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Abstract  

Organ-on-a-chip (OoC) devices represent advanced in vitro models that enable mimicking the 

human tissue architecture function and physiology, offering a promising alternative to traditional 

animal testing methods. These devices combine the microfluidics with soft materials, specifically 

hydrogel membranes (HMs) for mimicking the extracellular matrix (ECM) and biological barriers, 

such as the blood-brain barrier (BBB). Hydrogels are ideal biomaterials for OoC systems because 

of their tunable properties, comprising biocompatibility, biodegradability, and microscale self-

assembly. The integration of HMs with OoC devices gives an effective means to create dynamic, 

biologically relevant environments supporting living cells for applications like drug discovery, 

disease modeling, and personalized medicine. Recent advancements in 3D printing, 

photolithography, and bioprinting fabrication technologies have additionally developed such 

systems. This review surveys the role of HMs in OoC platforms, highlighting their material 

properties, self-assembly behavior, and challenges in fabrication. Additionally, we discuss the 

progress made in the past five years in utilizing HMs for applications in tissue engineering, drug 

development, and biosensing, with a focus on their interface dynamics and structural self-

organization. The future perspective on OoC technology has also been patterned to provide a 

broader image on integration of OoC with personalized medicine and advanced drug delivery 

systems. 

Keywords: Organs-on-a-chip; Hydrogel membrane; Tissue engineering; Bioprinting; 

Microfluidics 
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1. Introduction 

 Biomaterials design, engineering, and implementation methodologies are experiencing an 

era of maturity nowadays, so that broader innovation windows are showcased to revolutionize the 

materials and devices of higher performance enabling quicker detection, more precise analysis, and 

translationally suitable for clinics. Along with such technological evolutions, attention and 

regulations have been targeted at ethical aspects of biomaterials testing protocols and guidelines of 

animal experimentation [1]. Organ-on-a-chip (OoC) is a concept recently born to widen 

biomaterials commercialization by which novel generations of advanced functional biomaterials 

and testing methods are developed. It also facilitates biological research, modeling diseases, as well 

as single and multi-organ tissue functions [2]. For instance, OoC has revolutionized drug discovery 

and clinical approval, which was conventionally expensive, time-consuming, and a cumbersome 

in view of difficulties in getting approval by the US Food and Drug Administration (FDA). Some 

further technical difficulties are also associated with clinical implantation, where toxicity limits the 

efficacy of drugs [3]. Typically, possible interactions between a model drug and human cells 

remain mysterious and exclusive until drug commercialization. In the light of above example, the 

ability to mimic human organs in vitro takes deep roots in biology and a kind of state of the art [4]. 

Typical in vitro models used in biological research include two-dimensional (2D) cell cultures [5], 

three-dimensional (3D) models [6], and organoids [7] each requiring different animal models [8]. 

Although each test itself has a niche, none of them may necessarily allow for accurately predicting 

the performance of drugs in the human body during clinical studies as genetics of humans [9] and 

animals differ principally [10, 11]. It is promising that recent breakthroughs in cell biology, 

microfabrication techniques, and microfluidics have enabled the creation of micro physiological 
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systems  to simulate the normal function of human organs [12]. Such OoC devices enabled faster 

yet cheaper identification of effective drugs for patients, allowing for the personalization of the 

model with an unprecedented level of accuracy (Fig. 1 (a)) [10]. On the other hands, the use of 

OoC eliminates or at least decreases the need for animal experimentation. In line with such ethical 

recommendations, European parliament acted, dictating the EU to accelerate the transition to 

research systems not relying on animals [13]. Likewise, the US Environmental Protection Agency 

(EPA) decided, to reduce fundings and animal testing methods by 30% by 2025, keeping eyes at a 

brighter horizon targeted at elimination of animal tests by 2035 [14]. 

 

Figure 1. The brief summary of organ-on-a-chip related statistics, model relevance and structure. a) The differences 

in complexity and relevance of individual models. OoC provides the highest relevance to real-life behavior, while 2D 

models are the simplest and cheapest way to screen e.g. drugs. Created with BioRender.com. b) The scheme of OoC 

structure. This device can be usually divided into four main parts: side chambers, usually used as fluid transport routes, 
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upper and lower channels simulating specific tissues and the membrane simulating the barriers inside the human body 

e.g., blood-brain barrier or air-blood barrier in lungs. Own elaboration based on [15]. Created with BioRender.com. c-

e) Statistics on organ-on-a-chip related papers. The similar growth trends in interest for both OoC and membranes are 

observed with four to five times increase in articles number during the last 10 years. Looking at the number of articles, 

the interest in hydrogel membranes is not yet exposed, but slowly growing. Data based on Scopus database; accessed 

February2024; c) Search within title and abstract: (hydrogel AND membrane AND ((organ AND on AND chip) OR 

OoC OR organ-on-chip OR organ-on-a-chip)). OoC is also known as microphysiological systems in addition to being 

called organ/tissue chips.  Part d) Search within title and abstract: (hydrogel AND membrane AND 

(michrophysiological systems)) and e) Search within title and abstract: (hydrogel AND membrane AND (tissue AND 

on AND chip)).  

Materials type and fabrication strategies are key factors affecting the successful 

manufacturing and operation of OoC devices. Accordingly, materials selection for each part of 

OoC platforms plays a crucial role in their development. In general, the OoC devices could be 

structurally divided into three main parts as shown in Figure 1 (b), including side channels that 

direct fluids flow, main chamber that may include 3D cultured cells or organoids, and the porous 

membrane that separates the main chamber into upper and lower channels. Appropriate materials 

should be non-toxic to cells, gas permeable, optically transparent to microscopic imaging, 

affordable, enable easy and scalable fabrication of microchannels, and closely mimic the 

physicochemical and biomechanical behavior of target organs [16]. Polydimethylsiloxane (PDMS) 

is the most popular material and has been widely used as a constructing material for tissue chips 

because of its affordable cost, ease of use, transparency, appropriate mechanical properties, and 

biocompatibility [17, 18]. However, PDMS has several shortcomings including absorption of small 

hydrophobic molecules, such as therapeutic agents [19], slow rate of prototyping [20], and lack of 

potential for cell ingrowth [21]. As a result, researchers have been looking for alternative materials 
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[20]. Recently, emerging materials like polymeric hydrogels, thermoplastic polymers, and 

inorganic materials, have been developed and utilized in the fabrication of OoC devices [19]. 

Since their discovery in the 1960s, hydrogels have impacted the health conditions of 

millions of individuals who suffer from many diseases such as trauma and cancer [22]. Hydrogels 

are cross-linked networks of hydrophilic polymers capable of retaining large amounts of aqueous 

fluids in their 3D structure [23]. They are used for a variety of applications such as tissue 

engineering [24], drug delivery [25], and bioelectronics [26]. Their inherent merits, such as 

appealing physicochemical and mechanical properties, interconnected porous structure, 

biocompatibility, and water retention capability have resulted in hydrogels’ ability to closely mimic 

the features of extracellular matrix (ECM) of cells [27, 28]. Accordingly, the hydrogel demands 

for various biomedical engineering applications have tremendously increased [29, 30]. Hydrogels 

also allow for the exchange of metabolites and signaling molecules between neighboring cells 

similar to the native ECM. Moreover, special types of hydrogels, known as smart hydrogels, 

provide further control over the cellular microenvironment thanks to their capability to respond to 

exo- and/or endogenous stimuli (e.g., temperature, pH, light, electric and magnetic field). They 

may undergo a phase transition (i.e., between a swollen and a shrunken state) or mechanical 

properties alternation (e.g., because of partial degradation), upon application of stimulus [31]. This 

property makes hydrogels advantageous as a major constituent of OoC devices to simulate 

tissue/organ models. Generally speaking, the properties of hydrogels largely depend on the 

constructing materials [32], crosslinking methods [33], and fabrication strategies [34].  

A variety of hydrogels have been employed over the years, in the form of scaffolds [35], 

injectable hydrogels [29], nanogels (i.e. hydrogel nanoparticles) [36], microgels and microspheres 
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(e.g. for encapsulation of cells or therapeutic agents) [37], nanofibers [38], and relatively thin, 

permeable films known as hydrogel membranes (HMs) [39]. HMs are one of the most attractive 

forms of hydrogel in OoC devices because they could facilitate to create a controlled 

microenvironment to study physiological processes, cell behavior, drug testing, and disease 

modeling [40]. HM could mimic the ECM of tissue which provides a versatile platform for cell 

growth. Furthermore, they have controlled permeability, which resembles biological barriers with 

mechanical behavior similar to native tissue [41]. Such porous structures separate two different 

microchannels and enable cell culture in each channel by providing nutrients and gas exchange. It 

is possible to instruct cellular behaviors via tuning the chemistry of hydrogels (e.g., finely tuning 

of monomers’ functionalities) or surface modification of HMs using bioactive molecules or cell-

instructive materials. Tuning the chemistry and chemical makeup of HMs enables them to make a 

variety of hydrogels with diverse physicochemical and mechanical properties [42]. Moreover, 

flexible and stretchable hydrogels can be used for simulating special tissues such as lung and blood 

vessels in which there are large and frequent mechanical deformations [43]. 

Some review papers appropriately investigate utilization of various hydrogels and 

organoids in OoC devices.  They summarized their construction [44], applications [45], fabrication 

methods, and challenges [44]. Despite the high attention to this field, there is a lack of a 

comprehensive review that systematically reviews HMs in OoC devices. In this perspective, we 

visualize the state of the art for developing hydrogels especially in the membrane form for OoC 

devices, including the complete pathway starting from selecting materials, choosing the correct 

fabrication method, and discussing their limitations, potential applications, and future direction. 
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2. Hydrogel membrane for Organ-on-a-chips 

2.1. Current trends in membranes in OoC devices 

 Organoids have been the state of art models for human organ simulation since the 1980s. 

These 3D structures typically arise from stem cells or organ-specific progenitor cells and possess 

the intrinsic capability to replicate the structure and function of original organs or tissues [46]. 

Despite their usefulness, organoids typically mimic only specific organs’ behaviors and lack the 

crucial interorgan communications present in the tissue microenvironment, which limits their 

ability to fully replicate the complexity and function of their corresponding organs. These 

limitations can be addressed by integrating these 3D cell cultures with a microfluidic platform, 

leading to the development of OoC devices [46, 47]. OoC devices can replicate physiological and 

biomechanical conditions inside the human body by integrating microfluidics with living cell 

biology. These microfluidic devices, which contain microscale channel compartments, can mimic 

the 3D architecture of structures such as coronary arteries. This advanced design allows researchers 

to observe and manipulate the cellular behavior under physiological flow rate and shear stress [48]. 

In other words, flexible membranes can not only capable of mimic the features of biological 

barriers, but also offer a more accurate simulation of cellular microenvironment due to their soft, 

hydrated, and three-dimensional porous structure.  

During the past decade, there has been a significant increase in the use of OoC to make 

tissue-mimicking organs, such as the lung [49], liver [50], heart [51], and kidney [52]. According 

to Yole’s analysts, the global OoC market has reached US$29.6 million by 2018 and it is predicted 

to continue to grow at a high pace during the next years [53]. Additionally, interest in performing 
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academic research on OoC devices continues to grow steadily. The number of articles regarding 

OoC has increased nearly 4-fold during the last decade. Furthermore, number of publications 

related to HMs in OoC has been gradually growing during the last 5 years as shown in Fig.1 (c). 

OoC is also referred to as a microphysiological system in addition to being called organ/tissue 

chips; hence, the number of publications related to these keywords is shown in Fig. 1 (d) and (e).  

Bibliographic analysis is also a powerful tool used to quantitatively assess the scientific 

publications. It would provide a scientific map representing the relationships among the different 

authors, institutions, and countries and valuable insight to uncover trends, future direction, 

frequency of keywords, citation analysis, funding, and policy-making of a particular field of study. 

In this study, we used the Scopus database to collect data and the analysis was done with the VOS 

viewer and Microsoft Excel. In the Scopus database, the query used was (hydrogel membrane AND 

organ-on-a-chip) in the (article title-abstract-keyword) part between 2013-2023. Fig. 2 a) The most 

common keyword related to OoC devices was shown. Fig. 2 b) The most common keywords 

related to membrane AND organ-on-a-chip and their relationship were demonstrated.  Fig. 2 c) 

Network of keywords in HMs in OoC devices in the last decade. Fig. 2 d) Worldwide research 

related to HMs in OoC devices and their distribution by countries was shown. 
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Figure 2. Bibliometrics analysis for future direction.  a) Network of keywords related to organ-on-a-chip in last 

decade. b) Network of keywords related to membrane AND organ-on-a-chip last decade. c) Network of keywords in 

HMs in OoC devices in last decade. d) Distribution of publications by countries on HMs in OoC devices. 

OoC membranes have deepened our understanding of physiological processes. They 

provide a controlled microenvironment for exchanging gases, nutrients, drugs, and metabolites 

through membrane pores. These membranes can resemble some human tissue barriers in vitro and 

are considered as an alternative to animal testing. Membrane topographical characteristics, such as 

stiffness and pore size, should be precisely controlled as they could affect cell communication, 

tissue adhesion, and proliferation [21]. In OoC devices, HMs are usually used to provide a 

biomimetic interface between two different environments and should be compatible with both cells 

and fluids used in such systems [54, 55]. There are some considerations for designing HMs, 
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including porosity, hydrophilicity, tunable mechanical properties, thickness, and surface roughness 

[44]. Porosity is the most important characteristic of the HMs for OoC devices to provide suitable 

permeability. In addition, the porous and hydrated structure of hydrogel enables crosstalk among 

adjacent cells through the diffusion of signaling molecules, such as growth factors and cytokines 

[56]. Furthermore, microporous hydrogels  provide a favorable microenvironment for cells’ 

adhesion, growth, proliferation, and migration [57]. Nutrients that are carried through fluids flow 

in microchannels (i.e., convection mass transfer) can penetrate throughout the interconnected 

porous structure of HMs (i.e., diffusion mass transfer) to reach the living cells. Moreover, 

metabolic wastes can diffuse out through a microporous network, followed by entering the exiting 

fluids flow. In such systems, laminar flow creates medium perfusion through microchannels, which 

is usually created by a micropump, mimics heart function in the systemic blood flow. In addition, 

HMs based on natural materials have similar topography and surface chemistry to native ECM, 

promoting cell scaffold interactions. Accordingly, OoC systems closely simulate the real 

microenvironment of a native tissue with either similar dimension or properties. Furthermore, cell 

behaviors under physiologically relevant conditions can be adjusted via manipulation of 

physicochemical, and mechanical properties of HMs or through immobilization of bioactive 

molecules into HMs [10, 58]. 

2.2. Constructing materials for HMs 

To fabricate OoC devices, constructing materials, such as PDMS, should be selected 

appropriately as discussed before. However, to create an appropriate cellular microenvironment, 

hydrogels with different architectures including 3D matrices and membrane forms are frequently 

integrated into microchambers and microchannels of OoC platforms. They provide cells, spheroids, 
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and organoids with an ECM-like microenvironment that favors cellular functions. In this section, 

hydrogel-based OoC devices are briefly discussed. Table 1 presents an overview of materials 

utilized in the fabrication of HMs for OoC devices along with their advantages and disadvantages 

which are classified into three general categories: naturally derived materials, synthetic materials, 

and semi-synthetic materials [59]. 
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Table 1. Classification of hydrogel materials used for the preparation of HM for OoC devices depends on the material origin. Three main categories can be 

distinguished: natural, synthetic, and semi-synthetic materials. Although synthetic materials offer unparalleled mechanical properties, they often lack appropriate 

biocompatibility and biodegradability, contrary to natural materials. Semi-synthetic materials are chemically modified naturally-derived macromolecules and they 

combine the benefits of both groups. PEG: polyethylene glycol, PVA: polyvinyl alcohol, PHEMA: poly(2-hydroxyethyl methacrylate), PU: polyurethane, PAA: 

polyacrylic acid, PAAm: polyacrylamide, PNIPAAm: poly(N-isopropylacrylamide), Gel-MA: gelatin methacrylate, HA-MA: methacrylated hyaluronic acid, PEG-

DA: PEG- diacrylate. 

Source Hydrogel Advantages Disadvantages Refs. 

Natural 

Proteins 

Collagen 

- Highly biocompatible 

- Stimulate cell adhesion, 

migration and proliferation 

- Similar structure to the ECM 

- Biodegradable 

- Available from renewable 

resources 

- Low immunogenicity 

- Cost effective 

- Poor mechanical properties 

- Difficult reproducibility 

- Poor processability 

[60-66] 

Fibrin 

Gelatin 

Elastin 

Collagen- Elastin 

Matrigel 

Silk 

Polysaccharides 

HA 

Agarose 

Chitosan 
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Collagen- Alginate 

Collagen- 

Chitosan 

Synthetic 

PEG 

- Easily tuned properties 

- Enhanced mechanical 

properties 

- High transparency 

- More reproducible physical 

and chemical properties 

- Lack of cell-specific bioactivities, such as 

cell adhesion, migration and proliferation 

- Biodegradation adjustment 

- Limited biocompatibility 

- Potential toxicity 

[62, 67-

70] 

PVA 

PHEMA 

PU 

PAA 

PAAM 

PNIPAAM 

Semi-synthetics 

GEL-MA 

- High biocompatibility 

- Tunable mechanical properties 

- Biodegradable 

- Long-term durable 

- Complex production process 

- Highly expensive 

[69, 71-

76] 

HA-MA 

Dopamine-

modified alginate 

PEG-fibrinogen 

Gel-MA-PEG-DA 
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2.2.1. Naturally derived biomaterials 

Green biomaterials have attracted lots of attention and launched promising horizons to 

shape the future landscape of public health and biomedical engineering in recent years. The 

emergence of new manufacturing methods combined with the fundamental principle of green 

chemistry and biomaterials has played a pivotal role in the development and evolution of green 

biomaterials [77]. Naturally derived hydrogels are considered as green biomaterials. Natural 

polymers are extracted from natural resources, such as animals’ (e.g., collagen) or plants’ (e.g., 

cellulose) tissues, and microorganisms (e.g., exopolysaccharide) [78]. Typically, these 

materials possess high biocompatibility, show bio-adhesion, and benefit from biodegradability 

and nontoxicity, which make them a promising constituent of HMs for various OoC 

applications [20]. Naturally derived HMs based on proteins (e.g., collagen, elastin, and silk 

fibroin) and polysaccharides (e.g., chitosan, alginate, and HA) are common in OoC devices [79, 

80]. Collagen-based HMs are biocompatible, biodegradable, stretchable, and can easily mimic 

the chemical composition and structure of the ECM [65]. Zamprogno et al. [49] developed 

collagen–elastin (CE) hydrogel in the form of suspended thin HMs for the lung-on-a-chip 

platform, which outperformed traditional PDMS membrane in the simplicity of modification 

and resistance to rhodamine-B as shown in Fig. 3. Moreover, the CE hydrogel membrane 

showed the ability to finely adjust thickness to as low as 4.5 microns by manipulating the CE 

solution pipetted onto the mesh. Arik et al. [81] developed a semipermeable HM based on 

collagen that was incorporated into an OoC device to model the basement membrane and 

separate the culturing chambers. Collagen Type I was used there as being main component of 

the basal membrane, which acts as a barrier between different tissue compartments. Collagen 

contributes to the membrane's strength, stability, elasticity, and facilitates nutrient/waste 

exchange. Overall collagen is one of the most promising hydrogel components for an 
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application in OoCs. Fig. 4 describes collagen membrane fiber structure and shows collagen 

compatibility for cell culture. Despite of mentioned advantages, natural biomaterials have 

several limitations such as poor mechanical properties and low stiffness compared to synthetic 

materials like PDMS [82] as shown in Fig. 5. Accordingly, researchers have looked for 

alternative materials for making HMs for OoCs.  

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


17 

 

 

Figure 3. Representative of hydrogels utilized in lung-on-a-chip: creation of the lung alveoli array. SEM picture 

of a) a slice of human lung parenchyma with tiny lung alveoli and their ultrathin air–blood barrier, b) an array of 

several hexagons with a CE membrane. Scale bar: 100 μm, c) the collagen and elastin fibers of the CE membrane. 

Scale bar: 500 nm, d) Schematic of the force balance during the drying of the membrane. FST, FG and σo stand 

for surface tension force, gravity and residual stress, respectively, e-g) Schematic of the production of the CE 

membrane used in the lung-on-a-chip. A thin gold mesh with an array of hexagonal pores of about 260 μm is used 
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as a scaffold, on which a drop of collagen–elastin solution is pipetted, h-j) hAEpC cultured on the hexagonal mesh 

with the CE membrane after 4 days and at the air–liquid interface for 2 days with expression of adherent junction 

markers (E-Cadherin, red), tight junctions with zonula occludens-1 (ZO-1, green) and merged (Hoechst, blue; E-

Cadherin, red; ZO-1, green), Scale bar: 100 μm [49]. 

 

Figure 4. Collagen membrane fiber structure. a) Confocal microscopy (scale bar, 100 μm), b) Magnified picture 

shows detailed clustered fibers and pores of the collagen membrane (scale bar, 20 μm), c) Schematic of a 

microfluidic devices with a membrane, d) Comparison viability of caco 2 cells in the microfluidic devices with 3 

condition (no, Transwell, or collagen membrane) for 5 days (n > 6), e to g) Immunofluorescent images of caco 2 

cells in devices with no, Transwell, or collagen membranes. F-actin, tight junction, and ezrin in caco 2 cells were 

stained by Phalloidin, ZO-1, and Ezrin (scale bar, 20 um). Three different cell morphologies were marked as 

squamous, white arrows; round, blue arrows; and cells that appeared integrated with collagen fibers, orange arrows 

[60]. 
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Figure 5. Mechanical properties of a natural HMs in a OoC device. a) Mechanical properties were investigated 

by AFM and Bulge test, b) Comparison the Young’s modulus obtain from AFM and Bulge test, c) Deflection 

diagram of collagen- elastin hydrogel membrane, and d-f) Different substrates stiffness (PDMS or hydrogel 

membrane) will affect cell spreading. Scale bar: 20 μm [65]. 

2.2.2. Synthetic materials  

Since natural polymers often suffer from drawbacks such as poor mechanical properties, 

modern organic chemistry achievements can be used to address this challenge. This can be 

achieved by adjusting the physiochemical and mechanical properties of hydrogels through the 

selection and/or modification of constructing materials [20]. HMs based on purely synthetic 

polymers can be used in the construction of OoC platforms. One of the most used polymers in 

this regard is PEG due to its unique chemistry allowing various modifications [83]. Thus, this 

polymer can be modified to produce various derivatives such as diacrylate, dithiol, or diepoxy 

[44]. These modifications allow hydrogels to be enriched with bioactive molecules, such as 

peptides [84], or to enhance the reactivity of gel, improving adhesion and making it more 
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suitable for applications like 3D printing. For example, Kuo et al. [67] developed a photocurable 

resin based on low molecular weight PEG-DA, that can be used for stereolithography to 

fabricate high-resolution microfluidic and OoC devices. They found that the hydrogel formed 

from polymerized PEG-DA is transparent and biocompatible, making it suitable for these 

applications. Accordingly, it can be used to culture mammalian cells in OoC platforms. Another 

commonly used synthetic material for HM fabrication is polyacrylamide, thanks to the ability 

to tune its mechanical properties with stiffness ranging from less than one kPa to a few MPa 

[68]. Additionally, synthetic copolymers are also employed as HMs in OoC. Shen et al. [85] 

used a commercial hydrogel, Pluronic F-127 (poloxamer 407), modified with acrylates to 

simulate human alveoli for the development of a lung-on-a-chip device. This material is a 

copolymer with alternating units of ethylene oxide and propylene oxide. The Pluronic F-127 

hydrogel effectively reconstructed both the mechanical and biological behaviors of the alveoli 

ECM. This makes it a valuable model for simulating lung tissue in lung-on-a-chip devices, 

particularly in the fields of drug testing, lung diseases research, and precision medicine [86]. 

2.2.3. Semi-synthetic materials 

Hydrogels based on semi-synthetic materials have been developed to address the 

limitations of naturally derived hydrogels, such as poor mechanical strength and rapid 

degradation while preserving their superior biological properties. For instance, HA–PEG 

hydrogels are chemically-modified naturally-derived macromolecules [87]. By incorporating 

functional groups or cross-linkers, the structure of HA–PEG hydrogels can be tailored to 

enhance their mechanical properties and biocompatibility, achieving more desirable 

characteristics. In the semi-synthetic approach, the properties of naturally-derived 

macromolecules are usually improved by installing special types of chemical functionalities. 

One of the most intriguing examples is the GelMA-based hydrogels [88]. This photo-
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crosslinkable polymer with high biocompatibility and tunable properties can be used in 

advanced manufacturing techniques such as 3D bioprinting [71, 72]. Massa et al. [89] used 

GelMA as an HM in a vascularized liver on-chip model to assess the drug toxicity. Other 

notable examples include methacrylated HA [90], thiolated hyaluronic acid (HA-SH) [91] or 

PEG-fibrinogen [92]. Semi-synthetic hydrogels will continue to push the boundaries of 

biomimicry by allowing researchers to finely tune the mechanical, chemical, and structural 

properties of the membranes. This will enable the recreation of organ-specific 

microenvironments with greater precision, leading to more accurate disease modeling and drug 

testing. Also, combining different semi-synthetic hydrogel materials or incorporating them with 

other supporting materials (such as synthetic polymers or nanoparticles) could lead to the 

development of hybrid systems that offer enhanced mechanical strength, stability, tunability, 

and biofunctionality. This approach could enable the creation of more robust OoC devices 

capable of withstanding physiological conditions over longer periods. 

2.2.4. Hybrid materials 

In order to benefit from the advantages of both natural and synthetic materials, hybrid 

materials can be used to make HMs for OoC applications. Hydrogels based on hybrid materials 

utilize a combination of both (semi) synthetic and natural materials. They benefit from the 

biodegradability and biocompatibility of naturally derived biomaterials and the appropriate 

mechanical properties of their synthetic counterparts [73]. Hybrid hydrogels can be classified 

into two categories: simple blending of two or more synthetic and natural polymers or an 

interpenetrating polymer network (IPN) or semi-IPN of a natural polymer and a synthetic 

polymer. 
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Pradhan et al. [74] developed a cancer-on-a-chip platform using an HM based on PEG-

fibrinogen and PEG-DA to investigate anti-cancer drug efficiency. The hydrogel mimicking the 

ECM of tumor microenvironment was used for long-term 3D co-culture retaining high cell 

viability (>90%) during the study span. They investigated tumor-endothelial interactions and 

tumor cell migration under different flow conditions. The results demonstrated that the 

mechanical properties including the stiffness and Young’s modulus could be modulated by the 

ratio between substrates. The stiffness could be changed by addition 1% or 2% w/v of PEG-DA 

within the polymer precursor prior to crosslinking. As a result, crosslinking density and 

Young’s moduli of the bulk matrix would be increased. 

Bhusal et al. [75] used a hydrogel bioink based on GelMA and PEG-DA to produce 

tissue chips using bioprinting technique. They used digital-light-processing (DLP) method for 

the bioprinting of cell-laden composite hydrogel. This biofabrication method provides a 

valuable tool for quickly integrating micro-tissue models into OoC devices. Human-derived 

tumor cells were embedded in the hydrogel to assess the biocompatibility of the device. They 

changed ratios of PEG-DA:GelMA to get tunable mechanical properties that are promising for 

making micro-tissue models. By increasing the concentration of GelMA from 0% to 3% w/v, 

the stiffness of PEG-DA/GelMA hydrogel would increase. Nie et al. [93] used three different 

hydrogel compositions: gelatin-alginate, alginate-GelMA, and gelatin-GelMA for fabrication 

of vessel-on-a-chip devices. HMs were produced using a process consisting of casting, 

demolding, and bonding of the gels. The microfluidic Gelatin-Gelma hydrogel showed 

enhanced attachment and spreading of HUVEC, making it a promising model for studying 

vessel function in both physiological and pathological conditions. Table 2 provides examples 

of hydrogels used in OoC fabrication, along with a brief description of their fabrication 

methods. 
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Table 2. Examples of hydrogel membranes characteristics and applications in specific organ-on-a-chip devices. Researchers are still exploring new materials 

combinations and different architectures of membranes to better simulate human organs. 

Hydrogel Materials Mimicked tissue Description 

Membrane 

thickness 

Method of fabrication Refs. 

Collagen-Elastin (1:1) Lung 

A biological membrane made of proteins of the 

lung ECM mimicking the central aspects of the 

air–blood barrier. 

4.5 ± 0.8 µm 

Hydrogel pipetted on the thin 

gold meshed surface with an 

array of hexagonal pores. 

[49] 

Collagen Barrier model 

Membrane treated with proteases which fiber 

thickness can be changed. 

2 µm 3D print [81] 

Pluronic F127 

diacrylate (F127‐DA) 

Lung 

A thin, biocompatible, soft, and stretchable 

hydrogel membrane reflecting stiffness of 

extracellular matrix in human alveoli for 

construction of lung‐on‐a‐chip. 

40-120 µm soft lithography [85] 

PEG-fibrinogen Tumor tissue 

a microfluidics-based tumor-mimetic chip 

system for the long-term 3D co-culture of 

cancer cells and fibroblasts within an ECM-

mimic hydrogel matrix. 

600 µm photolithography [74] 
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Gelatin-alginate; 

Alginate-GelMA; 

Gelatin-GelMA 

Vessel 

Hydrogel allowed HUVEC attachment, 

spreading and realization of vascular function.  

1,2.5,5,10 mm 3D print [93] 

Collagen I and 

Matrigel 

Lung 

Membrane provides air–liquid interface and 

allows cyclic breathing motions mimicking the 

primary human alveolar epithelial cell’s 

function. 

500 μm 

Hydrogel pipetted to the middle 

channel. 

[94] 

Collagen I Gut  

Gut-on-a-chip model for investigating 

hallmarks of inflammatory bowel disease. 

400 μm 

Collagen I gel loaded on 

organoplate 

[95] 

Matrigel Brain  

Membrane embedded with human induced 

pluripotent stem cell allowed to simulate 

blood-brain barrier and analyze the 

neurotoxicity of Organophosphates exposure. 

Not given  Hydrogel pipetted on the chip. [96] 

Poly(ethylene glycol) 

diacrylate modified 

with photo absorbers 

Vessel 

Different architectures of hydrogel membranes 

provided an environment to explore the 

oxygenation and flow of human red blood cells 

during tidal ventilation and distension. 

Not given  stereolithography [97] 
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3. Fabrication methods of Hydrogel Membranes 

Several manufacturing processes can be used in the creation of microfluidic channels for 

OoC devices, including photolithography, soft lithography, injection molding, hot embossing 

process, or etching technique [98, 99]. However, in line with recent technology improvements, 3D 

printing and 3D bioprinting are becoming more prevalent to incorporate HMs in OoC devices, 

mostly due to unique abilities for personalization and manufacturing troublesome, physiological 

shapes [100]. 

3D printing is a layer-by-layer fabrication process that is the most promising technique in 

recent decades for the fabrication of complex 3D structures in OoC devices [101, 102]. This 

technique extends the concept of manufacturing by enabling the production of various cells and 

porous hydrogels within a single-step process, resulting in intricate 3D microfluidic devices [103, 

104]. 3D bioprinting techniques including laser-based systems (such as stereolithography and soft 

lithography) and nozzle-based systems (such as inkjet printing and extrusion) can be chosen for 

developing 3D precisely controlled construction of hydrogel-based devices [98], as presented in 

Table 3. 3D bioprinters usually used bioink to create the 3D structure of HMs. Bioink could 

provide an ECM-like structure that mimics the tissue environment to support cell culture [105].
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Table 3. 3D print based-fabrication methods for preparation of hydrogel membranes suitable for OoC devices. 

Method Description Advantages Limitations Used materials Refs. 

Nozzle-based 

Inkjet 

Deposition of tiny droplets, 

ejected by thermal or 

piezoelectric force 

- Fabricate complex 

structures 

- High speed (up to 

10000 drops/s) 

- Low cost 

- High resolution (up 

to 50 μm) 

- Desirable to print 

thin construct 

-Low droplet 

directionality 

-Unreliable cell 

encapsulation 

-Low viscosity of ink 

-Non-uniform droplet size 

-Nozzle clogging 

-Low viscosity of ink(3.5–

12 mPa·s) 

-Poor cell viability 

Sodium Alginate 

hydrogel 

[106-111] 

Extrusion 

Deposition of hydrogels 

through the forces exerted 

by pneumatic pressure 

- The ink could have 

wide range of viscosity 

- Print complex 

structures 

- Good structure 

integrity 

-Low resolution (up to 100 

μm) 

-Poor cell viability 

-High shear stress 

-Hydrogel could be 

deformed 

Gelatin and liver 

dECM bioinks 

(collagen type 1) 

[107, 108, 

112, 113] 
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Laser-assisted 

Stereo-

lithography 

Layer by layer solidification 

of a prepolymer solution 

using light source 

- Support printing of 

complex structures  

- High accuracy 

- Low surface 

roughness 

-High resolution (up to 

6 μm) 

- Limited to 

photopolymers 

- Post processing is 

required 

- Using a clean room for 

machine operation is 

required 

- Poor cell viability 

- Cytotoxicity of the 

photoinitiators 

- High cost 

-Slow, complex and time-

consuming process 

PEG-DA 

[108, 114, 

115] 

Soft- 

lithography 

Production of membranes 

utilizing stamps, molds and 

photo masks 

- Low cost 

- One step patterning 

- High resolution (up 

to 100 nm) 

- Requires a lot of manual 

operations 

- High number of defects 

PEG-DA and 

GelMA  

[75, 116-

120] 
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- Use for wide range of 

biomaterials 

- Desirable to print 

HMs and modify their 

surface 

Sacrificial bioprinting 

Production of a lumen area 

using a sacrificial hydrogel 

-Enhanced mechanical 

properties 

- Low resolution 

- Complex and long 

fabrication process 

- Low precision 

GelMA 

[121, 

122] 
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3.1. Nozzle based bioprinting 

Nozzle-based techniques of bioprinting utilize very small size of droplets to build a 

structure. The size of droplets highly depends on nozzle diameter and applied condition generated 

by mechanical or heating pressure which respectively called inkjet and extrusion printing [109].  

In inkjet bioprinting, a piezoelectric actuator or a heater forces the bioink through the 

nozzle, creating droplets that are deposited onto the surface. This technique enables to control of 

small values of low-viscosity bioink (∼0.1 Pa·s) with high resolution, enabling the fabrication of 

complex structures, such as multiple organ tissue [123]. Although, the ink-based method can 

fabricate complex shapes on hydrogels at high speed (up to 10000 drops per second) and resolution 

(50-300 um), besides it’s a low-cost method [110, 112], the shear and thermal stress that applies to 

cells limits the use of this method for hydrogel bioprinting. Extrusion technique, another nozzle-

based bioprinting, produces large-scale biomimetic structures by extruding bioink onto a surface 

using pneumatic pressure or a piston at high speeds. The printing heads move in the x, y, and z 

directions to rapidly create 3D structures. Although the resolution of extrusion printing is generally 

lower than that of other techniques, it is versatile and can accommodate a wide range of bioink 

viscosities (0.008–22 Pa·s) without adversely affecting cell structures [123]. 

3.2. Laser-based bioprinting 

Laser-assisted bioprinting is an innovative technique used to deposit biomaterials onto a 

surface through the controlled use of a pulsed laser beam as an energy source. Stereolithography 

(SL) and soft lithography are the main methods that can fabricate 3D structures through laser-

assisted bioprinting [106, 110, 114]. The SL technique involves layer by layer solidification of a 
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photosensitive resin, typically through radical photopolymerization to create 3D constructs [108]. 

Photosensitive resin must be biocompatible to fabricate an OoC device. This technology enables 

high-resolution patterning of hydrogels containing cells while maintaining their viability. The 

accuracy of the SL could be controlled by adjusting the laser position and intensity [124]. As a 

non-contact technology, SL eliminates the risk of contamination because there is no direct contact 

between the dispenser and the bioink. Additionally, cells are not subjected to mechanical forces 

such as shear stress during printing. These advantages contribute to achieving high cell density and 

viability (greater than 95%), making SL suitable for constructing hydrogels used in OoC devices 

[110, 125, 126]. However, the complexity of the manufacturing process, the need for a clean room, 

and the high costs have limited the use of this method for constructing hydrogels. Additionally, the 

technique is slow and time-consuming due to its point-by-point photopolymerization process. 

Soft lithographic technique, another laser-assisted bioprinting method, is an improved 

version of photolithography.  It produces 3D constructs with complex structures on nano and micro 

scales from soft materials, using stamps, molds, and photo masks. Soft lithography is the most 

commonly used technique for production of the microfluidic devices on a large scale and creating 

porous membranes for OoC devices [117-119]. Compared to photolithography, soft lithography 

can be applied to a broader range of materials and is not limited to the photopolymers. This 

versatility allows for the faster fabrication of multiple OoC, making it a more cost-effective method 

that involves fewer and simpler steps [127]. 
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3.3. Sacrificial bioprinting 

Creating tubular structures in OoC devices presents a significant challenge. These structures 

are essential for mimicking the architecture and function of blood vessels [128], airways [129], and 

other tubular organs [130]. The complexity lies in replicating the precise geometry, mechanical 

properties, and cellular environments of natural tissues within a microscale platform [131]. 

Bioinks, based on natural materials, are highly biocompatible with cell culture; however, they have 

insufficient mechanical properties to support and maintain shape of tubular structure under 

physiological condition [106]. Direct bioprinting methods of bioinks could not effectively create 

complex hollow structures. Recently, indirect bioprinting methods could provide an opportunity to 

precisely produce tubular structures in microfluidic models [132, 133]. This method is required to 

remove the initial bioink that was printed at first stage. First, a temporary sacrificial biomaterial is 

printed layer by layer to form desired tubular structure. Next, the sacrificial biomaterial is 

surrounded by a hydrogel matrix to support the tubular structure. The HM would be solidify using 

UV light or a crosslinker. Finally, the sacrificial bioink is dissolved or melted by changing the 

temperature without affecting the surrounding matrix [134]. For example, Pan et al. [134] have 

developed a sacrificial template to fabricate a hydrogel based vascular chip. They used water-

soluble PVA as sacrificial templates, first printing the templates and then covering them with 

GelMA, which was cured using UV light. The sacrificial templates were subsequently dissolved to 

create channel networks. In another study, researchers developed a 3D vascularized perusable 

structure by using sacrificial agarose fibers surrounded by photocrosslinkable, cell-laden GelMA 

hydrogel. This approach was employed to study drug toxicity in a liver-on-a-chip model [89]. 
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4. Applications 

Microfluidic devices can be considered as one of the rapidly developing fields of science 

and technology and are increasingly used in many research areas ranging from material science to 

biology [135]. Nowadays, more and more applications of OoC can be found in the fields of tissue 

engineering, drug discovery and testing, toxicity studies, cell culture, biosensors, and separation 

[16, 136, 137] as presented in Figure 6. 

 

Figure 6. HMs in Organ-on-a-chip (OoC) applications. HMs in OoC devices could provide a 3D scaffold that 

resemble natural ECM and tissue environment. This feature could be useful in tissue engineering, drug development, 

and toxicity screening. Moreover, HMs could create barriers in OoC devices that mimic the selective permeability of 

biological membrane and could be useful in separation and biosensor studies. 
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4.1. Tissue engineering 

Microfluidic integrated with hydrogels and living cells offer an alternative method to 

traditional in vitro models to study human physiology. HMs contain up to 99% water, are highly 

permeable to biomolecules, and therefore mitigate the need for incorporating micropores to 

improve material permeability. Rosella et al. [138] developed a hybrid collagen-chitosan 

extracellular matrix-like membranes to study the viability of fibroblast cells in a microfluidic 

device as briefly discussed in Figure 7 (a). To better simulate human physiology, the tissue chips 

are designed to control cell microenvironments and maintain tissue-specific functions by 

mimicking ECM-like membranes for on-chip cell cultures. As represented in Table 2, HMs in OoC 

devices are widely used to study various organs and tissues, including lung [85], liver [139], gut 

[95], kidney [140], brain [96], vessel [93], and multivascular networks [97]. Figure 7 (b) and (c) 

demonstrate a brain-on-a-chip platform consisting of human iPSC-derived GABAergic neurons 

and astrocytes. Integration of hydrogels in microfluidic devices is also summarized in Figure 7 (d) 

[54]. They could resemble many physiological tissue barrier’s function, such as blood-brain barrier, 

[141] pulmonary epithelial barrier, renal glomerular barrier, and intestinal epithelial barrier. 

HMs are the ideal candidate for mimicking the tissue barrier interface in OoC because of 

their porous structure and ability to provide a proper environment for cell culture by gas exchange 

and nutrient supply. The application of HMs in lung-on-a-chip research has gained significant 

attention compared to other platforms for disease modeling, toxicity study, and drug development. 

For example, researchers developed thin HMs made of collagen-elastin for the lung-on-a-chip 

platform. HMs in lung-on-a-chip platforms provide a unique capability to mimic the architecture 

and physiological function of the alveolar–capillary interface as shown in Figure 7 (e) [94, 142]. 
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Gut-on-a-chip model offers a powerful platform to study the gut physiology and function under 

static culture condition as shown in Figure 7 (f). This model involves two microchannels seeded 

with gut epithelial cells and the other channel is lined with vascular endothelial cells. These two 

microchannels are separated by a porous and flexible HM coated with ECM to mimic the barrier 

between the intestinal and lumen area. Membrane allows the transport of nutrients and gas 

exchange between the intestine and the blood vessel layers. In recent years more research used 

green biomaterials like collagen [143], for the membrane to increase the biocompatibility and 

facilitate cell proliferation and attachment. 

Recently, there has also been growing interest in the development of multi-organs-on-chip 

and body-on-a-chip systems, which are more complex devices that can simulate the behavior of 

multiple organs or even the entire human body [144, 145]. These systems have the potential to 

revolutionize drug discovery and testing, as they can provide a more comprehensive understanding 

of how different organs and tissues interact with one another and respond to different treatments 

enabling many breakthroughs in the understanding of human cell biology, disease physiology, 

cancer treatment, while providing superior alternatives to animal models that often fail to predict 

clinical trial outcomes. 
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Figure 7. Applications of hydrogel membranes in organ-on-a-chip devices. a) Microfluidic platform for synthesis of 

collagen-chitosan matrix as an extracellular matrix support. On top: schematic representation of created platform with 

co-flowing solutions shown in blue (basic) and red (acidic) and on the bottom: photo of real device with dye solutions 

to mimic the scheme above [138]. b and c) Dynamic 3D brain tissue construct for brain-on-a-chip model with hydrogel 

matrix embedded with human neurons, astrocytes and a perfusion channel. b) Entire brain-on-a-chip construct as a 3D 

render and c) View from the top on brain construct with cell-gel matrix and perfusion line [96]. d) Summary integration 
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of hydrogels in microfluidic devices as a tissue barrier. e) HMs in lung-on-a-chip platform mimic physiological 

function of the alveolar–capillary interface and f) Gut on a chip model.

4.2. Drug development 

In recent years, OoC devices have emerged as a convenient tool, facilitating faster drug 

development, cost-effective management, operative drug selection with low risk, as well as 

improved drug production in human models [127]. On the other hand, the COVID-19 pandemic 

has highlighted the urgent need for innovative approaches to accelerate drug repurposing and 

discovery during viral outbreaks. OoC technology has been successfully employed to address this 

challenge. “Ingber group” used airway-on-a-chip technology as a rapid method for identifying 

potential treatments for viral infections, including seasonal influenza and COVID-19 [146, 147]. 

These lung-on-a-chip models are capable of mimicking lung responses to viral infections. 

Additionally, they enable researchers to enhance existing drugs and expedite the development of 

new therapeutics. The airway microfluidic device comprises two microchannels separated by a 

porous membrane coated with ECM. Primary human lung bronchial airway basal stem cells are 

seeded on one side, while human lung endothelium is cultured on the opposite side. This model 

successfully confirmed the antiviral activity of several FDA-approved medications, including 

chloroquine, hydroxychloroquine, amodiaquine, toremifene, clomiphene, arbidol, verapamil, and 

amiodarone. In another study, Beaurivage et al. [95] developed a gut-on-a-chip system to 

investigate inflammatory bowel disease (IBD). They seeded 20,000 human colon adenocarcinoma 

cells (Caco-2) in a 3-lane 400 µm OrganoPlate, with ECM serving as the HM in the bottom channel. 

To induce an IBD-like condition, they used a cytokine cocktail comprising IL-1β, TNF-α, and IFN-

γ to maximize cytokine production in Caco-2 cells. To assess the device's suitability for drug 
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discovery, the researchers treated the Caco-2 cells with the anti-inflammatory compound TPCA-1 

for 2 hours. The results demonstrated that exposure to TPCA-1 significantly reduced cytokine 

secretion from the Caco-2 cells. 

4.3. Toxicity screening 

Large pharmaceutical companies could save billions of dollars by utilizing advanced drug 

screening technologies, improving efficiency and reducing the costs of the drug discovery process 

[148, 149]. HMs used in OoC devices, serve as an independent platform for drug cytotoxicity 

screening, effectively mimicking human body cells. Vormann et al. [150] developed a 3D-

microfluidic platform for Nephrotoxicity and drug interaction studies. Renal proximal tubule 

epithelial cells (RPTEC) and human umbilical vein endothelial cells (HUVEC) were cocultured in 

the OrganoPlate 3-lane to mimic the tubular structure. These two layers were separated by using 

ECM gel composed of 4 mg/mL collagen I. Cells were exposed to different concentrations of 

cisplatin, tobramycin, and cyclosporin A (CysA) to induce Nephrotoxicity. After 48 hours, cell 

viability was measured by the WST-8 assay. In another study, Lee et al. [151] designed a skin-liver 

model to assess the toxicological effect of drugs. The epidermal layer and the liver part were 

separated by a collagen hydrogel barrier. Acetaminophen and camphor  were applied to the 

outside of the skin layer and finally diffused to the liver channel. Hepatotoxicity was tested by 

using a staining assay after 24 hours. Results indicated higher levels of glutathione (GSH) and 

reactive oxygen species (ROS), which validate the model ability to evaluate the hepatotoxicity of 

chemical drugs. 
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4.4. Separation 

Microfluidics devices present an excellent alternative for creating separation systems for 

micro-sized particles due to their inherent advantages: continuous operation, compact size, minimal 

sample and reagent consumption, and reduced analysis time [152]. Furthermore, the incorporation 

of hydrogel into the chips has increased their potential for the fabrication of very efficient 

separation devices. Such studies are essential for enhancement in the representative simulation of 

the liver, kidney, or gut, as those organs are also separating and filtrating particles. As an example, 

PEG-DA-based porous HMs were in situ photopolymerized inside PDMS microfluidic devices 

[153]. This platform was able to perform a cascade of analytical steps (elution, preconcentration, 

and electrophoresis separation) for the detection of β-amyloid (Aβ) peptides, which are markers 

used for diagnosing Alzheimer’s disease. The HM serves to preconcentrate the eluted sample on-

chip improving the sensitivity and reducing the time of the assay. The device allowed to analysis 

of four truncated peptides Aβ (1–37, 1–39, 1–40, and 1–42) with very high sensitivity, being able 

to detect as low as 25 ng of synthetic Aβ peptides. Decock et al. [154] tuned the membrane nano-

porosity, using low molecular weight PEG-DA for the matrix of the membrane and PEG as 

porogen. PDMS stamps were used to form the shape of the desired membrane. Obtained HM was 

able to retain nanoparticles bigger than 20 nm and also was highly permeable to solvent flows. It 

was then used to prepare a chip to investigate ultra- and micro-filtration at the microfluidic scale. 

4.5. Biosensors 

Proper functionality of cells and the surrounding environment within OoC devices as 

preclinical platforms need to be assessed. Although imaging techniques are commonly used to 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


39 

 

monitor OoC devices, they are incapable of providing real-time information. Integration of 

biosensors into OoC devices is a non-invasive approach to continuously evaluate the microtissues, 

ECM and membrane performance. HM could act as a barrier to prevent cells from crossing over 

into sensors while allowing diffusion of growth factors, cytokines and other molecules into sensing 

area [155]. Son et al. [156] designed a permeable PEG hydrogel membrane to separate cell culture 

area from the sensing chambers. Hepatocyte growth factor (HGF) and the transforming growth 

factor (TGF)-β1 secreted by primary hepatocytes cells diffused through the HM into sensing 

channels and were detected using fluorescent microbead-based sensors for 7 days. On days 1, 4, 

and 7 media inside the sensing chamber was replaced with sensing microbeads including non-

fluorescent capture microbeads and fluorescent detection beads which modified with anti-growth 

factor antibodies. Fluorescent dextran, with approximately 20% of TRITC-dextran used to examine 

the diffusion of analytes through the hydrogel barrier. The fluorescence signal of growth factor 

secretion was detected for 90 min, then replaced with fresh media. 
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5. Concluding remarks 

OoC platforms are complex devices, thus the selection of materials and manufacturing 

techniques for each part is crucial. Membrane could provide a controlled microenvironment with 

specific biochemical and mechanical cues to separate different cell types or tissue to mimic barrier 

properties of human body. Focusing on the membranes, the primary concern is associated with the 

use of PDMS polymer, which is the most common material in designing OoC devices, due to their 

ability to absorb hydrophobic drugs and small molecules from the cell culture. To overcome this 

limitation, alternative hydrophilic and flexible materials, such as hydrogels, can be employed. 

Nowadays, naturally-derived materials which mimic the ECM properties like gelatin, collagen, or 

chitosan are being chosen more often, but they lack proper mechanical properties. Hybrid 

hydrogels are being manufactured from a combination of synthetic and natural polymers (e.g., 

PLA-chitosan-gelatin) Which offer higher biocompatibility, cell viability, tunable mechanical 

properties and lower interference with the system operation. The development of new and adoption 

of existing manufacturing processes for HM creation allows for personalization and design fitting 

at an unprecedented level. The pore size, surface roughness, shape, anchoring points, or stimuli 

type can be adjusted during the production process. HMs in combination with microfluidic 

platforms have demonstrated their interesting capabilities in the modeling of a broad range of 

human disorders and diseases, mimicking the architecture and physiological function of different 

organs, accelerating drug discovery and development, modeling various types of drug delivery and 

drug cytotoxicity systems.  

There are still many challenges related to HMs in OoC models that require further attention 

from selecting materials, choosing the correct fabrication method to effectively sealing HMs on 
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OoC, and elucidating their potential applications. Preparation of commonly agreed testing 

protocols is essential for comparing the experimental data. It will be only possible after conducting 

a series of validation studies for a specific OoC model, which could generate reproducible and 

statistically well-powered human-relevant results. It is also worth noting that the establishment of 

such protocols is well beyond the academic researchers’ effort, as the standardization will be 

decided in the commercial field with the involvement of regulatory bodies, like the FDA. Those 

stakeholders have to identify and validate the critical OoC design criteria, performance parameters, 

and microbiological properties that may achieved for introducing such devices in large-scale 

studies. Future advancements of these innovative devices should consider the utilization of 

nontoxic, cost-effective materials with tunable mechanical properties that could easily fabricate 

inside OoC devices. Another predicted advancement is the development of higher-throughput OoC, 

which is required for the implementation of such devices in the industry. Overall, the OoC reached 

the tipping point, where the long-term success will be decided. Success in this field requires 

cooperation between all stakeholders: researchers, pharmaceutical companies, and regulatory 

boards to make breakthroughs in current ways of thinking.  
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6. Outlook and future prospect 

Researchers are striving to create interconnected OoC systems that simulate the interactions 

between different organs within the human body. During the past decades, PDMS has been used 

to design OoC devices because of its proper optical transparency which allows researchers to image 

cells and tissues within microfluidic devices. On the other hand, it is very cheap to fabricate a 

flexible OoC device with tunable mechanical properties. However, PDMS exhibits several 

drawbacks including absorption of small hydrophobic molecules, such as therapeutic agents. HMs 

are alternative materials and will play a crucial role in enabling the integration of multiple organ 

models on a single chip. This advancement could revolutionize drug testing by providing insights 

into how different organs metabolize and respond to medications. Moreover, the integration of 

microfluidic systems with HMs will enable precise control over the flow rate of nutrients, gases, 

and metabolites within the OoC device. This will mimic the circulatory systems of real organs, 

allowing for a more accurate representation of organ function and response to stimuli. In addition, 

the automation of OoC devices equipped with HMs will enable rapid and parallelized drug testing. 

This will significantly accelerate the drug discovery process by providing a platform to test 

compounds on human organ models before advancing to clinical trials. Ultimately, in the future 

OoC platform could predict potential efficiency and safety of a drug candidate for every 

individualized person. OoC has large potential to develop personalized medicine by providing 

exclusive physiologically relevant context for every individual person. 

From another point of view, hydrogel-based OoC devices have the potential to recreate 

disease states more accurately than traditional cell cultures or animal models (even safer, greener, 

and more accurate than tissue-modeled studies). In the future, these systems could be used to model 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


43 

 

each individual patient-specific diseases by using patient-derived cells, such as induced pluripotent 

stem cells (iPSCs), facilitating the development of personalized treatment strategies, and reducing 

the reliance on expensive animal testing and clinical trials. Combination of OoC devices with new 

technologies such as gene editing could provide a powerful tool for disease modeling and 

toxicology studies.  

There are lots of barriers and challenges to widespread use of HMs in OoC platform for 

personalized medicine because of complexity of human body and replicating physiological context 

of each individual. As a result, we are still far from achieving clinical translation of the OoC 

platform. One challenge is maintaining the viability of cells and tissues within OoC devices over 

extended periods. HMs should be biocompatible to support cells’ adhesion, growth and 

proliferation. Moreover, they should possess enhanced mechanical properties to withstand 

physiological stresses. Future research will likely focus on improving the longevity and stability of 

hydrogel-based systems, ensuring that they accurately represent organ function over time; these 

can be achieved by the wealth of data generated by OoC devices. Another challenge is to have a 

reproducible product with specific structure and composition for standardization and scalability. 

Developing manufacturing tools like new generation of 3D printer using smart materials could 

produce more accurate and durable HMs in OoC devices. Future advancements will involve 

developing sophisticated analytical tools coupled with computational models and artificial 

intelligence to interpret and integrate this data effectively, further enhancing our understanding of 

organ function and responses. Finally, HMs should meet the regulatory standard for future 

application in personalized medicine. In this regard European Organ-on-Chip Society (EUROoCS) 
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plays a key role to connect academic innovators to regulations and industries to fulfil the gap from 

bench to bedside and develop a new generation of materials for OoC platforms [157]. 
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