. The main find-
ings reveal that the printed sensors can detect oxygen gradients of up to 32.5% and 17.5% 
for human hepatocytes and rat hepatocytes, respectively, crucial for liver zonation. This 
approach highlights the potential of inkjet printing technology for integrating sensors into 
OoC devices, enabling precise, real-time monitoring of cellular respiration and metabolic 
functions [100]. Though its focus on specific hepatic zones may limit its broader applica-
tion for whole-liver function studies. As the field progresses, engineered human liver plat-
forms are anticipated to play a vital role in personalized drug metabolism studies, offering 
reliable and physiologically relevant models for preclinical drug development [101]. 



Biosensors 2025, 15, 76 25 of 44 
 

 

Figure 13. A schematic view of a liver-on-chip microfluidic platform (a) layers and (b)assembly, 
using a PMMA bioreactor with PDMS microwell inserts for glucose metabolism and mitochondrial 
function [99]; (c) Schematic diagram of ExoLiver integrating three electrochemical dissolved oxygen 
(DO) sensors; (d) Cross-sectional view of the system featuring the three sensors embedded within 
the porous membrane. (e) An illustration of the system assembly [100]. Adapted with permission 
from references [99,100]. 

4.1.3. Heart-on-a-Chip 

The significance of Heart-on-a-chip technology lies in its transformative impact on 
cardiovascular research and drug development, offering a sophisticated platform to 
closely mimic the intricate physiology and complexities of the human heart [102]. This 
approach not only enhances the accuracy of studying the cardiac function and disease 
responses but also addresses the challenges posed by the intricate hierarchical structure 
of the native heart, paving the way for more precise drug screening, insights into person-
alized medicine, reduced reliance on animal models, and comprehensive systemic studies 
when integrated with other organ models. Addressing challenges in creating cardiac tis-
sues and organ models, Shin et al. introduced an advanced aptamer-based electrochemi-
cal biosensor integrated into a microfluidic device crafted with PDMS technology, incor-
porating channels replicated from SU-8 photoresist masters and a thin PDMS membrane 
designed to detect cardiac injury biomarkers at low concentrations [103]. Functionalized 
with specific aptamers targeting creatine kinase-MB (CK-MB), a cardiac biomarker, this 
biosensor exhibits heightened sensitivity and durability compared to antibody-based sen-
sors. Validated with human embryonic stem cell-derived cardiomyocytes (ESC-CMs), the 
system demonstrated dose-dependent responses to drug-induced insults, linking CK-MB 
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secretion levels to variations in organoid cell viability and beating rates. Although this 
system may be less suited for long-term structural assessments, the integrated platform 
shows potential for continuous, sensitive biomarker monitoring in OoC systems, promis-
ing applications in drug screening and disease modeling [103]. 

In heart-on-a-chip technology, electrical sensors play a pivotal role in monitoring and 
influencing cardiac activity, making them essential for drug testing and physiological re-
search. Zhang et al. created a PDMS channel embedded with platinum (Pt)-PDMS pillar 
electrodes to cultivate 3D cardiac microtissues, employing sustained electrical stimulation 
and local field potential recordings of cardiomyocytes (Figure 14a). The study evaluated 
the effects of isoproterenol drug on contraction intervals and beating rates, demonstrating 
clinical relevance in drug testing scenarios. Although it offers an advantage over static 
systems, it is less comprehensive for modeling multi-tissue interactions [104]. 

Additionally, Maoz et al. established a dual-channel PDMS system that integrates 
endothelial cells and cardiac monolayers separated by a PET membrane [105]. Figure 14b 
shows that the platform includes a TEER sensor to assess endothelial monolayer integrity 
and Multi-Electrode Array technology to monitor cardiac electrical activity. Validated 
with isoproterenol tests under varying endothelial conditions, the model mimics systemic 
vascular drug delivery while concurrently monitoring cardiac function, though the com-
plexity may limit scalability [105]. Moreover, Schmid et al. contributed to this field by 
developing a PDMS hanging drop network that enables continuous perfusion of cardiac 
spheroids while employing Electrical Impedance Spectroscopy (EIS) to correlate electrical 
spikes with tissue contractions [106]. A similar study by Bürgel et al. further enhanced 
cardiac spheroid studies with a tilting, high-throughput PDMS device equipped with Au-
tomated Multiplexed Electrical Impedance Spectroscopy (AMEIS), revealing insights into 
contraction and relaxation dynamics [107]. Incorporating these advancements in heart-on-
a-chip technology, mainly through the use of biosensors, not only enhances our ability to 
monitor and influence cardiac activity for drug testing and physiological research but also 
holds promise for advancing personalized medicine by providing tailored insights into 
individual responses to therapeutic interventions. Future efforts should prioritize multi-
tissue integration, scalability, and enhanced physiological accuracy to better replicate na-
tive heart conditions. 

 
(a) 
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Figure 14. In (a) A schematic illustration of a PDMS-based heart-on-a-chip model with integrated 
platinum (Pt)-PDMS pillar electrodes [104]; (b) Device layers of heart-on-a-chip integrating TEER-
MEA sensors; (c) Cross-sections of the setup with endothelial cells and cardiomyocytes cultured 
between two TEER electrodes [105]. Adapted with permission from references [104,105]. 

4.1.4. Brain-on-a-Chip 

The blood-brain barrier (BBB) plays a pivotal role as the guardian, separating the 
central nervous system from rest body, regulating the entry of essential nutrients, and 
barring potentially harmful substances [108]. Precise in vitro simulation of the BBB is cru-
cial for comprehending its formation and functionality and assessing the penetration of 
drugs and toxins. Previous models often fell short in representing all relevant cell types 
and lacked the necessary flow-induced shear forces for robust tight junction development 
[109]. Overcoming these challenges is essential for advancing drug development targeting 
the brain, as high-fidelity in vitro BBB models enable effective early screening of potential 
therapeutic candidates. The impermeability of the BBB to many chemical compounds pre-
sents a unique hurdle in developing neuroprotective drugs, emphasizing the significance 
of improved in vitro models for studying and addressing neurological disorders [110]. 

Electrical sensors play a crucial role in brain-on-a-chip technologies by enabling the 
monitoring of neuronal activity, which is pivotal for understanding brain function, drug 
responses, and disease mechanisms. Addressing the challenge of integrating sensors close 
to cellular barriers, a study by Van Der Helm et al. introduced a technique for directly 
measuring TEER in microfluidic OoCs [111]. This approach utilizes four electrodes in-
serted into separate channels across a PDMS-fabricated device. The model was validated 
using human hCMEC/D3 cerebral endothelial cells to mimic the BBB, demonstrating sta-
ble TEER values comparable to conventional systems. This model offers simplicity and 
reliability for TEER measurement. However, its lack of dynamic flow conditions may limit 
its ability to replicate the full complexity of the in vivo BBB function. Similarly, a micro-
fluidic BBB model was developed utilizing a PDMS-fabricated platform with integrated 
electrical impedance sensors to mimic in vivo BBB characteristics and facilitate drug per-
meability studies. As illustrated in Figure 15a,b, the model incorporated brain microvas-
cular endothelial cells (BMECs) derived from human induced pluripotent stem cells (hiP-
SCs) and co-cultured with rat main astrocytes on a porous membrane. The platform 
achieved sustained TEER values of more than 2000 Ω·cm2 for a period of up to 10 days. 
Compared to other approaches, this model’s use of dynamic flow and hiPSC-derived 
BMECs enhances its physiological relevance, though its mixed-species co-culture may in-
troduce variability in cellular responses [112]. Additionally, Jeong et al. integrated an elec-
trical impedance sensor array into a PDMS-fabricated device [113]. This system features 
16 intersecting microchannels, each housing a co-culture of primary neurovascular endo-
thelial cells and astrocytes separated by a permeable polycarbonate membrane. The chip 
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allows for real-time assessment of barrier function through TEER measurement, demon-
strating enhanced tight junction formation and reduced barrier permeability under in 
vivo shear stress levels (Figure 15c,d). However, its complexity may hinder scalability for 
routine applications. 

Furthermore, Van de Wijdeven et al. present an advanced lab-on-chip system com-
bining a microfluidic platform with a MEA to study brain circuit dynamics [114]. Fabri-
cated using PDMS, the device features compartments for cell seeding and synaptic inter-
actions, aiding the study of synaptic transmission and neuronal activity. In a similar study, 
Moutaux et al. integrated a 3-nodal PDMS-based microfluidic chip with MEAs for neuro-
biological and pathophysiological studies, as shown in Figure 15e. The system mimics 
neural network responses to injuries, making it a valuable tool for researching neuro-
degenerative diseases and central nervous system trauma, with potential applications in 
therapeutic intervention studies [115]. Although these two systems are uniquely suited 
for studying brain circuit behavior and injury response, they lack integration with vascu-
lar components. Utilizing an optical sensor, a microfluidic oxygenation device created by 
Mauleon et al. to mimic stroke events in mouse brain slices using ruthenium-based optical 
oxygen sensors. The device enables precise monitoring of intracellular calcium dynamics 
in hippocampal neurons [116]. This technology, integrated with standard electrophysiol-
ogy tools, significantly advances studying neural responses under controlled oxygen con-
ditions. 

 

 

(a) (b) 
 

  
(c) (d) 
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Figure 15. In (a) Design assembly of PDMS Blood-Brain Barrier (BBB) model for drug permeability 
screening; (b) Cross section view of the system integrating TEER electrodes across a co-culture of 
brain microvascular endothelial cells (BMECs) and rat primary [112]; (c,d) PDMS- based device in-
corporating TEER sensor with 16-unit chip co-culturing primary neurovascular endothelial cells and 
astrocytes [113]; (e) A schematic illustration of a PDMS-based microfluidic system integrating a 
MEA to mimic neural network responses [115]. Adapted with permission from references 
[112,113,115]. 

4.1.5. Gut-on-a-Chip 

Gut-on-chip devices have investigated cellular- and tissue-level interactions in vitro. 
They are powerful tools for studying gut physiology, conducting drug testing and devel-
opment, and exploring host-microbiome interactions [117]. Additional applications in-
clude understanding the correlations between host-microbe dynamics, human nutrition, 
and the microbiome. A study reported by Wang et al. integrated a gut-on-a-chip platform 
with TEER and electrochemical sensors to investigate mercury ion (Hg(II)) transport dy-
namics in human intestinal epithelium in vitro [118]. Figure 16a,b show that the PDMS 
chip features microchannels separated by a porous membrane, forming a tissue interface 
miming the intestinal barrier. Under dynamic conditions simulating physiological stress, 
such as fluid shear stress and cyclic mechanical strain, the chip monitored real-time Hg(II) 
absorption and epithelial damage. TEER measurements confirmed the formation of a 
functional epithelial barrier, while electrochemical sensors quantified Hg(II) absorption 
levels. This model is well-suited for real-time monitoring of toxicant transport and epithe-
lial barrier function, but its application may be limited to specific toxicological studies. In 
addition, W. van der Helm et al. introduced an approach integrating impedance spectros-
copy with electrical stimulation to assess barrier function and differentiation of human 
intestinal epithelial cells within gut-on-a-chip microfluidic devices [119]. The microdevice 
utilizes a four-electrode configuration fabricated from PC and PDMS layers, allowing pre-
cise measurement of TEER and cell layer capacitance under dynamic flow conditions. Im-
pedance spectroscopy enabled real-time monitoring of epithelial resistance without re-
quiring blank measurements, while electrical stimulation normalized these measurements 
across different chip platforms. Although this approach provides more precise and adapt-
able TEER measurements across platforms, it may lack the dynamic simulation of me-
chanical strain seen in other models. Similarly, Kim et al. integrated a TEER sensor into a 
’human gut-on-a-chip’ biomimetic microdevice to emulate the pathophysiological, me-
chanical, structural, transport, and absorptive characteristics of the human intestine [120]. 
It consists of a pair of microfluidic channels divided by a pliant membrane covered with 
ECM and layered with human intestinal epithelium (Caco-2) cells. This gut-on-a-chip 
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maintained controlled fluid flow and cyclic strain to simulate peristaltic motions, support-
ing the growth of microbial flora while preserving human cell viability. Nonetheless, its 
focus on dynamic physiological conditions over advanced electrical measurement tech-
niques, may result in reduced precision in measurement capabilities. 

  
(a) (b) 

Figure 16. In (a) Schematic illustration of the combined layers of Gut-on-a-chip model; (b) Assembly 
of the device measuring the absorption of mercury undergoing mechanical strain through TEER 
electrodes and electrochemical sensors [118]. Adapted with permission from reference [118]. 

4.1.6. Multi-Organ-on-a-Chip System 

The development of multi-OoC systems is crucial for personalized medicine, offering 
a detailed understanding of individualized physiological responses. By replicating com-
plex interactions between organs, these platforms enable simultaneous assessment of 
drug effects on various tissues, aligning with the principles of precision medicine [121]. 
Incorporating patient-derived cells enhances the relevance of these systems in modeling 
personalized disease scenarios and predicting individual responses to treatments, mark-
ing a significant stride toward more targeted and effective therapeutic development [122]. 

In response to the pressing need for a relevant human in vitro simulation for disease 
and drug studies, Oleaga et al. created a human 4-organ system to support the co-culture 
of skeletal muscle, liver, heart, and nervous system modules, mimicking human physiol-
ogy [123]. As illustrated in Figure 17, the microfluidic chip, fabricated using PDMS, incor-
porated noninvasive electrical and mechanical strain sensors for real-time tracking of cel-
lular function. Each individual chip was cultured independently until fully differentiation 
before being integrated into the system. The platform included electrical assessments of 
cardiac and neuron cells, along with mechanical measurements of cardiac and skeletal 
muscle contractions, but may require further exploration of real-time inter-organ signal-
ing. This setup facilitated the in vitro evaluation of chronic toxicity, offering a promising 
alternative to animal testing for long-term chemical exposure studies. 



Biosensors 2025, 15, 76 31 of 44 
 

 

Figure 17. A schematic diagram of a multi-OoC system comprised of (A) Liver; (B) and (C) Heart; 
(D) Skeletal muscle; and (E) Nervous system. The 4-organ system integrates a multielectrode array 
and mechanical strain sensors for the measurement of neuronal and cardiac electrical assessment 
and skeletal and cardiac muscle contraction [123]. Adapted with permission from reference [123]. 

A three-tissue OoC system was developed using advanced biosensors and PDMS for 
chip fabrication, integrating liver, heart, and lung organoids [124]. The liver organoids 
were created using main human hepatocytes, Kupffer cells, and hepatic stellate cells. Car-
diac organoids included induced multipotent stem cell-derived cardiomyocytes and hu-
man main cardiac fibroblasts. Lung organoids comprised airway stromal mesenchymal 
cells, lung microvasculature endothelial cells, and bronchial epithelial cells. As shown in 
Figure 18, this integrated system includes electrochemical sensors, enabling continuous 
measurement of soluble biomarkers such as albumin, custom TEER electrodes incorpo-
rated into the lung module to monitor barrier function and integrity, and a real-time inte-
grated camera system for continuous visual monitoring of the organoids, allowing the 
observation of cellular interactions and structural changes over time. Collectively, these 
sensors enhanced the analytical capabilities of the OoC platform, enabling detailed mon-
itoring of physiological responses; however, it may face challenges in scalability due to its 
intricate design and diverse cell types. Similarly, Zhang et al. developed a platform for a 
liver-and-heart-on-a-chip system incorporating physical sensors (e.g., O2, pH, and tem-
perature) for monitoring microenvironment parameters, miniature microscopes for ob-
serving organoid morphologies, and electrochemical sensors for soluble protein bi-
omarkers, as shown in Figure 19. These sensors enable uninterrupted in situ monitoring, 
controlled via computer automation over extended periods. While this platform excels in 
long-term, automated monitoring, its focus on only two organs may limit its applicability 
[80]. These advancements underscore the versatility and possibility of multi-OoC systems 
in advancing drug development, disease modeling, and personalized medicine applica-
tions by closely mimicking human physiology and enabling precise control and monitor-
ing of cellular responses and interactions. 
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(a) 

(b) 

Figure 18. In (a) Design illustration of a 3-tissue multi-organ on a chip system incorporating electro-
chemical sensors, TEER electrodes, and an optical camera system; (b) The actual setup of a multi-
organ system composed of lung, liver, and heart OoC devices [124]. Adapted with permission from 
reference [124]. 
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Figure 19. (a,b) Multi-OoC system integrating physical sensor, electrochemical sensors, and an op-
tical sensor. A fully automated computer system controls the system [80]. Adapted with permission 
from reference [80]. 

4.2. Challenges of OoCs in Personalized Medicine Applications 

The OoC technologies present a paradigm shift in personalized medicine with nota-
ble advantages. These platforms offer a level of precision and personalization by accu-
rately modeling human organ functions and providing insights into individual responses 
to drugs and treatments [69]. The reduced dependency on animal testing is a notable eth-
ical advancement, offering a more humane and relevant alternative for drug develop-
ment. Real-time monitoring capabilities of OoC devices allow dynamic observations of 
cellular responses, contributing to a deeper understanding of personalized reactions to 
medications [125,126]. OoC systems can be tailored to replicate specific diseases, serving 
as valuable tools for studying individualized responses to treatments for conditions such 
as cancer or diabetes. Additionally, there is potential for cost efficiency in drug develop-
ment processes as OoC platforms streamline testing and mitigate expenses associated 
with failed drug candidates and prolonged clinical trials [7]. 

However, the adoption of OoC for personalized medicine faces several challenges. 
Precision medicine, aiming to customize therapies based on individual genetic and phys-
iological factors, faces a trade-off between precision and cost within the OoC landscape 
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[127,128]. Higher precision leads to more complex and expensive healthcare services, 
prompting the need for a range of precision levels to balance accessibility [10,129]. Engi-
neered precision medicine within OoC demands high versatility, increasing regulatory 
complexities, and approval challenges due to diverse product lines. Our current under-
standing of human physiology is limited, necessitating more fundamental research within 
OoC to correlate biomarkers with diseases accurately [130]. Trained practitioners with ge-
nomics and engineering expertise are crucial for the successful implementation of OoC in 
precision medicine, requiring adaptations in medical education [131]. Privacy concerns 
regarding sharing genetic information and the management of big data pose ethical chal-
lenges in both precision medicine and OoC [132]. Lastly, achieving global diversity in 
healthcare data is essential for more inclusive precision medicine within the OoC frame-
work [133]. Despite these hurdles, collective efforts across various fields are crucial to 
making precision medicine a global reality. A schematic diagram of the OoC and multi-
OoC for personalized medicine is shown in Figure 20. 

 

Figure 20. A schematic diagram of the OoC and multi-OoC for personalized medicine. 
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Table 1. PDMS-based Organ-on-a-chip models. 

Organ-on-a-Chip Biosensor Type Target/Application Advantages Reference 

Lung-on-a-chip 

Electrochemical sensors—Impedimetric 
sensors Pulmonary edema in cancer patients Real-time barrier monitoring 

Long-term cell culture [98] 

Electrical sensors—TEER biosensors Monitor transepithelial electrical resistance 
Real-time barrier monitoring 

Versatile applications [96] 

Electrical—strain sensor Bacterial and inflammatory stimuli Simulates breathing motions 
Tracks mechanical strain 

[97] 

Optical and strain sensors Drug toxicity-induced pulmonary edema Real-time imaging 
Predictive drug testing 

[98] 

Liver-on-a-chip 

Amperometric electrochemical and opti-
cal oxygen sensors 

Mitochondrial dysfunction Precise Metabolic Monitoring 
Drug Effect Insights 

[99] 

Amperometric electrochemical oxygen 
sensors Oxygen levels across liver zonation 

Real-time Oxygen Monitoring 
Metabolic Function Tracking [100] 

Heart-on-a-chip 

Electrochemical biosensor Detect cardiac injury biomarkers 
Continuous Monitoring 

Enhanced Sensitivity [103] 

Electrical sensors Drug toxicity 
Integrated Multi-functionality 

real-time data collection and analysis [134] 

TEER and Multi-Electrode Array Drug toxicity Integrated Multi-functionality 
Systemic Drug Delivery Modeling 

[105] 

Electrical Impedance Spectroscopy (EIS) Toxic effects on microtissue spheroids High-Throughput Monitoring 
Electrical and Mechanical Correlation [107,108] 

Brain-on-a-chip 

TEER BBB drug permeability Real-time barrier monitoring 
BBB Model Validation 

[111] 

Electrical impedance sensors and TEER BBB drug permeability 
Real-time barrier monitoring 

Tight Junction and Permeability Insights 
[113,114] 

 

MEA 
Neurobiological and pathophysiological 

studies 
Real-time brain analysis  

Integrated Multi-functionality [115,116] 

Gut-on-a-chip 

TEER and electrochemical sensors Gut absorption and epithelial damage 
Real-time Monitoring 

Dynamic Physiological Simulation [120] 

Impedance spectroscopy with TEER sen-
sors 

Transepithelial barrier function Real-time Impedance Monitoring 
Cross-platform Comparability 

[119] 

TEER and strain sensor Microbial flora studies Integrated Multi-functionality [120] 
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Peristaltic Motion Simulation 

Optical sensor Microbial flora studies 
Real-time Monitoring 

Controlled Anaerobic Environment [135] 

Multi-organ-on-a-chip 

Electrical and mechanical strain sensors Drug screening and toxicity 
Real-time Monitoring 

Multiorgan Integration [123] 

Electrochemical sensors, TEER electrodes, 
and optical sensors Drug screening and toxicity 

Real-time barrier monitoring 
Integrated Visualization 

Automated Control 
[125,81] 

Abbreviations: TEER, Transendothelial Electrical Resistance; MEA, Multi-Electrode Array; EIS, Electrical Impedance Spectroscopy; BBB, Blood-Brain Barrier. 
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5. Conclusions 
This comprehensive review elucidates the advancements in Polydimethylsiloxane 

(PDMS)-based Organ-on-a-Chip (OoC) technologies, underscoring their transformative 
potential in biosensors, personalized medicine, and associated biomedical applications. 
PDMS retains its status as a foundational material for OoC platforms owing to its intrinsic 
properties, which include biocompatibility, optical transparency, cost-effective fabrica-
tion, and versatility in microfluidic integration. These attributes render PDMS a favored 
material for engineering robust and adaptable OoC devices. Nevertheless, notable chal-
lenges persist, particularly regarding its hydrophobicity and the propensity to absorb 
small molecules, which may adversely affect functional performance. Surface modifica-
tions, such as plasma treatment, alongside composite blending with nanomaterials, are 
imperative to surmount these limitations and broaden the applicability of PDMS-based 
platforms. While PDMS-based devices are excellent for prototyping, they face scalability 
challenges in commercialization due to production limitations compared to general engi-
neering plastics. On the other hand, we focus on four primary methods for fabricating 
PDMS-based microfluidic devices: photolithography, which provides high precision but 
requires skilled handling and specific equipment; injection molding, which is favored for 
its ability to produce consistent, complex structures at high volumes; hot embossing, 
which enables the creation of nanoscale features cost-effectively but is slower; and 3D 
printing, noted for its design flexibility and speed, though it faces challenges with resolu-
tion and material options. 

Integrating biosensors—spanning electrochemical, electrical, and optical modali-
ties—remains indispensable to the success of PDMS-based OoCs. These sensors afford 
real-time, high-resolution monitoring of cellular activities, tissue responses, and drug me-
tabolism, providing unparalleled insights into dynamic biological systems. This review 
accentuates the incorporation of biosensors within specific organ models, including Lung, 
Liver, Heart, Brain, and Gut-on-a-Chip, as well as the emergence of multi-OoC systems. 
The latter enables examining systemic physiological responses and inter-organ interac-
tions, significantly advancing complex disease modeling and personalized therapeutic 
strategies. Personalized medicine represents an especially promising application of 
PDMS-based OoCs. These platforms utilize patient-derived cells and microenvironmental 
mimicry to predict drug efficacy, identify potential toxicities, and devise individualized 
therapeutic regimens. This approach can significantly diminish reliance on animal testing, 
offering a more ethical and human-relevant alternative. However, widespread clinical 
adoption is hampered by challenges such as scalability, the necessity for regulatory stand-
ardization, and the assurance of reproducibility across diverse experimental conditions. 

The future trajectory of PDMS-based OoCs resides at the confluence of advanced ma-
terials science, biosensor innovation, and state-of-the-art microfabrication techniques. 
Emerging technologies, including 3D printing, nanocomposite-enhanced PDMS, and 
modular biosensor integration, promise to address present limitations, particularly scala-
bility and functional optimization. Furthermore, developing multi-parametric biosensors 
capable of monitoring complex biochemical and biophysical signals will further augment 
the utility of OoCs in research and clinical domains. In the context of drug discovery and 
toxicity assessments, PDMS-based OoCs present an ethical, cost-effective, and biologically 
relevant alternative to traditional animal models. Integrating artificial intelligence and 
machine learning methodologies allows for the extensive data generated by OoC systems 
to be utilized in the predictive modeling of drug responses and disease progression. Ad-
ditionally, incorporating vascularized, multi-organ models can more accurately replicate 
human physiology, providing a holistic platform for investigating systemic diseases and 
the evaluation of novel therapeutics. The transition of OoC technology into routine clinical 
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and pharmaceutical workflows holds the promise of revolutionizing diagnostics, disease 
modeling, and therapeutic development. PDMS-based OoCs could play a pivotal role in 
advancing personalized treatment strategies for cancer, rare genetic disorders, and 
chronic diseases. Moreover, the confluence of OoCs with point-of-care diagnostic tools 
may facilitate rapid and precise health monitoring, particularly in resource-constrained 
settings. 
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