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SUMMARY

Organ-on-chip (OOC) systems represent a significant advance in the effort to replicate human physiology 
in vitro, providing versatile models that extend beyond the limitations of static culture and animal experimen-

tation. The fabrication methods and materials underlying these platforms play a decisive role in determining 
their structural accuracy, biological relevance, and potential for large-scale adoption. This review surveys the 
historical progression of OOC manufacturing, beginning with established microfabrication techniques such 
as photolithography, soft lithography, hot embossing, microinjection molding, and xurography and extend-

ing to recent innovations in additive manufacturing. Particular attention is given to emerging barrier-free 
strategies, including laminar flow patterning, hydrogel photopatterning, phaseguide design, and surface 
treatment patterning that permit direct tissue-tissue communication. These methods aim to enhance bio-

mimicry by reducing artificial interfaces, thereby improving the simulation of intercellular gradients, multicel-

lular crosstalk, and pathophysiological dynamics. Alongside their benefits, the review discusses the practical 
challenges these approaches introduce in terms of reproducibility, throughput, and scalability. By integrating 
advances in materials science, fabrication techniques, and microphysiological design, this review highlights 
the potential of next-generation OOC devices to provide predictive, translationally relevant platforms that 
narrow the divide between preclinical experimentation and clinical application.

INTRODUCTION

In the field of microtechnologies designed to replicate controlled 

biological environments, OOC devices represent a significant 

advancement. These systems incorporate miniature engineered 

or natural tissues cultivated within microfluidic platforms, 

created using advanced microchip fabrication techniques. 

OOC systems typically contain chambers seeded with living 

cells, where biological fluids are steadily perfused, closely simu-

lating the physiological conditions of organs and tissues, offering 

a valuable tool for studying biological processes. 1,2 By repli-

cating dynamic microenvironments, precise tissue interfaces, 

and vascular perfusion, OOCs achieve levels of functionality 

that far surpass those of conventional 2D or static 3D culture sys-

tems. 3,4 Furthermore, they enable high-resolution real-time im-

aging and in vitro analysis of biochemical, genetic, and metabolic 

activities of living cells in a functional organ-like context. This 

technology has significant potential to facilitate advancements 

in the study of tissue development, organ physiology, and dis-

ease mechanisms. These systems represent a critical step to-

ward reducing dependence on animal models and enabling 

personalized medicine. 5,6 Building upon the success of single-

organ models, multi-organ-on-chip systems have been devel-

oped to capture systemic processes such as drug absorption, 

metabolism, and inter-organ communication, further broadening 

the applications of the technology. 2,7–9

While these biological applications are transformative, the 

evolution and impact of OOC technology are inseparable from 

fabrication. Microfabrication techniques and material selection 

dictate nearly every aspect of device performance, including 

channel geometry, fluidic control, cellular microenvironment, op-

tical accessibility, and compatibility with biochemical assays. 

The fabrication process not only defines the structural fidelity 

of the device but also influences its scalability, reproducibility, 

and regulatory acceptance, all of which are essential for 

translational impact. Early OOC platforms were predominantly 

fabricated via soft lithography in polydimethylsiloxane (PDMS), 

a material prized for prototyping but limited by small-molecule 

absorption and its gas permeability that can be either advanta-

geous or restrictive depending on the application. 10,11 These 

drawbacks encouraged a shift toward thermoplastics and hybrid 

substrates. More recently, barrier-free fabrication strategies— 

eliminating inert membranes or other artificial interfaces—have 

emerged to improve physiological relevance, though they still 

represent a combination of traditional fabrication methods and 

innovative advances developed throughout the history of OOCs.
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These technical developments now intersect with significant 

regulatory and economic shifts. In April 2025, the US Food and 

Drug Administration (FDA) announced plans to phase out 

mandatory animal testing requirements for certain drug classes 

in favor of New Approach Methodologies (NAMs), including 

OOC systems and advanced computational models. 12 The 

agency aims to make animal studies the exception rather 

than the norm within the next 5 years, signaling a major transi-

tion in preclinical evaluation. This regulatory momentum is 

mirrored by market expansion: the global OOC market, valued 

at approximately USD 157 million in 2024, is projected to reach 

nearly USD 950 million by 2030, corresponding to a compound 

annual growth rate of 35.11%. 13 Such growth reflects not only 

scientific innovation but also the increasing alignment of indus-

trial strategies and regulatory frameworks with human-relevant 

testing platforms. Together, these shifts are accelerating the 

translation of OOC devices from academic prototypes into 

scalable, regulatory-accepted tools for biomedical research 

and drug development.

The present review provides a structured overview of the 

manufacturing strategies that have enabled OOC development, 

from traditional microfabrication methods, including photoli-

thography, replication (soft lithography, hot embossing, injection 

molding), xurography, and 3D printing, to recent barrier-free 

innovations. Beyond describing each technique, we critically 

examine their advantages and limitations in relation to OOC 

performance and translational potential. Particular attention 

is given to emerging strategies designed to eliminate inert 

interfaces, a pivotal step toward creating platforms that more 

faithfully replicate human physiology. Taken together, these 

advances illustrate both the progress achieved and the chal-

lenges that remain, underscoring the potential of OOC technolo-

gies to reshape experimental biology and foster new avenues in 

translational research.

FROM THE ORIGINS OF MICROFLUIDICS TO ORGAN-

ON-CHIP

The advent of microfluidics in the final decades of the 20th cen-

tury has profoundly impacted our understanding of biomedical 

sciences, with their diverse applications spanning a multitude 

of fields. These include optics, semiconductors, microelec-

tronics, drug discovery, point-of-care clinical diagnostics, and 

bioanalytical systems. 14–17 It is therefore evident that microflui-

dics plays a significant role in this technological revolution. 

Microfluidics focuses on the controlled manipulation of fluids 

within microscale environments, typically involving volumes in 

the microliter to picoliter range. These systems rely on micro-

channels or microcapillaries to direct fluid flow with exceptional 

precision. 18,19

The origins of this technology can be traced back to the 1960s, 

with the advent of micro-electromechanical systems (MEMS) 

marking a significant development. These advancements, in 

turn, emerged from a series of prior innovations in semicon-

ductor manufacturing and micromachining technology. MEMS 

represented a pioneering integration of mechanical and electri-

cal components at the micro-scale. A significant landmark was 

achieved in 1965 with the development of the first silicon reso-

nator by Nathanson, which integrated a vibrating mechanical 

structure with a field-effect transistor on the same chip. 20,21 

This innovation enabled mechanical motion to modulate elec-

tronic signals, laying the foundation for future MEMS technolo-

gies. Subsequent decades witnessed a rapid advancement in 

MEMS technologies, with their applications expanding to auto-

motive systems, medical devices, and consumer electronics. 

The 1980s witnessed the emergence of Biomedical MEMS 

(BioMEMS), a specialized extension of MEMS with a focus on 

applications in healthcare and biology, such as implantable 

sensors and microfluidic devices for biological analysis. 22 These 

advances subsequently catalyzed the development of micro-

total analysis systems (micro-TAS) with the development of the 

first miniature gas chromatograph with a thermal conductivity 

detector on a silicon wafer at Stanford University. 23 Pioneered 

by researchers such as Andreas Manz, micro-TAS relied heavily 

on microfabrication and microfluidics, directly inheriting 

methods from MEMS to enable automated chemical and 

biological analyses with unprecedented efficiency and scale 

(Figure 1). 29,30 The first microfluidic devices were silicon-based, 

largely due to the early reliance on integrated circuit (IC) 

manufacturing techniques and materials. 31,32

In the early 1990s, the utilization of microfabricated analysis 

systems for electrophoresis-based separations was first pro-

posed. 33,34 Subsequently, microfabrication utilizing photo-

lithography and etching techniques (Figure 1; early 1990s) was 

employed to pattern microchannels on silicon and glass sub-

strates, mirroring processes used in integrated circuit fabrica-

tion. 35 In 1998, the introduction of the silicone-based elastomer 

PDMS in microsystems fabrication marked the start of soft lithog-

raphy and subsequently promoted the widespread adoption of 

microfluidics beyond engineering laboratories (Figure 1). 25,36 

PDMS transformed microfluidic device fabrication by offering 

unprecedented flexibility, ease of use, and reduced production 

cost. In the following years, alternative materials such as plastics, 

low-temperature ceramics, and different polymers were em-

ployed. More recently, polymers in particular have further diversi-

fied material options, especially in biomedical applications, due to 

their scalability, simplicity, and flexibility. 3,37

Microfluidic systems facilitate high-throughput experimenta-

tion with minimal reagent volumes, while automating complex 

processes at reduced cost. 38,39 The aforementioned advan-

tages render microfluidic technology particularly well suited 

to cellular research, given its micrometric dimensions, which 

are comparable to those of cells. Therefore, in the mid-2000s, 

cell culture in microfluidic devices was initiated using both 

silicon substrates and PDMS chips. Silicone-based systems 

enabled interaction between lung and liver cells, 26 while 

PDMS platforms were primarily used to study liver tissue. 40 

By the end of the decade, PDMS was the material of choice 

for most microdevices used to study cell culture and simulate 

biological environments, enabling the study of organs such as 

the lung (Figure 1; 2007) 28 or the intestine. 41

The integration of porous membranes into microfluidic devices 

further enhanced their ability to reproduce biomimetic environ-

ments by facilitating compartmentalized co-cultures and selec-

tive molecular transport. However, the dynamic simulation of 

physiological conditions arises primarily from microfluidic
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perfusion, which enables controlled flow and nutrient exchange. 

This conceptual origin of membrane-based culture systems 

dates back to the1960s with the introduction of the Transwell, 

which consists of a porous membrane insert or filter that sepa-

rates the culture dish into two media-filled compartments. 42 

These conventional platforms, however, provide a static environ-

ment with limited physiological relevance. The subsequent 

incorporation of membranes into microfluidic architectures al-

lowed the establishment of continuous perfusion systems that 

more closely mimic in vivo conditions for cell culture. At this junc-

ture, Whitesides introduced paper as a material for constructing 

microfluidic devices (Figure 1; 2007), 27,43,44 thus inaugurating 

the field of point-of-care (POC) diagnostics. 45–48 POC devices, 

typically compact and easy to use, allow healthcare providers, 

and even patients, to perform diagnostic tests and obtain rapid 

results directly at the site of care, without relying on centralized 

laboratories.

Following these initial steps, OOC technology truly began to 

be developed around 2010. By definition, an organ-on-chip is 

a microfluidic device that integrates 3D cell cultures to replicate

specific physiological functions of an organ or tissue, providing 

a more accurate model for studying biological processes and 

disease mechanisms. 2,49 The future goal is to create integrated 

body-on-chip systems that can simulate multi-organ interac-

tions, potentially reducing the need for animal testing in specific 

research areas.

In 2010, Huh et al. 10 developed a lung-on-chip that recon-

structed the critical functional alveolar-capillary interface of 

human lungs (Figure 2, 2010). In the same year, Domansky 

et al. 57 developed a multiwell-dish-based platform, which could 

also be called liver-on-chip, in which tissue units were perfused 

with cell culture medium circulating in the dish by means of 

integrated pneumatic membrane micropumps.

The following year, when the Defense Advanced Research 

Projects Agency (DARPA) provided funding for OOC research, 

Nakao et al. 50 developed a liver-on-chip and Jang et al. 58 a kid-

ney-on-chip, both using photolithography and soft lithography 

techniques. In 2012, vessels-on-chip were achieved creating a 

microstructured silicone stamp as a master on which collagen 

with cells were injected creating the in vitro vessels. 59,60 At the

Figure 1. Historical development of fabrication techniques, new devices, and materials

The micro-TAS development in 1979, scheme adapted from Jurina et al. 24 under the terms and conditions of the CC BY 4.0 license (https://creativecommons.org/ 

licenses/by/4.0/). PDMS introduction in 1998; soft lithography process adapted with permission from Duffy et al., 25 copyright 1998 American Chemical Society. 

Interaction between lungs and liver on a silicon substrate reprinted with permission from Sin et al., 26 Wiley. Paper-based microfluidics in 2007, paper micro-

patterning process in Whitesides’ laboratory adapted with permission from Martinez et al., 27 Wiley. Same year, a lung-cells on-chip of PDMS and porous 

membrane creation, image reprinted from Huh et al., 28 copyright (2007) National Academy of Sciences.
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Figure 2. Evolution of OOC technology

Temporal line indicates various organs developed within microfluidic devices, thereby demonstrating the evolution of OOCs over the past two decades. From 

top to bottom part, list of adapted figures: lung-on-chip reproduced with permission from Huh et al., 10 AAAS. Liver-on-chip reproduced with permission from

(legend continued on next page)
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same time, a gut-on-chip model was developed 61 adapting a 

soft lithography technique that was used to create the lung-on-

chip device by the same authors. 10 A uterus-on-chip was 

created by using PDMS top (zigzag-shaped channel) and 

bottom (four parallel rectangular channels) compartments 

separated by a polycarbonate (PC) porous membrane. 62 In 

2013, a blood-brain-barrier-on-chip was performed following 

the same structure: two PDMS layers with specific designs 

and a PC porous membrane separating compartments. 63 

Concurrently, the initial multi-organ-on-chip model for skin and 

hair culture was engineered, employing a PDMS-based platform 

integrated with a micropump. 64 A bone-marrow-on-chip was 

developed in 2014, emerging from a PDMS structure that incor-

porated a central cylindrical cavity. This cavity was designed to 

house bone-inducing materials for future bone formation. 65 

Through soft lithography, a brain-on-chip was fabricated in 

2015, consisting of a PDMS-based device with cellulose mem-

brane windows enabling an osmotic micropump. 66 The same 

year, a new heart-on-chip was developed 51 —knowing that in 

2013 67 a heart system was made initiating this area of study— 

made of PDMS containing a central chamber where cells were 

seeded and two lateral channels for nutrients (Figure 2, 2015). 

Next year was marked by the development of a one-step UV 

lithography-based technique using a photo-polymerizable 

polyethylene glycol diacrylate (PEGDA) hydrogel, creating a 

brain-on-chip (Figure 2; 2016), 52 as well as a lymph-node-on-

chip 68 based on soft lithography.

In 2017, the FDA initiated its first collaborative agreement to 

evaluate OOC technology, illustrating its early commitment to 

advancing and validating these human-relevant testing 

platforms. 69 That same year, Skardal et al. 54 developed a 

multi-organ-on-chip consisting of three platforms connected 

by a fourth one, which was also linked to a peristaltic pump 

(Figure 2, 2017). In parallel, a neurovascular-tissue-on-chip 

was developed the same year, a PDMS platform where neuro-

genesis and angiogenesis models were combined. 53 

Fabricated from cyclic olefin copolymer (COC), a transparent 

thermoplastic characterized by its low permeability, a tumor 

immune-on-chip comprising 12 parallel channels was intro-

duced in 2018. 70 In the same year, a duodenum-on-chip 55 

was also developed (Figure 2; 2018), which had the same struc-

ture as the lung-on-chip and the gut-on-chip of previous 

years. 10,61 It comprised a PDMS device consisting of an upper 

and lower channel separated by a porous membrane and two 

lateral vacuum chambers.

In 2019, a device based on polymethyl methacrylate (PMMA) 

was developed for drug testing purposes. 71 It consisted of a 

transparent, biocompatible, and rigid material that could be 

modified by laser cutting, and its parts may be unified by chem-

ical bonding. That year, a cartilage-on-chip was developed. 72 

This device consisted of a PDMS structure with two chambers, 

separated by a PDMS membrane. Additionally, a PDMS 

placenta-on-chip was developed to investigate nanoparticle

exposure at the placental barrier. 73 In 2020, a white adipose-

tissue-on-chip was developed to maintain, monitor, and manip-

ulate human adipocytes. 56 This was a PDMS-based device 

(Figure 2; 2020 and onwards). Same year, the multiorgan-on-

chip developed by Herland et al. 74 had the channels vascular-

ized, thus demonstrating a continued evolution in similarity to 

the in vivo system. In this instance, gut-on-chip, liver-on-chip, 

and kidney-on-chip were attached, with all three components 

connected to a reservoir of fresh blood substitute medium. In 

2021, a mucus-on-chip was developed using soft lithography. 

It facilitated the transportation of nanoparticles through 

mucus. 75 Over the past few years, significant improvements 

have been made in the manufacturing and materials used in 

OOC, as will be discussed in the next sections.

FABRICATION TECHNIQUES FOR ORGAN-ON-CHIP 

DEVICES

As OOC technology evolves, the fabrication techniques for 

such devices also go forward, as might be expected. This 

section analyses traditional OOC manufacturing techniques 

and their variants.

Fabrication techniques can be divided into four main cate-

gories, each offering different advantages depending on the 

application’s specific requirements. Such techniques include 

photolithography-based methods for high-precision patterning 

and creating master molds, as well as replication techniques 

like soft lithography, hot embossing, and microinjection molding, 

which rely on molds to reproduce patterns. In addition, xurogra-

phy offers a simple and cost-effective approach for cutting and 

shaping materials, while 3D printing enables the fabrication of 

complex and customizable microfluidic devices (Table 1).

Photolithography

Photolithography, which uses UV radiation in the wavelength 

range of 360–410 nm, is the most widely used form of lithog-

raphy. The use of this technique to produce DNA arrays was 

one of the first examples to attract widespread attention. 106–109 

Photolithography-based techniques are characterized by the 

use of light to define the desired pattern on a photosensitive 

material, which can be used either as a structural material or to 

transfer the pattern to another structural material. The photolith-

ographic process used to obtain microfluidic devices is based on 

the deposition of the resin onto a wafer using a spin-coating 

process to obtain a succession of very thin layers of controlled 

thickness (Figure 3A). In a subsequent step, the wafers are 

exposed to UV light with the mask containing the desired pattern 

interposed between light source and substrate. Lastly, resin 

developer is used to eliminate the residual resin, thus obtaining 

the devices to be used as masters for soft lithography. 110 The 

most commonly used material is SU-8, a negative photoresist 

that allows devices to be fabricated on substrates such as glass 

or silicon, or to be fabricated entirely in SU-8. 111 This photoresist

Nakao et al. 50 Biomicrofluidics, 2011; Copyright 2011 AIP Publishing. Heart-on-chip reproduced from Mathur et al., 51 brain-on-chip reproduced from 

Fan et al., 52 neurovascular tissue reproduced from Uwamori et al., 53 multi-tissue organ-on-chip reproduced from Skardal et al., 54 duodenum-on-chip 

reproduced from Kasendra et al., 55 and white adipose tissue-on-chip reproduced from Rogal et al., 56 all under the terms and conditions of the CC BY 4.0 

license (https://creativecommons.org/licenses/by/4.0/).
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exhibits stable mechanical, thermal, and chemical properties, 

can be coated to thicknesses greater than 1 mm, and can be 

patterned to produce high aspect ratio microstructures, unparal-

leled in conventional photoresists. 112,113

Concerning the manufacturing techniques employed 

throughout the development of OOC chip technology, photo-

lithography is the most widely utilized. In fact, most of the 

devices presented in the previously outlined timeline follow 

this fabrication approach, often in combination with soft 

lithography, 10,50,53,55,58 the latter being a replication-based 

method that will be discussed in the following section. In 

recent years, OOC devices have been fabricated solely using 

photolithography to replicate biological processes such as 

neural necrosis and glioblastoma multiforme pseudopalisad-

ing. 76,77 Both devices originate from the fabrication technique 

developed by Blanco et al., which is based on photopattern-

ing thick SU-8 layers on substrates followed by low-tempera-

ture adhesive bonding of two fully crosslinked SU-8 struc-

tures. 114 In the first case, Figure 3B, the fabrication process 

consists of spin-coating and photopatterning a single SU-8 

layer directly onto a glass substrate to define the microstruc-

tures, including channels and micropillar arrays. The device is 

enclosed using a mechanical clamping system or a coverslip, 

without any bonding between SU-8 layers (Figure 3Bi). By 

contrast, Ayuso et al. follow the full multilayer bonding proto-

col described by Blanco et al., including photopatterning SU-8 

layers on separate substrates and performing low-tempera-

ture bonding under pressure to form sealed microchannels 

that are showed in Figure 3Ci. Therefore, although both 

methods derive from the same core principles of SU-8-based 

photolithography, they diverge in complexity and execution, 

with Ayuso et al. adopting the full bonding strategy introduced 

by Blanco et al. and Esteve et al. employing a monolithic, sin-

gle-layer approach.

Table 1. Comparative analysis of traditional microfabrication methods for OOC devices

Method

Feature size 

(resolution)

Scalability/

Commercial

readiness

Material

compatibility Strengths Limitations

Relevance for 

OOC

Photolithography ∼1–5 μm low/mainly 

academic, 

prototype mold 

fabrication

silicon, glass, 

SU-8 photoresist, 

PDMS replicas

high precision, 

sub-micron 

accuracy, 

established 

protocols

expensive, 

requires 

cleanroom, 

limited scalability

prototype molds, 

academic 

devices 76,77

Replication—soft

lithography

∼10 μm low/widely used 

in research, 

limited industrial 

scalability

PDMS rapid prototyping, 

optical 

transparency

small-molecule 

absorption, poor 

scalability

widely used for

OOCs 78–84

Replication—hot

embossing

∼1–100 μm 

(depending on 

mold)

medium/suitable 

for pilot 

production and 

thermoplastic 

OOCs

thermoplastics high-fidelity

replication,

reproducibility

long cycle times, 

thermal stresses, 

limited for 

multilayer

suitable for 

thermoplastic

OOCs 85,86

Replication—

microinjection

molding

∼1 μm high (industrial)/ 

dominant for 

commercial 

disposable chips

thermoplastics mass production, 

reproducibility, 

scalable 

manufacturing, 

cost-efficient at 

scale

high tooling cost,

material 

restrictions

disposable or 

high-throughput

OOCs 87–91

Xurography ∼100–300 μm low-medium/ 

inexpensive, 

mostly academic 

prototyping

adhesive tapes, 

thin polymer 

sheets

inexpensive,

equipment-light

low resolution, 

poor 

reproducibility, 

limited durability

quick 

prototyping, used 

for OOCs 92–94

3D printing— 

Light-

polymerized

∼10–50 μm 

(depending on 

printer)

low/research-

level use

photopolymers,

resins

complex 3D 

geometries, no 

molds needed

surface 

roughness, 

cytotoxic resins, 

optical limitations

exploratory

OOCs 95–99

3D printing— 

Inkjet

∼20–50 μm 

droplets

low/research-

level use

photopolymers,

hydrogels,

bioinks

multi-material

deposition,

patterned

biomolecules

limited resolution, 

nozzle clogging

droplet 

generation, 3D 

culture OOC 

platforms 100,101

3D printing— 

microextrusion

∼50–200 μm 

filaments

low-medium/ 

expanding for 

tissue bioprinting, 

not yet industrial

hydrogels,

thermoplastics,

bioinks

bioprinting of cell-

laden hydrogels

low resolution, 

shear stress on 

cells

rigid and flexible

OOCs 102–105
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Figure 3. Photolithography microfabrication technique and OOC models recreated in photolithography-based devices

(A) Photolithography process.

(B) Neural necrosis OOC. (Bi) Device placed on the monitoring base. (Bii) Top-down view of the microfluidic chip layout highlighting the main structural features 

and dimensions. (Biii) Representative images of neurospheres cultured within the device. (A) Several neurospheres merged and expanded near the corner at the 

entrance of the cell-guidance channel. (B) Differentiated cells extend outward from the aggregated mass, forming a three-dimensional outgrowth.

(C and D) Optical micrographs of a neurosphere positioned in the microchamber with the microcoil superimposed; image (D) corresponds to an inverted 

orientation of (C) to facilitate comparison with subsequent data.

(E and F) NMR microimages obtained at two cross-sections separated by 180 μm; only the region encompassed by the microcoil is visualized. In (E), a central area 

consistent with necrosis is apparent, whereas it is absent in the more superficial slice in (F). The in-plane resolution is 8 × 8 μm with a slice thickness of 50 μm. 

Reprinted from Esteve et al., 76 with the permission of AIP Publishing. (C) Glioblastoma-on-chip model. (Ci) Fabricated microdevice and packaging tool. (Cii) Diagram 

of the microdevice showing obstructed conditions with nutrient-poor (I) and nutrient-rich (II) regions. (Ciii) Pseudopalisade formation under free and obstructed flow. 

U-251 cells (4×10 6 mL − 1 ) in collagen hydrogel (1.5 mg mL − 1 ) were cultured in the device. Viability over time was assessed with calcein (green) and propidium iodide 

(red). Device posts (50 × 100 μm) are marked with white dashed lines. Reproduced with permission from Ayuso et al. 77 Neuro-Oncology, 2017.
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Figure 4. Soft lithography technique and examples of its application to obtain OOC models

(A) Soft lithography technique step by step.

(B) Lung-on-chip model. (Bi) Chip-S1 stretchable chip from emulate. 121 (Bii) Schematic of the airway chip with bronchial epithelium cultured at an air-liquid 

interface above a porous membrane and human lung endothelial cells below under fluid flow. (Biii) Confocal sections of healthy (H) and cystic fibrosis (CF) chips 

showing ciliated (β-tubulin IV, green), basal (CK5, magenta), goblet (MUC5AC, green), and club cells (CC-10, green). Scale bars, 10 μm. (Biv) Baseline 

inflammatory phenotype, with PMNs (green) adhering to CD31 + endothelium (magenta). Reprinted from Plebani et al., 78 Journal of Cystic Fibrosis, 2022.

(C) Endometrium-on-chip. (Ci) Photograph of the assembled PDMS device with four inlet/outlet reservoirs; the porous membrane appears translucent. (Cii) 

Schematic of the perivascular stroma model. (Ciii) Stroma compartment showing a confluent cell layer (c) and endothelial compartment with CD31 + HUVECs (d). 

(e) Merged channels (DAPI, FITC, and CY5) reveal the identity of each cell layer within the compartments. Circular pillars (arrows) allow visualization of individual 

cell types (DAPI nuclei, blue). Scale bars, 400 μm.

(legend continued on next page)
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While this technique represents a significant advancement in 

micro- and nano-scale systems, it has inherent limitations 

when applied to biological and biotechnological systems. Such 

limitations include restricted control over surface properties, 

high cost of substrates (mainly silicon and glass) and clean-

rooms, limited accessibility to some biological researchers, 

and the lengthy and costly process from initial conception to final 

production. Moreover, examples such as the neurosphere cul-

ture chip by Esteve et al. highlight specific constraints of some 

photolithography-based platforms: the use of rigid, inert 

microstructures like micropillars, as shown in Figures 3Bii and 

3Biii, hinders the dynamic interaction between compartments. 

This prevents the spatial organization of multiple cell types or 

physiological gradients, reducing the model’s relevance for 

complex organotypic scenarios. Similarly, the glioblastoma-

on-chip model developed by Ayuso et al., which successfully 

recreates pseudopalisade formation under hypoxic conditions, 

is limited by its pillar-based architecture (Figures 3Cii and 

3Ciii). This restricts cells from behaving as they naturally would, 

since inert barriers separate tissues.

In light of these examples, it is evident that while photolithog-

raphy enabled the first generation of OOC devices, its present 

use has shifted considerably. Rather than serving as the pri-

mary method for fabricating complete microfluidic platforms, 

photolithography today is employed predominantly for the pro-

duction of SU-8 replica molds (as mentioned in the section 

before and will be explained in next section) and for the micro-

fabrication of ultrathin membranes or integrated components 

that are subsequently incorporated into hybrid devices. 115–117 

This evolution reflects both the strengths of the technique— 

precision, reproducibility, and compatibility with semicon-

ductor processes—and its limitations in terms of cost, accessi-

bility, and the rigidity of silicon and glass substrates. As a 

result, photolithography now occupies a complementary role, 

supplying high-fidelity features that support soft-lithography 

or thermoplastic-based platforms, rather than defining the 

entire chip architecture.

Replication

Replication-based techniques rely on the use of a mold, which is 

employed to transfer the desired pattern onto a softer material 

through direct physical contact. These approaches can be 

further classified into three main categories: soft lithography, 

hot embossing, and injection molding.

Soft lithography

Soft lithography provides tools for micro-patterning that 

complement and extend conventional fabrication methods. 36 

Two of the key features of soft lithography are the use of elas-

tomeric materials to produce pattern transfer elements through

molding and the development of techniques to create complex 

biochemical patterns. 118–120

The fabrication process begins with the preparation of a 

mixture comprising a base elastomer and a curing agent. This 

mixture is poured into a mold that defines the desired microflui-

dic circuit. Once the material solidifies, it forms a polymer that 

can be sealed by bonding to a substrate, such as glass or 

another polymer film (Figure 4A). Typically, such devices are 

made of PDMS, a silicone-based polymer widely employed in 

microfluidic fabrication due to its versatility and compatibility 

with soft lithography. Its isotropic and homogeneous properties, 

lower cost compared to silicon, and ability to replicate submi-

cron features for microstructure development further enhance 

its appeal. 11,122

As previously mentioned, soft lithography using PDMS was 

the foundational technique that enabled the development of 

OOC systems. This approach was pioneered by Ingber and 

colleagues at the Wyss Institute. They developed a series of or-

gan models built upon a standardized PDMS-based platform 

(presented in the timeline of Figure 2), consisting of two parallel 

microchannels vertically stacked separated by a porous, flexible 

membrane (Figure 4Bi). Several OOC devices have been derived 

from this design. One of the most extensively studied is the 

lung-on-chip. In the model described by Plebani et al., 78 the 

microfluidic device recreates a human airway by culturing a 

pseudostratified bronchial epithelium under air-liquid interface 

(ALI) conditions on the upper surface of the porous membrane, 

while the lower vascular channel is lined with human lung 

microvascular endothelial cells (PMVECs) exposed to dynamic 

fluid flow (Figure 4Bii). This configuration allows for the recreation 

of key features of airway physiology and pathology. The authors 

engineered both healthy and cystic fibrosis (CF) airway models 

and analyzed their structural and functional characteristics. 

Confocal immunofluorescence imaging revealed distinct cellular 

compositions, including ciliated, goblet, basal, and club cells, 

with disease-specific alterations in the CF model (Figure 4Biii). 

Furthermore, differences in inflammatory phenotypes were 

observed at baseline, with increased neutrophil adhesion to 

the endothelium in the CF model compared to the healthy coun-

terpart (Figure 4Biv). This airway chip platform has also been 

employed in other studies to investigate pulmonary edema, 10 

asthma-like inflammation, 123 and viral infections such as influ-

enza and SARS-CoV-2, 124 among others, highlighting its versa-

tility in modeling human respiratory pathophysiology.

This widely used OOC platform has been extended to models 

of other human organs. The duodenum intestine-on-chip 

system, incorporating cyclic strain and fluid flow, promotes 

villus-like architecture, enables co-culture with commensal mi-

crobiota, and preserves epithelial barrier function, offering key

Adapted from Gnecco et al., 79 under CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

(D) Vessel-on-chip model. (Di) Phase-contrast and immunofluorescence images of HASMCs and the HUVEC layer in a perfused multichannel coculture module.

(Dii) Expression of smooth muscle myosin heavy chain (SM-MHC) and CD31 under static and perfusion conditions. (Diii) Adhesion of THP-1 monocytic cells in 

the inflammation model: left, recruitment in a nonstenotic device under static culture; right, recruitment in a 50% stenosed device under perfusion. Adapted from 

Cho and Park, 80 under CC BY 4.0 license.

(E) Retina-on-chip (ROC) model. (Ei) Photograph of the ROC (left) and schematic of photoreceptor-RPE interactions (right). (Eii) RPE cells seeded within the 

device. Scale bars, 500 μm. (Eiii) Marker expression and polarization of RPE cells: gp100 (green) and ZO-1 (red). (Eiv) ROC as a pharmacological testing platform, 

showing brightfield and fluorescence images after 6-day treatment with 0.5 mg/mL gentamicin. Adapted from Achberger et al., 81 under CC BY 4.0 license.
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Figure 5. Hot embossing and microinjection molding techniques and examples of OOCs made by these methods

(A) Hot embossing basic steps.

(B) Hot embossed device for OOC applications. (Bi) TPE and PC/TPE-hybrid microfluidic platforms. (Bii) Phase-contrast micrographs showing cell adhesion 

and growth from day 1 to day 3 on both substrates (left) and live/dead staining by fluorescence microscopy on day 3 (composite image left; individual color 

channels right). Scale bars, 100 μm. n = 3. Adapted from Schneider et al., 85 under CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

(C) Microvessels-on-chip. (Ci) Design of the multi-vessel loading chamber. (Cii) Visualization of GFP-HUVECs after seeding. (C–E) Bright-field (C), GFP 

fluorescence (D), and merged bright-field/GFP/RFP channels (E) on day 8. (F–H) Individual GFP (F), RFP (G), and merged (H) images showing angiogenic 

sprouting from pre-existing vessels, indicated by red arrows in (F). Cells were cultured an additional 4 days under hydrostatic flow induced by rocker motion every 

10 min. Scale bars, 500 μm (E), 200 μm (H). Adapted from Moon et al., 86 RSC, under CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/).

(D) Microinjection molding fabrication method step by step.

(E) Tubule-on-chip. (Ei) Injection-molded chip with insert module installed. (Eii) Actual photograph of injection-molded chip and insert. (Eiii) RPTEC’s L&D images 

(4× and 20×) and immunofluorescence images (40×) were observed in I-M Chip with 3 μm pore size using a confocal microscope, live-dead cell image

(legend continued on next page)
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advantages over static cultures and organoids. 55 Colon-on-chip 

models have applied similar principles to investigate disease-

specific mechanisms such as barrier dysfunction and cytokine 

responses in inflammatory bowel disease. 82 The liver-on-chip 

supports drug metabolism and hepatotoxicity studies and has 

shown high sensitivity and specificity in detecting compounds 

associated with drug-induced liver injury. 83 Brain-on-chip sys-

tems incorporating neurovascular units under dynamic flow 

have been used to study blood-brain barrier integrity and neuro-

inflammation, 84 and more models were reproduced in this 

device. These organ-specific PDMS-based platforms implement 

physiological mechanical cues—such as cyclic strain in intesti-

nal models and shear flow in hepatic, renal, vascular, and 

lymphoid systems—demonstrating the adaptability, mechano-

biological fidelity, and translational relevance of the emulate 

system architecture.

Other models with distinct microfluidic designs have also been 

developed to address specific organ functions. For example, 

Gnecco et al. designed a uterus-on-chip platform that recapitu-

lates key features of the female reproductive tract by mimicking 

hormonal cycling and endometrial remodeling in vitro 

(Figure 4Ci). 79 This device integrates endometrial epithelial and 

stromal cells within a microfluidic chamber and applies sequen-

tial hormone perfusion to simulate the estrous cycle (Figure 4Cii). 

The system successfully reproduced physiological responses 

such as decidualization and cyclic gene expression patterns, 

offering a dynamic and controllable alternative to static 2D 

cultures or explants (Figure 4Ciii). Importantly, this model pro-

vides a valuable platform for investigating hormone-regulated 

processes, implantation mechanisms, and female reproductive 

disorders under near-physiological conditions.

In a different approach, Cho and Park developed a vessel-on-

chip designed to replicate key aspects of human vascular 

physiology and pathology (Figure 4Di). 80 The device consists 

of a modular, multichannel 3D platform featuring circular micro-

channels lined with human endothelial and smooth muscle cells, 

enabling coculture under physiologically relevant conditions 

(Figure 4Dii). Through tunable geometries and flow conditions, 

the system can reproduce vascular stenosis and inflammation, 

including shear stress-induced endothelial responses and tumor 

necrosis factor alpha (TNF-α)-mediated immune cell recruitment 

(Figure 4Diii). This platform not only allows for high-throughput 

studies across multiple conditions but also offers a valuable 

tool for investigating early events in vascular disease.

Finally, another organ model successfully developed using 

this technique is the eye-on-chip system reported by Achberger 

et al. (Figure 4Ei). 81 This device replicates key anatomical and 

functional features of the human ocular surface, including the 

corneal epithelium, tear film dynamics, and blinking-like me-

chanical stimulation (Figure 4Eii). The platform integrates human

corneal epithelial cells cultured within a microfluidic chamber 

and uses a programmable eyelid-like mechanism to reproduce 

shear forces generated during blinking (Figure 4Eiii). This dy-

namic model enabled the investigation of tear film stability, 

mucin secretion, and epithelial barrier function under physiolog-

ical and pathological conditions, offering a powerful tool for 

studying dry eye disease, ocular drug delivery (Figure 4Eiv), 

and surface disorders that cannot be accurately recapitulated 

in static culture systems.

Despite its many advantages, soft lithography is not without 

limitations. A primary drawback lies in its reliance on elastomeric 

materials, which restricts applicability to certain device types 

and complicates scale-up for large-scale production. 125 Almost 

all PDMS-based OOC platforms discussed above retain a 

separating membrane between compartments, preventing 

direct tissue-tissue contact and limiting intercellular cross-talk 

(e.g., Figures 4B and 4C, and 4E). Moreover, PDMS’s high gas 

permeability, typically an asset, becomes problematic when 

modeling hypoxic or anaerobic conditions—such as necrosis 

or the oxygen-sensitive environments required in certain 

intestinal inflammation models—rendering it unsuitable for 

such applications. The material’s hydrophobicity, coupled with 

its porosity, leads to the absorption of small hydrophobic 

molecules and leaching of uncured oligomers, interfering with 

drug dosing, analytical accuracy, and long-term culture integ-

rity. 126,127 This limitation can be partially addressed by surface 

modification techniques, such as oxygen plasma treatment or 

coating with hydrophilic polymers, which improve surface 

wettability and reduce molecule absorption. 128–130 Additionally, 

multilayer ‘‘sandwich’’ fabrication using PDMS frequently en-

counters alignment challenges, particularly for laboratories 

without access to precision masking tools. Studies have demon-

strated that material shrinkage in PDMS soft lithography often 

lead to layer misalignment, with errors reaching tens of microns, 

particularly when curing thick PDMS layers at elevated temper-

atures. Misalignment due to rotation and translation is typically 

observed unless one employs dedicated aligners or compen-

sates for shrinkage, which requires specialized desktop aligners 

or layer-specific scaling during fabrication. 131,132

Hot embossing

In the case of ‘‘hot molding,’’ the microfluidic circuit is obtained 

by molding a thermoplastic polymer with the desired micro-

structure under controlled conditions of heat and pressure. 

This process relies on heating the substrate above the polymer’s 

glass transition temperature and applying pressure to imprint 

the desired microstructure using a mold. 133 Detailing the 

manufacturing process (Figure 5A), the substrate is initially heat-

ed above its glass transition temperature, and a predetermined 

force is applied to shape the material. Once the molding is com-

plete, the temperature is reduced below the glass transition point

observation throughout the membrane. L&D scale bar is 100 μm. ZO-1 scale bar is 50 μm. (Eiv) Confocal microscope HUVEC’s images (4×, 20×) and immu-

nofluorescence images (40×) on I-M chip with 3 μm pore size. Adapted from Lee et al., 87 under CC BY 4.0 license.

(F) Vascularized OOC. (Fi) Schematic of the microfluidic chip with central hydrogel channel (blue) flanked by parallel media channels (red). (Fii) Fluorescence 

images showing freshly seeded endothelial cells (Vybrant DiD, magenta) and supporting cells (Vybrant DiO, yellow; pericytes or stromal cells) in two setups for 

vasculogenesis (left) and angiogenesis (right). White arrows indicate the hydrogel-media interface. Scale bars, 500 μm. (Fiii) Confocal images of stromal-

endothelial co-cultures treated with control media or fresh media supplemented with EVs from pericytes/stromal cells. Scale bars, 200 μm. Adapted from 

Gonzalez-Rubio, 88 under CC BY (https://creativecommons.org/licenses/by/).
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to allow the material to solidify. During the final stage, the master 

is separated from the mold, a critical phase where improper 

handling can damage the replicated microstructure. Reducing 

this force and achieving a smooth separation between the 

mold and substrate is crucial for producing a high-quality 

microstructure. 134

The stresses generated in components fabricated through 

hot embossing are considerably lower than those produced by 

alternative methods, due to the localized stretching of the polymer 

over a short distance from the bulk substrate. Furthermore, the 

narrower operating temperature range reduces shrinkage during 

cooling and minimizes frictional forces during de-embossing. 135 

This technique is compatible with a range of thermoplastics 

and thermoplastic elastomers (TPEs), which combine elasticity 

with manufacturability, making them attractive alternatives to 

PDMS in OOC fabrication. Hot embossing allows reproducible 

replication of microscale features with improved scalability, lower 

absorption of small hydrophobic molecules, and the possibility of 

bonding to other polymer or glass layers—properties that are 

leveraged in the following OOC examples.

Schneider et al. developed a tailored hot embossing process 

for a polycarbonate/TPE hybrid material, combining the flexibility 

and bonding capacity of TPE with the rigidity and optical clarity 

of polycarbonate (Figure 5B). 85 Microstructures were first 

patterned in SU-8 on silicon wafers, then transferred via a 

PDMS negative to an epoxy master mold. The final hybrid chips 

were produced by pressing the epoxy mold into the TPE layer 

while simultaneously thermally fusing it to a polycarbonate 

backing (Figure 5Bi). This resulted in stiffer, easier-to-handle 

chips with precise channel geometries. The authors demon-

strated the device’s applicability to OOC models by seeding 

human umbilical vein endothelial cells (HUVECs) within the 

microchannels coated with collagen type I. After 3 days of 

culture under static conditions, the endothelial layer formed a 

confluent monolayer, confirming the material’s biocompatibility 

and the system’s suitability for creating vessel-on-chip platforms 

(Figure 5Bii).

Moon et al. employed a similar hot embossing approach to 

fabricate TPE microchannels, which were reversibly bonded 

to polystyrene (PS) substrates (Figure 5C). 86 This reversible 

assembly enabled the straightforward removal of the channel 

layer without damaging the cultured tissue—an advantage for 

downstream analysis or transplantation. Their OOC platform 

supported the co-culture of GFP-expressing HUVECs and 

RFP-labeled fibroblasts within a fibrin gel, leading to the self-

assembly of interconnected 3D microvessel networks over 

8 days. Quantitative analysis showed progressive increases 

in vessel coverage, junction number, and total length. Impor-

tantly, one of the presented configurations was designed to 

model angiogenesis, allowing the study of sprouting, branching, 

and network maturation within a controlled microenvironment 

(Figures 5Ci and 5Cii). After culture, the TPE slab could be 

removed and the intact vascular networks harvested for further 

analysis or potential therapeutic applications.

Despite its versatility, hot embossing presents some draw-

backs. The method is inherently restricted to thermoplastic 

substrates, which may not always provide the optimal surface 

properties for certain biological applications without additional

treatments. The process also requires elevated temperatures 

and pressures to achieve adequate pattern transfer, which can 

complicate fabrication when working with temperature-sensitive 

materials or integrated components. 133 Furthermore, the tech-

nique is less suited for producing nanoscale features, where 

high-precision lithographic approaches remain superior. The 

process involves sequential heating and cooling cycles for 

both the polymer and the mold, extending cycle times signifi-

cantly longer than injection molding. Non-uniform temperature 

distribution across the mold can induce residual stresses or 

dimensional distortions, affecting pattern fidelity and device 

functionality. 136,137 These factors, coupled with the need for 

high-tolerance alignment in multi-layer designs, pose additional 

challenges for large-scale production. 138

Certain application-specific limitations were also observed 

in the OOC examples described above. In the PC/TPE-hybrid 

device by Schneider et al., while the hybrid material exhibits 

lower small-molecule absorption than PDMS, it is not completely 

resistant to hydrophobic compound adsorption, which could 

affect the accuracy of drug assays conducted over extended 

periods. In the reversible TPE-PS platform by Moon et al., the 

microchannel geometry included micropillar arrays separating 

compartments. While these structures provide physical stability 

to the fibrin matrix and facilitate media perfusion, they also act as 

inert barriers that prevent full tissue-to-tissue contact across 

channels, potentially limiting the physiological relevance of 

inter-compartmental interactions.

Microinjection molding

Injection molding is a manufacturing process in which a polymer 

is heated and injected into a mold cavity to obtain the desired 

pattern. Microinjection, a more precise version of this process, 

involves transferring thermoplastic material in granular form 

from a hopper into a heated barrel. Once the material becomes 

molten and pliable, it is injected under pressure into a mold cavity 

and held under pressure for a set duration to compensate for 

shrinkage. As the mold temperature is lowered below the poly-

mer’s glass transition temperature, the material solidifies. After 

sufficient time, it freezes into the shape of the mold and is 

ejected, allowing the cycle to repeat. Each cycle typically lasts 

from several seconds to a few minutes (Figure 5D). 139,140

This process offers numerous advantages, making it commer-

cially viable and promising for future advancements. These bene-

fits include the potential for full automation with short cycle times, 

and cost-efficiency for mass production, particularly for dispos-

able products. More importantly, unlike most conventional micro-

fabrication techniques, microinjection molding inherently supports 

scale-up and process standardization, enabling the production 

of large numbers of highly reproducible chips under controlled 

industrial manufacturing conditions. Additionally, micro-injection 

molding ensures highly accurate shape replication, precise dimen-

sion control, and lower maintenance costs for capital equipment 

compared to methods like lithography. Furthermore, it benefits 

from the wealth of industrial expertise and knowledge derived 

from conventional injection molding processes. 141,142 Then, 

several OOC models were developed using it. 87–91

One example is the tubule-on-chip developed by Lee et al., in 

which a two-layer microfluidic platform was fabricated via 

microinjection molding to enable the culture and perfusion of
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renal epithelial cells (Figure 5E). 87 The design incorporated par-

allel microchannels separated by a porous membrane, allowing 

selective filtration and directional flow to mimic kidney tubular 

physiology (Figures 5Ei and 5Eii). By culturing human kidney 

proximal tubule epithelial cells within the channel, the device 

successfully reproduced key tubular functions such as vectorial 

transport, barrier integrity, and biomarker secretion under 

physiologically relevant shear stress (Figures 5Eiii and 5Eiv). 

This approach provided a robust, high-throughput platform for 

modeling renal physiology and screening nephrotoxic com-

pounds with enhanced reproducibility compared to soft-lithog-

raphy-fabricated chips.

Another example is the vascularized OOC system developed 

by Gonzalez-Rubio et al., using a commercially available AIM 

Biotech three-channel microfluidic device produced via microin-

jection molding (Figure 5Fi). 88 In this model, the central hydrogel 

channel enabled the co-culture of endothelial cells with either 

adipose-derived CD146+ pericytes or unselected stromal 

cells to study vasculogenesis and angiogenesis in a controlled 

microenvironment (Figure 5Eii). The study demonstrated that 

pericytes promoted the formation of longer, more intercon-

nected, and more branched microvascular networks than 

stromal cells, largely through an interleukin-6-dependent mech-

anism. Moreover, pericyte-derived conditioned media and extra-

cellular vesicles were sufficient to enhance vessel formation in 

stromal cell co-cultures, confirming the paracrine contribution 

of pericytes (Figure 5Eiii). This work not only elucidated the 

distinct roles of pericytes in vascular network maturation and 

stability but also highlighted the value of microinjection-molded 

chips in generating reproducible, optically clear, and structurally 

precise platforms for advanced vascular biology research. 

Despite its clear benefits for scale and reproducibility, microin-

jection molding presents certain drawbacks. First, capital expen-

diture is high: precision presses and temperature-controlled 

tooling are costly, and making or iterating steel or nickel molds 

carries long lead times and significant expense. Second, material 

choice is constrained to thermoplastics that are both biocompat-

ible and processable under high shear and temperature; many 

research-grade polymers and surface-engineered substrates 

are therefore excluded. 143 Third, faithful replication of high-

aspect-ratio or sub-micrometric features can be limited by melt

viscosity, gate design, and demolding forces, which also necessi-

tate draft angles that may slightly alter channel cross-sections. 144 

Fourth, residual stresses, shrinkage, weld lines, and gate vestiges 

can distort microchannels, degrade optical performance, or 

compromise bonding. 145 Finally, enclosure of channels typically 

requires thermal or solvent bonding, which can deform shallow 

features, limit solvent compatibility downstream, and introduce 

variability relative to monolithic processes. 146,147 Moreover, 

some application-specific limitations have been reported: for 

instance, in the injection-molded tubule-on-chip, the separable 

insert design and use of rigid polycarbonate facilitated mass pro-

duction but imposed fixed membrane geometries and bonding 

constraints that could limit adaptation to other organ models or 

more complex 3D architectures. Similarly, in the vascularized 

model by Gonzalez-Rubio et al., the commercial AIM Biotech 

chip allowed reproducible vasculogenesis assays, yet its prede-

fined channel and gel compartment dimensions, coupled with 

challenges in extracting intact hydrogels for downstream high-

resolution analyses, restricted flexibility for alternative tissue 

layouts or post-culture structural characterization.

Xurography

Xurography-based techniques involve bonding layers of adhe-

sives, polymers, or glass together under pressure to create the 

device. The process involves cutting each layer separately and 

then aligning and bonding the layers to form the complete device 

(Figure 6). This method employs rapid and cost-effective micro-

fabrication using a cutting plotter—an automated device equip-

ped with a precision knife blade capable of directly patterning 

microstructures in polymer films. The resolution of cutting 

plotters can reach approximately 10 μm, enabling the fabrication 

of microfeatures without resorting to photolithography or chem-

ical etching processes. Positive and negative features, primarily 

microchannels, are typically patterned in films ranging from 25 to 

1,000 μm in thickness. These structures can be organized into 

single-layer or multilayer 3D configurations for applications 

including microfluidic networks, micromolds, shadow masks, 

sensors, and electroplated elements. Previous studies have 

proposed models to estimate the minimum feature size achiev-

able based on material properties and cutting conditions. 148,149 

In addition to mechanical cutting, laser micromachining is

Figure 6. Xurography fabrication technique possibilities and its application to fabricate and create OOC models

(A) Scheme of the fabrication method and its options: different material pattern definitions: plotter and laser cutting and multiple bonding methods: adhesive, 

chemical, and thermal.

(B) Microfluidic culture device fabricated using adhesive bonding designed to mimic the trafficking of cancer cells through the sinusoidal niche of bone marrow. 

(Bi) Schematic of the layer-by-layer assembly of the microfluidic device. (Bii) Photograph of the device prior to assembly onto a bottomless 96-well plate. (Biii) ECs 

(green, CMFDA) and BMSCs (red, CMTPX) cultured in sinusoid and stroma chambers; confocal images show cross-sections after 12 h and ECs (CD31, green; 

DAPI, blue) after 24 days (Biv) CXCL12-induced migration of MM.1S cells from stroma to sinusoid chamber: confocal cross-sections and z-projection images 

(ECs green, BMSCs red, MM.1S blue). Scale bars, 20–200 μm. (Bv) Quantification of Hoechst-stained MM.1S cells in six z-locations (n = 6). Adapted from Sui 

et al., 92 under CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

(C) Stomach-on-chip fabricated using chemical bonding. (Ci) Exploded view showing fluidic and microactuator structures. (Cii) Final device. (Ciii) 3D projection of 

epithelial barrier (red) over fibroblasts in collagen I matrix (green); lower panel shows tightly knit epithelium. Scale bar: 200 μm. (Civ) Comparison of static vs. SOC 

conditions after 6 days: MKN74 cells in Transwell display flattened morphology (top, 20 μm); SOC epithelium forms globular, polarized structures with basolateral 

E-cadherin (bottom, 50 μm). Adapted from Ferreira et al., 93 RSC, under CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/).

(D) Microfluidic devices fabricated for epithelium generation and GBM invasion fabricated using thermal bonding. (Di) Mesh device: COP injection part, nylon 

membrane (150 × 150 μm), COC Flex channels, COP base. (Dii) Epithelium formation over 288 h; insets show cell spreading. Scale bars, 1,000 μm. (Diii) z stack of 

U-87 MG spheroids (red) interacting with endothelium (green, nuclei cyan). Scale bars, 100 μm. (Div) Macropore device design: COP injection, COC Flex wells, tri-

pore membrane, channels, base. (Dv) Validation with collagen gel and fluospheres (green/red). Scale bars, 1,000 μm. (Dvi) Invasion assay showing spheroid (U-87 

cells) expansion and migration at 96 h. Scale bars, 100 μm. Adapted from Olaizola-Rodrigo et al., 94 under CC BY 4.0 license.
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increasingly used as a complementary or alternative technique. 

Laser cutting utilizes a focused laser beam—typically from a 

CO 2 or fiber laser source—to locally melt, burn, or vaporize ma-

terial in a controlled manner, thus allowing the creation of precise 

microfeatures without physical contact. 150,151 This cutting 

method offers enhanced versatility by enabling precise ablation 

of rigid or brittle substrates such as PMMA, polycarbonate, or 

certain composite films that are not easily processed using a 

plotter blade. The selection between plotter-based and laser-

based cutting methods depends primarily on the mechanical 

properties of the substrate, the required resolution, and the avail-

able technical and financial resources of the research facility or 

institution.

Once the individual layers have been patterned, the final 

assembly of xurography-based microfluidic devices can be 

achieved through various bonding strategies, including adhesive 

bonding, chemical bonding, and thermal bonding, each selected 

based on the substrate material and the performance require-

ments of the device (Figure 6A). In adhesive bonding, a pres-

sure-sensitive double-sided adhesive film is placed between 

the layers, followed by uniform pressure application to ensure 

proper contact and sealing of microchannels. 152,153 This method 

is frequently employed due to its simplicity, compatibility with a 

wide range of thermoplastics (such as PET, PC, or PMMA), and 

suitability for rapid prototyping with minimal equipment. Chemi-

cal bonding, in contrast, involves surface modification—typically 

via a chemical treatment that induces functional groups capable 

of forming strong covalent or hydrogen bonds between 

layers. 154 In practice, this method is often preceded by a phys-

ical surface activation step, such as oxygen plasma, UV/ozone, 

or corona discharge, which introduces reactive functionalities 

(e.g., hydroxyl or carboxyl groups) on the polymer surface. 

Although this form of surface activation is not explicitly illustrated 

in the xurography workflow, it has been described earlier in the 

soft lithography section and is represented as the final bonding 

steps in Figure 4A, where it was used for PDMS-PDMS or 

PDMS-glass bonding. The integration of physical and chemical 

treatment enhances bond strength and enables permanent 

bonding for PDMS and certain thermoplastics like PMMA or 

COC. 146,155 In thermal (fusion) bonding, heat and pressure are 

applied simultaneously to thermoplastic layers, raising the 

temperature of one or both materials to, or slightly above, their 

glass-transition temperature (Tg). At this stage, the polymer sur-

faces undergo partial softening, enabling the interdiffusion of 

polymer chains across the interface. Upon cooling, this molecu-

lar entanglement solidifies into a permanent, high-integrity bond. 

However, this method requires careful control of temperature to 

avoid deformation of microstructures and is most effective with 

materials that possess sufficient thermal stability. 156 The choice 

among these techniques depends on factors such as material 

compatibility, thermal tolerance, required mechanical strength, 

device complexity, and available fabrication resources.

Within the field of OOC development, numerous devices 

fabricated through xurography and employing various bonding 

techniques have been reported. Regarding models created in 

devices assembled using adhesive bonding, several examples 

exist in the literature. 92,157 As a representative case, the platform 

developed by Sui et al. was designed to investigate the traf-

ficking of multiple myeloma (MM) cells through the sinusoidal 

niche of the bone marrow (Figure 6B). 92 In this work, the authors 

fabricated a microfluidic platform through plotter cutting of 

thermoplastic layers and subsequent application of a double-

sided pressure-sensitive adhesive, enabling rapid prototyping 

and microchannel sealing under modest pressure (Figures 6Bi 

and 6Bii). The device recapitulates key aspects of the bone 

marrow sinusoidal niche: endothelial and stromal compartments 

are co-cultured in close spatial proximity (Figure 6Biii), and 

CXCL12 gradients effectively induce the directed migration of 

MM.1S multiple myeloma cells, thus capturing chemokine-

mediated trafficking dynamics within the marrow microenviron-

ment (Figures 6Biv and 6Bv).

Chemically bonded xurographic devices have also enabled 

the development of advanced OOC models. 93,154 One such 

example is the stomach-on-chip introduced by Ferreira et al. 

(Figure 6C), which was constructed by cutting pre-cured 

PDMS layers and PET membranes using xurography, followed 

by sequential bonding of the layers through oxygen plasma 

surface activation and chemical treatment with bis[3-(trime-

thoxysilyl)propyl]amine, a bis-amino silane. 93 This combined 

approach enabled robust, long-term adhesion between dissim-

ilar materials, resulting in a perfusable, multi-layered gastric 

model (Figures 6Ci and 6Cii) in which a fibronectin-coated 

basement membrane supports epithelial cell growth, while adja-

cent chambers host lamina propria analogues and ensure sus-

tained nutrient perfusion (Figure 6Ciii). Under dynamic culture, 

epithelial cells adopted a polarized, columnar morphology with 

organized junctional markers—contrasting with the flattened, 

undifferentiated phenotype observed under static Transwell 

conditions—thus demonstrating the importance of controlled 

surface chemistry and mechanical stimulation for tissue matura-

tion (Figure 6Civ).

OOC models fabricated using thermal bonding in xurography 

have also demonstrated significant potential. 94,158,159 The study 

explained here presents two microfluidic platforms—the Mesh 

and Macropore devices—fabricated by plotter cutting COP/ 

COC components and applying heat and pressure to create per-

manent bonds without the use of solvents (Figure 6D). 94 The 

Mesh device combines a fine porous membrane (Figure 6Di) 

with microchannels to facilitate epithelial monolayer formation 

and tumor-endothelium interactions (Figures 6Dii and 6Diii). 

The Macropore design (Figures 6Div and 6Dv) enhances three-

dimensional invasion assays by incorporating large pores 

through which spheroids can invade surrounding matrices 

(Figure 6Dvi). In both cases, the thermal bonding strategy yields 

robust structural integrity and supports complex 3D culture and 

invasion studies.

Xurography is valued for its simplicity, speed, and low cost, 

requiring only basic equipment such as a cutting plotter and 

readily available substrates. It allows for rapid prototyping and 

short fabrication times, enabling efficient iteration of design 

modifications. 160 However, its 2D nature imposes constraints 

on the fabrication of complex or high-aspect-ratio geometries, 

and limited cutting resolution can hinder the creation of fine fea-

tures. Moreover, material selection is restricted to thin, flexible 

layers—typically thermoplastics or elastomers—compatible 

with the cutting process. In some cases, incomplete cuts or
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Figure 7. 3D printing fabrication methods

(A) Light polymerized techniques: SLA, DPL, and 2PP. Inkjet 3D printing techniques: photopolymer-based and powder-based. Microextrusion printing, in 

particular, FDM technique.

(B) Multi-organ-on-chip for lymph node communication fabricated by DPL. (Bi) Photograph of four ITX-PEGDA devices with 0, 1, 2, or 4 wells filled with blue dye 

to visualize channels. (Bii) Representative LN slices cultured with R848 + Rho-OVA or PBS in vivo, on-chip, or in well plates; B cells (CD19, gray), CD69 (green), 

Rho-OVA (magenta). (Biii) Distribution of Rho-OVA (magenta) across conditions with B cells (gray). Adapted from Cook et al., 95 RSC, under CC BY 3.0 (https:// 

creativecommons.org/licenses/by/3.0/).

(C) MyoTACTIC platform for analyze human skeletal muscle microtissue. (Ci) Fabrication workflow: 3D CAD design printed in 3D, PDMS negative mold, soft 

replica, rigid polyurethane mold, and final PDMS plates. (Cii) Phase-contrast stitched image of nine wells containing remodeled hMMTs 10 days post-seeding. 

Scale bars, 5 mm. (Ciii) hMMTs form aligned myotubes with ECM remodeling; top: phase-contrast images over time, bottom: confocal of 2-week hMMT

(legend continued on next page)
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edge burrs can affect channel fidelity and bonding quality. The 

bonding technique used in combination with xurography also 

significantly influences device performance. Adhesive bonding, 

while straightforward and effective for rapid assembly, may 

introduce challenges such as air bubble entrapment, auto-

fluorescence, and unintended cell adhesion to the adhesive 

interface, which can compromise optical imaging and biological 

reproducibility. 146,153 Chemical bonding, particularly when using 

silane coupling agents, enables the formation of robust and 

biocompatible seals. However, it requires meticulous surface 

activation and rapid layer alignment, as the transient reactivity 

of plasma-treated surfaces demands immediate bonding. 

Moreover, the process is sensitive to air entrapment during 

assembly and may involve labor-intensive protocols that limit 

scalability. 161 In contrast, thermal bonding, though capable of 

generating strong, solvent-free interfaces, is susceptible to 

feature deformation and bubble formation due to heat-induced 

warping. 162 Small but measurable structural distortions have 

been observed following thermal processing, particularly in 

microscale features. 163

In addition to these general considerations, each reported 

xurography-based OOC model reveals case-specific constraints. 

In the bone-marrow sinusoidal trafficking device, the reliance on 

pressure-sensitive adhesive and manual layer alignment may 

introduce variability in channel dimensions and shear flow pat-

terns, potentially affecting reproducibility of CXCL12-mediated 

cell migration studies. In the stomach-on-chip model, the integra-

tion of flexible gastric organoids and peristaltic actuation via 

chemically bonded layers could introduce challenges in main-

taining long-term mechanical stability under dynamic deforma-

tion, risking delamination or mechanical failure during extended 

culture periods. Finally, in approaches aimed at reducing inert 

materials to improve cell-cell and cell-matrix interactions, the 

xurography-based reduction strategies may inadvertently 

compromise structural durability or fluid-tight integrity due to the 

thinner or softer materials used in lieu of conventional rigid bar-

riers, increasing the risk of leakage or deformation under flow. In 

summary, while xurography offers an accessible and scalable 

route for the fabrication of OOC devices, its precision, material 

constraints, and compatibility with bonding methods must be 

critically evaluated during device design to ensure functional 

integrity and biological relevance.

3D printing

3D printing encompasses a range of additive manufacturing 

methods that construct solid three-dimensional objects by 

sequentially adding material layer by layer, all under precise 

digital control. 164 The most commonly employed 3D printing 

techniques relevant to microfluidics include light-polymerized 

3D printing, inject printing, and (micro)extrusion printing, repre-

sented in Figure 7. All these 3D printing techniques have two

distinct modes of operation: a direct printing mode, which is 

a one-step manufacturing process, and an indirect printing 

mode, which is based on a mold. This is similar to the soft 

lithography technique, which was discussed in previous sec-

tions. Within the indirect printing techniques, there is a further 

distinction to be made between the use of a sacrificial mold, 

which is designed for a single use, and a non-sacrificial mold, 

which is intended for multiple uses. 100,165–169 

Light-polymerized 3D printing

Light-polymerized 3D printing relies on the selective solidification 

of photosensitive resins through controlled light exposure, 

enabling the creation of structures with high resolution and fine 

feature detail. The most prevalent techniques within this category 

are stereolithography (SLA), digital light processing (DLP), and 

two-photon polymerization (2PP). These methods are also known 

as vat photopolymerization microfabrication techniques.

SLA employs UV lasers to selectively illuminate a liquid photo-

polymer, thereby inducing its polymerization and crosslinking, 

facilitating the formation of three-dimensional structures. This 

technique employs a layer-by-layer fabrication methodology, 

relying on high-precision photopolymers, including epoxies 

and acrylic-based photoresins, to achieve the desired outcome 

(Figure 7A). It is necessary to subject the components manufac-

tured by SLA to a post-processing and post-curing procedure in 

order to complete the curing of the partially cured parts of the ob-

ject. The capacity to create structures of considerable intricacy, 

adaptability, and scalability is possible by using digital micromir-

ror arrays, which facilitate the precise patterning process and a 

resolution around 20–100 μm. This technique offers several ad-

vantages, including the capacity to create intricate structures, 

high precision, surface finishing, and compatibility with a wide 

range of materials, including those with biocompatible proper-

ties. However, it also presents certain limitations, such as the 

high cost of resins and the limited availability of biocompatible 

photopolymers. 167,170,171

DLP technology is based on the same fundamental principle 

as SLA, but instead of exposing the layer in a series of discrete 

dots, a sequence of digital micromirror devices is employed to 

project the entire optical pattern of the predefined layer 

(Figure 7A). This technique allows to produce a printed object 

in a shorter time than SLA. Furthermore, it offers high precision 

(resolution down to 10 μm) and favorable material properties. It 

should be noted that the technology has certain limitations in 

terms of the types of materials that can be used for printing, 

like SLA, and that its projection capabilities are not as advanced 

as those of other production lines. 172

2PP represents an advanced stereolithographic technique 

capable of producing three-dimensional structures with nano-

scale resolution, thereby surpassing the diffraction limit 

(Figure 7A). The exceptional precision of this technique, which 

can achieve feature sizes below 100 nm, makes it particularly

immunostained for sarcomeric α-actinin (red) and nuclei (blue). Scale bars, 500 μm. (Civ) Confocal images of myotubes at 7, 10, and 14 days (SAA red, nuclei blue). 

Scale bars, 50 μm. Adapted from Afshar et al., 101 under CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).

(D) FDM-based 3D-FlexTPU-MFD device for OOC applications. (Di) Fully assembled device. (Dii) Myoblast differentiation, maturation, and alignment over D3, D6, 

and D9; Calcein AM (green) and Hoechst 33342 (blue). (Diii) F-actin staining of myoblasts on D6 in device versus 96-well plate. Scale bars, 200 μm. (Div) 

iPSC-derived optic vesicle organoids attachment and differentiation; PAX6 expression compared between 96-well plate and 3D-FlexTPU-MFD at D4. Adapted 

from Kado Abdalkader et al., 102 under CC BY 4.0 license.
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suited for applications such as the fabrication of microfluidic sys-

tems and the in vitro replication of physiological microenviron-

ments. Nevertheless, the extended fabrication times associated 

with its high resolution restrict its utility for the generation of 

larger-scale tissue analogues. Moreover, the technique is con-

strained by its reliance on photosensitive polymers originating 

from the microelectronics sector, which are often characterized 

by limited biocompatibility. This technique offers precise nano-

meter-level control but is also associated with slower processing 

times and the need for expensive equipment. 171

Recent studies have shown that these photopolymerization 

techniques are increasingly used to fabricate complete OOC 

platforms. For example, a DLP-printed PEGDA/ITX resin device 

enabled the construction of a multi-organ platform to investigate 

lymph node communication (Figure 7B). 95 In this approach, the 

high-resolution capabilities of DLP printing allowed the fabrica-

tion of microfluidic channels and chamber geometries tailored 

to support viable lymph-node tissue (Figure 7Bi). The system 

successfully sustained murine lymph node slices on-chip and 

reproduced antigen uptake and activation profiles comparable 

to in vivo conditions (Figures 7Bii and 7Biii). These results not 

only demonstrate that DLP can yield directly biocompatible 

OOC devices when combined with appropriate post-processing 

treatments but also highlight the potential of photopolymeri-

zation-based methods to create immunologically relevant 

models that integrate multiple organ functions. Likewise, SLA 

and 2PP approaches have been applied to fabricate BBB-on-

chip, placenta-on-chip, or vessel-on-chip platforms, highlighting 

their ability to reproduce barrier functions and physiological mi-

croenvironments at high resolution. 96–99

Inkjet printing

Inkjet-based 3D printing is founded on the precise deposition of 

small droplets of liquid material, allowing for the construction of 

complex geometries in a layer-by-layer manner. Here, two prin-

cipal categories may be distinguished: photopolymer-based 

and powder-based.

Inkjet-photopolymer-based 3D printing involves the deposi-

tion of photocurable resins in a selective manner, with each 

drop deposited individually continuously. Once the first layer 

has been deposited, it is cured by UV light. The platform on 

which the layers are placed is then lowered, and the next layer 

is formed, repeating this process until the final piece is formed 

(Figure 7A). One of the most significant advantages of this 

technology is its capacity to fabricate structures with exceptional 

precision and resolution. This capability is attributed to the 

precise control of the printhead, which enables the deposition 

of minimum quantities of material at designated locations on 

the substrate. Consequently, this approach enables the fabrica-

tion of layers with a thickness of approximately 10 μm. This tech-

nology is further distinguished by its capacity to process a 

diverse range of polymeric materials, enabling the smooth inte-

gration of multiple materials within a single component. 166,171 

Powder-based inkjet 3D printing entails the binding of solid 

powder particles through the utilization of a polymeric adhesive 

solution, which is applied via an inkjet print head. The initial stage 

of the process entails the application of a thin, uniform layer of 

powder by a roller across the build platform (Figure 7A). Subse-

quently, the inkjet print head meticulously dispenses adhesive

droplets on a selective basis, thereby creating the desired 

pattern on specific regions of the powder bed. This process is 

repeated until the final piece is formed, which is the result of 

the aforementioned process. The powder exhibits a size range 

of approximately 50–100 μm, with 2–4 particles forming a layer, 

thereby limiting the achievable Z resolution to 200 μm. 173 

Inkjet-based three-dimensional printing provides an excep-

tional degree of versatility in the fabrication of highly functional 

and customized objects. Furthermore, the superior resolution 

and high printing speeds associated with this process make it 

an extremely attractive methodology for the construction of 

intricate microfluidic devices, particularly those designed for 

droplet generation and cell culture applications. 100

Despite these advantages, inkjet photopolymer printing is 

seldom used as a final culture substrate in OOC applications 

due to challenges with biocompatibility and the removal of 

support materials. Instead, it is frequently employed in an 

indirect mode, where the printed part serves as a mold for the 

fabrication of PDMS-based devices. A representative example 

is the MyoTACTIC platform (Figure 7C), in which a photo-

polymer-based inkjet print was used to produce molds that 

were subsequently replicated into PDMS plates (Figure 7Ci). 

These plates enabled the reproducible generation of engi-

neered human skeletal muscle microtissues (hMMTs) that 

showed alignment, maturation, and quantifiable contractile 

strength over time (Figures 7Ciii and 7Civ). This approach 

illustrates how inkjet printing accelerates prototyping and 

mold production, while the final biological culture is carried 

out in a more biocompatible material.

To date, no published reports describe the fabrication of 

functional OOC microfluidic chips directly by powder-based 

inkjet printing, mainly due to its limited resolution and challenges 

in producing leak-tight enclosed channels. Instead, its use in 

bioengineering has focused on bone scaffolds and tissue engi-

neering constructs where porosity is advantageous. 

Microextrusion printing

The extrusion printing technique is commonly known as fused 

deposition modeling (FDM) or fused filament fabrication (FFF). 

The FDM technique is based on a filament roller from which 

filament is fed to both rollers and subsequently transformed 

into a semi-liquid substance before transferal to an item. Thus, 

a thermoplastic material is extruded through a nozzle that has 

been subjected to high temperatures. 174,175 The molten material, 

upon exiting the nozzle, undergoes an immediate solidification 

process within the desired area. Once a layer has been formed, 

the platform descends and the nozzle deposits another layer, 

and this sequence of operations is repeated until the entire 

object has been created (Figure 7A). The resolution and 

performance of FDM methods are influenced by a number of 

parameters, including temperature, viscosity of extruded fila-

ment, layer height, layer density, shear strength, the size of the 

nozzle, printing speed, and the specific material type being 

used. 176 A notable advantage of fused deposition modeling is 

its capacity to process a diverse range of thermoplastic poly-

mers. This capability is of particular value in that thermoplastics 

are widely employed in large-scale manufacturing processes, 

including injection molding and hot embossing. Consequently, 

the components produced via FDM may be manufactured using
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materials that are compatible with the established methods of 

mass production. As a result, they can be integrated effectively 

into industrial manufacturing workflows. The technique has 

certain disadvantages, including a low resolution, surface finish-

ing, and a lack of suitability for highly detailed designs or com-

plex microstructures. 177

Nevertheless, several reports have demonstrated that with care-

ful material choice, FDM can directly yield microfluidic devices 

suitable for OOC models. 103–105 A recent example is the 3D-

FlexTPU-MFD (Figure 7D), fabricated in one step by combining 

thermoplastic polyurethane (TPU) and PVC (Figure 7Di). 102 This 

device successfully supported the differentiation of human 

myoblasts into aligned myotubes (Figure 7Dii) and also sustained 

the culture of iPSC-derived optic vesicle organoids (Figure 7Diii). 

Such studies confirm that FDM, although traditionally considered 

low resolution, can be adapted to generate robust OOC devices 

for muscle and neural tissues.

3D printing techniques are becoming more widely used as 

a consequence of the multiplicity of advantages proffered by 

this technique. The advantages include a low cost of prototyp-

ing, flexibility of design, a reduction in waste, and the ability 

to produce complex devices in a single piece, obviating the 

need for assembly of multiple components. 178 Nevertheless, it 

encounters several challenges when compared to traditional 

manufacturing techniques. A notable limitation is the lack of con-

sistency in resolution across different printing techniques. While 

techniques such as SLA can achieve high levels of detail, others, 

such as FDM, often lack the precision required for specific mi-

crofluidic applications. This can impede the fabrication of intri-

cate microchannels or features that are crucial for intricate 

designs. Moreover, the opacity of numerous printable materials 

presents a challenge in visualizing cell cultures or fluid dynamics 

within the device, which is crucial for biological studies. An 

additional concern is the cost. High-resolution printers and the 

specialized materials required for advanced applications can 

be prohibitively expensive, which limits access for researchers 

or those working on small-scale projects. Furthermore, scalabil-

ity remains a significant challenge, as 3D printing is often a time-

consuming process, and the cost per unit increases with 

production volume. This renders the technique less practical 

for mass production in comparison to methods such as injection 

molding. Moreover, the surface quality of 3D-printed devices 

frequently fails to meet the standards of a polished finish 

achieved through traditional techniques, which may impact 

both the aesthetics and functionality of microfluidic platforms. 

In addition to these general considerations, case-specific 

drawbacks are evident in reported OOC applications. For 

example, the DLP-printed multi-organ-on-chip designed to 

model lymph node communication still depends on specialized 

custom resins and surface coatings to mitigate cytotoxicity, add-

ing complexity to device preparation and limiting immediate 

translation. This challenge reflects a broader issue in photo-

polymer-based 3D printing techniques: incomplete polymeriza-

tion of photopolymer resins can result in leaching of residual 

monomers or oligomers, which may compromise biocompati-

bility if post-curing is insufficient. Regarding inkjet-based 

approaches, the MyoTACTIC platform, although powerful for 

longitudinal skeletal muscle studies, requires multi-step mold

replication and PDMS casting, which limits throughput and 

direct biocompatibility. In the case of the FDM-based 3D-

FlexTPU-MFD, while the flexible TPU-PVC bonding strategy im-

proves robustness, challenges remain with optical clarity and 

printing fidelity at the smallest channel scales, which may restrict 

detailed imaging and microenvironmental control. A further 

limitation shared across these platforms is the absence of inte-

grated perfusion systems, as none of the reported devices incor-

porate functional flow connections. This omission constrains 

their ability to recapitulate dynamic fluid exchange and shear 

forces, which are central to physiologically faithful OOC models. 

Taken together, while 3D printing is enabling increasingly sophis-

ticated OOC platforms, the drawbacks tied to each method un-

derscore the need for continued refinement of both materials 

and fabrication protocols to fully unlock its potential.

MATERIALS IN ORGAN-ON-CHIP TECHNOLOGY: 

EVOLUTION AND APPLICATIONS

Since the advent of microfabrication of microsystems, the mate-

rials employed have constituted a primary focus of investigation, 

undergoing a process of evolution to meet the demands of the 

applications in question. The initial microsystems were manufac-

tured using materials that could be classified into two main 

groups: rigid materials and elastomers. 179 

The first group included silicon (in both crystalline and amor-

phous forms), quartz, metals, glass, and organic polymers, 

which were subjected to study and subsequent utilization. 

Focusing on medical applications, rigid materials were reduced 

to silicon and glass as they are biocompatible, highly resistant to 

chemicals and high temperatures, and in the case of glass, also 

transparent (Table 2). These rigid materials frequently serve as 

structural substrates or outer supports in OOC devices, although 

in many designs they can also constitute the base layer in direct 

contact with the microenvironment of interest. 2,185 Nevertheless, 

they are costly, which became a significant factor when soft 

lithography with elastomers began to be used. 

At that time, as mentioned in previous sections, the PDMS 

elastomer revolutionized the field of microfluidics, offering 

numerous advantages. It was optically transparent, cost-effec-

tive, biocompatible, thermally stable, impermeable to water, 

and easy to work with. 11,186–188 Moreover, its permeability to 

gases can be particularly beneficial in applications where gas 

exchange is required, such as in the maintenance of cell cultures 

under oxygenated conditions. However, its tendency to absorb 

certain organic compounds can limit its suitability for specific 

uses. 189 In addition, incomplete curing can result in the leaching 

of uncrosslinked oligomers, which may interfere with cellular as-

says unless properly treated. Other elastomers, including SU-8 

resin, polyurethane (PU), and poly(lactic-co-glycolic) acid 

(PLGA), among others, are employed, albeit on a smaller scale 

(Table 3). SU-8-negative photoresist has been extensively em-

ployed in the microfluidic domain due to its transparency, high 

structural resolution, reproducibility, stiffness, and chemical 

resistance. 77,195,206,207 Nevertheless, cytotoxic effects have 

been reported when unpolymerized photoresist residues 

remain, highlighting the importance of complete crosslinking 

and solvent extraction. On the other hand, polyurethane has
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several advantageous properties, including flexibility, good 

mechanical strength, and chemical inertness. However, it should 

be noted that it can emit odors and toxic gases. Furthermore, 

both SU-8 and polyurethane are employed in the fabrication of 

the molds used to create the final OOC devices, which are 

produced through soft lithography. 61,65,196,197 Another material 

that is extensively utilized in this field, particularly in the domains 

of drug delivery and tissue engineering, is PLGA. 192,199–201 This 

material is highly reproducible and can be easily replicated. 

The field of elastomeric materials has witnessed a notable 

expansion in recent years, with the emergence of novel 

materials such as poly(octamethylene maleate (anhydride) cit-

rate) (POMaC) and poly(itaconate-co-citrate-co-octanediol) 

(PICO). Both are non-toxic and low-cost. POMaC is biodegrad-

able, its mechanical properties can be modified according to 

requirements, and its manufacture is straightforward. 202 PICO 

can be readily functionalized at the surface and exhibits good 

mechanical strength. POMaC has been used to fabricate some 

OOC devices, but both POMaC and PICO are mainly used for 

tissue engineering, an area that is often integrated into OOC 

devices. 202–205

Over the past decade, thermoplastic materials have been 

employed extensively in the development of microfluidic OOC 

devices. These materials offer several advantages, including 

low cost, ease of fabrication, biocompatibility, and transparency 

(Table 4). Furthermore, they are particularly promising for mass 

production in biomedical and clinical applications, given their 

high reproducibility and low production costs. The production 

of these thermoplastic materials is generally carried out through 

injection molding or hot embossing. Among thermoplastic 

materials, the most commonly used in this field are polymethyl 

methacrylate (PMMA), polystyrene (PS), cyclic olefin polymer 

and copolymer (COP/COC), polycarbonate (PC), polyethylene 

terephthalate (PET), and polylactic acid (PLA).

PMMA and PS are extensively employed in the domain of OOC 

technology due to their formidable advantages, including the 

expediency with which highly stable molds and prototypes can 

be created, the non-absorption of small molecules, the low 

cost (PMMA), and its remarkable durability. 71,209,226–228 Indeed, 

PMMA can be combined with PDMS to create devices through 

the process of xurography. 210,211 Cyclic olefin polymers also 

possess a number of advantageous characteristics, including

reduced impurity content, limited permeability to gases, minimal 

water absorption, and favorable machining properties. Their 

limited gas permeability, while restricting oxygen exchange, 

can be advantageous in applications that aim to repro-

duce hypoxic microenvironments. Furthermore, the material 

exhibits favorable electrical insulating properties and is bio-

logically inert, which enhances its utility in the domain of 

OOC research. 154,212,215,216,229–233 Polycarbonate, on the other 

hand, is employed in this field as a porous membrane, particu-

larly in on-chip technology. 63,217,234–236 It is rigid and can be 

easily fabricated (using techniques such as thermal bonding or 

microwave hot press) and exhibits only moderate hydrophobic-

ity. This material can be used alone or in combination with PDMS 

to produce OOC devices. 218–220 Furthermore, polyethylene 

terephthalate (PET) is a common material used in the construc-

tion of porous membranes that separate the compartments of 

OOC devices. 91,223,224 The PLA is also a thermoplastic with 

noteworthy characteristics, including its origin from renewable 

sources, which renders it environmentally friendly, as well as 

its ease and speed of workability. Nevertheless, there is currently 

a relatively limited number of examples on the market, although it 

seems likely that this will change in the future. 225

The utilization of polymers, both natural and synthetic, has 

become essential in the progression of microfluidics and OOC 

technologies, thereby facilitating integration between biological 

systems and engineering methodologies. Natural polymers 

used in OOC include fibrin, collagen, matrigel, gellan gum 

(GG), and alginate, among others 237–247 (Table 5).

Fibrin is a biopolymer comprising the monomer fibrinogen, 

which is itself composed of two sets of three polypeptide chains. 

The most commonly utilized forms of fibrin scaffolds are fibrin 

hydrogels, fibrin glue, and fibrin microbeads (FMB). 250 Collagen 

represents approximately a quarter of the proteins in the human 

body, is the dominant element of the extracellular matrix, and, 

due to its physicochemical characteristics, is responsible for 

the integrity, strength, and elasticity of tissues. The characteris-

tics of collagen fibers make it a biopolymer compatible with the 

human body, which is why it is widely used in biomedical and 

biomaterials research. 251 Matrigel is an extract derived from a 

mouse tumor. It contains all of the major components known 

to be present in many tissue basement membranes. 249 Gellan 

gum is a water-soluble microbial polysaccharide that forms

Table 2. Classification of the most commonly used rigid materials used in OOC technology

Family Material Fabrication methods Advantages Disadvantages Applications

Rigid materials glass photolithography, laser 

micromachining, thermal 

bonding, powder 

blasting, 3-day glass

printing 

highly resistant to 

chemicals, resistant to 

high temperatures, 

transparency

costly production 

(machines and materials)

monolithic membrane 

valves, 180 cell culture, 181 

drug testing and 

delivery, 181 liver-on-

chip, 182 

silicon photolithography, laser 

micromachining, wet and 

dry etching, anodic and 

fusion bonding, 

nanoimprint lithography, 

physical and chemical 

vapor deposition 183

highly resistant to 

chemicals, resistant to 

high temperatures

costly production 

(machines and 

materials), opacity

oxygen-sensor-based 

microphysiological 

system, 26 single- and 

multi-organ models 184
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strong, stable hydrogels when interacting with divalent cations 

like calcium. These hydrogels, created through ionotropic 

cross-linking, are more robust and less penetrable than algi-

nate-based gels. 245,252 Alginate is a water-soluble polysaccha-

ride composed of β-D-mannuronic acid and α-L-guluronic 

acid, commonly used in medicine, pharmaceuticals, and various 

industries due to its biocompatibility and mild ionic gelation 

properties. Recent research highlights microfluidics as a valu-

able tool for cell manipulation and encapsulation within algi-

nate-based microgels. 253

These polymers are widely recognized for their flexibility, 

excellent biocompatibility, and effective gas permeability. These 

characteristics render them highly suitable for applications such 

as drug delivery systems, tissue engineering, biosensor fabrica-

tion, and the development of OOC devices. 245 Despite the afore-

mentioned advantages, natural polymers do, however, present

certain limitations. These materials require sterilization and puri-

fication, which increases the process complexity. Furthermore, 

their intrinsic characteristics are fixed and cannot be readily 

modified to meet specific requirements.

Synthetic biomaterials could overcome some of the limitations 

of naturally occurring biomaterials. One of their main advantages 

is that the physical and chemical properties of these materials 

appear to be more tunable than those of natural materials 

(Table 6).

The materials in question comprise gelatin methacryloyl 

(GelMA) and poly(ethylene glycol) diacrylate (PEGDA). 260 These 

materials are also employed in other manufacturing techniques, 

in addition to 3D printing, such as photopatterning. GelMA is a 

gelatin derivative comprising predominantly methacrylamide 

groups and a lesser amount of methacrylate groups. 261 The ma-

terial is broadly recognized as a key component in biofabrication

Table 3. Classification of elastomers used in OOC technology

Family Material Fabrication methods Advantages Disadvantages Applications

Elastomers polydimethylsiloxane

(PDMS)

soft lithography, 

plasma and laser 

etching, 3D printing

transparency, 

flexibility, cost-

effective, thermally 

stable, impermeable 

to water, easy to work 

with, low auto-

fluorescence

absorption of small 

hydrophobic 

molecules, 

hydrophobicity

lung-on-chip, 10,28,190 

blood vessels-on-

chip, 59,60 gut-on-

chip, 55,61 liver-on-

chip, 40,57 brain-on-

chip, 66 cartilage-on-

chip, 72 placenta-on-

chip, 73 bone 

regeneration, 191 drug 

testing, 74,192 tissue

engineering 193,194 

SU-8 photolithography, 

xurography, plasma 

etching

transparency, high 

structural resolution 

(3 days), high 

reproducibility,

high stiffness, high 

resistance to 

solvents, chemically 

stable

medium cost-

effective, adhesion 

selectivity, 

cytotoxicity if not 

properly processed, 

high auto-

fluorescence

tumor-on-chip, 77 

biosensing 

applications, 195 

molds used to create

final OOCs 61,65,196

Polyurethane (PU) photolithography, 3D 

printing (FDM and 

SLA), xurography,

laser micromachining 

flexibility, good 

mechanical strength, 

chemically inert

emit odors and toxic 

gases

molds used to create 

final OOC, 197 tissue 

engineering 198

Poly(lactic-co-

glycolic) acid (PLGA)

3D printing 

(extrusion-based)

highly reproducible, 

easy replicated

toxicity from residual 

stabilizing molecules, 

limited capacity to 

carry high 

concentration of 

drugs

tissue 

engineering, 192,199 

drug testing 200,201

Poly(octamethylene 

maleate (anhydride) 

citrate) (POMaC)

soft lithography, hot 

embossing, injection 

molding

low-cost material, 

biodegradable, 

modifiable 

mechanical 

properties, easy

manufacturing 

high viscosity, slow 

crosslinking

tissue 

engineering 202–204

Poly(itaconate-co-

citrate-co-

octanediol) (PICO)

soft lithography, 3D 

printing

low-cost material, 

good mechanical 

strength, easy 

surface 

functionalization

rapid degradation tissue engineering 205
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and tissue engineering applications. As with other photocros-

slinkable hydrogels, residual methacrylate groups and photoini-

tiator by-products may induce cytotoxicity if washing and curing 

steps are not adequately optimized. PEGDA is a synthetic poly-

mer that was created by the functionalization of polyethylene gly-

col (PEG) with the addition of acrylate groups at both ends. 262 

This material offers excellent tunability and optical clarity. Yet, 

unreacted acrylate groups or photoinitiator residues can leach 

out if polymerization or post-curing is insufficient, potentially 

compromising cell viability. Both materials have been exten-

sively employed within the context of OOC technology, predom-

inantly in the field of tissue engineering. 254–256,258,259,262

INNOVATIVE APPROACHES TO BARRIER-FREE ORGAN-

ON-CHIP DESIGNS

There are numerous designs for OOC devices, as discussed in 

previous sections. The primary goal of these devices is to repli-

cate organ and tissue functions as accurately as possible, 

mimicking in vivo conditions. Achieving this requires the elimina-

tion of inert materials between compartments, enhancing direct 

cell-cell and cell-extracellular matrix interactions. Many devices 

currently incorporate membranes 10,61,62,263–265 or micropil-

lars 53,213,266–268 to separate compartments, each presenting 

distinct challenges. Membranes, often made from materials

Table 4. Classification of thermoplastic materials used in OOC technology

Family Material Fabrication methods Advantages Disadvantages Applications

Thermoplastic

materials

polymethyl 

methacrylate (PMMA)

xurography, 

photolithography, 

injection molding, 

hot embossing

low-cost material, 

non-absorption of 

biomolecules, 

transparency, 

durability, reusable, 

transparency, low 

auto-fluorescence

post-processing, 

high cost of the 

molds, residual 

monomer toxicity

molds used to create 

final OOC, 208 drug 

testing, 71 blood 

vessels-on-chip, 209 

metastasis-on-

chip, 210 liver-

on-chip 211

polystyrene (PS) soft lithography, 

injection molding, 

hot embossing, 3D 

printing

low-cost material, 

non-absorption of 

biomolecules, 

durability, 

transparency

post-processing, 

high cost of the 

molds, low solvent 

resistance, high 

auto-fluorescence

drug delivery 75

cyclic olefin polymer 

and copolymer 

(COP/COC)

injection molding, 

hot embossing, 

xurography

low auto-

fluorescence, non-

absorption of 

biomolecules, high 

heat resistance,

low water absorption, 

low impurity, good 

machining 

properties, 

biologically inert, 

electrical insulating 

properties, 

transparency

post-processing, 

high cost of the molds

blood-brain barrier-

on-chip, 212 tumor-

on-chip, 213,214 

immune-tumor-

on-chip, 70 liver-

on-chip, 215 drug 

testing 216

polycarbonate (PC) hot embossing, 

injection molding,

xurography, 3D 

printing

easy manufacturing, 

moderate 

hydrophobicity, 

durability, 

transparency

post-processing, 

high cost of the 

molds, low resistance 

to organic solvents, 

high auto-

fluorescence

tissue engineering

(integrated scaffold in 

OOC), 62,63,217 cell

culture platform, 218 

gastrointestinal 

human-microbe-on-

chip, 219 lung-on-

chip 220 liver-on-

chip, 221 vessel-on-

chip 222

polyethylene 

terephthalate (PET)

laser 

micromachining, 

hot embossing,

injection molding 

high solvent 

resistance, high 

acid/base resistance,

transparency 

post-processing, 

high cost of the 

molds, low 

transparency

tissue engineering 

(integrated scaffold in

OOC) 91,223,224

polylactic acid (PLA) hot embossing, 3D 

printing, injection 

molding

environmentally 

friendly, 

biodegradable, easy 

to work with, low 

absorption

high degradation rate cell culture 225
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like PC, PET, or PDMS, typically have pores no larger than 

10 μm, 269 limiting the contact area between compartments. Pil-

lars, on the other hand, can disrupt shear stress and trap cells, 

introducing additional complications. 212 As a result, recent 

research is increasingly focused on ‘‘barrier-free’’ strategies— 

approaches that eliminate these structures to allow direct tis-

sue-tissue contact without inert interfaces (Table 7). Various 

innovative techniques are being explored to overcome the limita-

tions of traditional compartmentalized systems and improve 

OOC performance.

Laminar flow patterning

Laminar flow patterns result from the channels of small microflui-

dic devices where laminar flow conditions prevail. The Reynolds 

number (Re) is a dimensionless quantity that characterizes a 

fluid’s propensity to transition between laminar (non-turbulent) 

and turbulent flow. 279,280

Re = 
vlρ 
μ

Here, all quantities are expressed in SI units: ρ in kg⋅m − 3 , μ in 
kg⋅(m⋅s) − 1 , l in meters (m), and v in m/s. Specifically, Re depends 

on the fluid’s density (ρ), measured in kilograms per cubic meter,

its viscosity (μ) in kilograms per meter-second, the diameter of 

the channel or capillary (L) in meters, and the flow velocity 

(v) in meters per second. The critical Re value at which flow tran-

sitions from laminar to turbulent varies with channel geometry. In 

a straight pipe, this shift typically occurs at approximately Re ≈ 
2100. However, at lower Reynolds numbers, around Re ≈ 40– 

300, turbulence may emerge when flow passes an object or 

when the channel geometry varies. In capillaries (where l ranges 

around 50–100 μm), fluid flows usually maintain low Re values 

and thus exhibit laminar flow, even at higher flow velocities, up 

to approximately 0.5 m s − 1 . Consequently, in narrow channels, 

multiple fluid streams can merge and flow in parallel without tur-

bulent mixing, maintaining a steady, laminar profile.

This principle has led to the development of microfluidic de-

vices capable of maintaining continuous parallel flows, permit-

ting full contact between two or more different reagents and 

the formation of different protein microstrips on a glass sur-

face 281 or quantification of the microbial electrochemical activ-

ity. 282 In both cases, the device was manufactured using soft 

lithography, and the material used was PDMS. In the first, poly-

electrolyte and proteins were introduced, and microarrays were 

created in the central area using laminar flow patterning and the 

Y-type geometry required for their creation (Figure 8A). Precise

Table 5. Classification of natural polymers used in used in OOC technology

Family Material Fabrication methods Advantages Disadvantages Applications

Natural polymers fibrin 3D printing, soft 

lithography, and 

photopatterning if 

chemically modified

before the fabrication 

processes

flexible, high bioactivity required purification, 

fixed characteristics

BBB-on-chip, tissue 

engineering (skin)

collagen 3D printing (extrusion-

based, i3Dp, drop-on-

demand), soft 

lithography, and 

photopatterning if 

chemically modified

before the fabrication 

processes

flexible, high bioactivity required purification, 

fixed characteristics

tissue engineering 

(integrated membrane

in OOC) 240,241,246,248

matrigel 3D printing, soft 

lithography, and 

photopatterning if 

chemically modified

before the fabrication 

processes

flexible, very high 

bioactivity, low 

immunogenicity, 

transparency

composition can vary 

(biological origin), without 

chemical modification, it 

is not 

photopolymerizable

tissue engineering 249

gellan gum 3D printing, soft 

lithography, and 

photopatterning if 

chemically modified

before the fabrication 

processes

flexible, cost-

effectiveness and 

scalability, transparency

required purification, 

fixed characteristics

tissue engineering 244

alginate 3D printing (extrusion-

based), soft lithography, 

and photopatterning if 

chemically modified

before the fabrication 

processes

flexible, biodegradable, 

mechanical stability, 

transparency

required purification, 

fixed characteristics

tissue engineering 239
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synchronization of flow initiation through both channels was 

critical to ensure proper patterning. Similarly, the second system 

employed the same Y-shaped geometry, with reagents intro-

duced at equal flow rates.

With a focus on OOC technology, several models were devel-

oped, such as a cardiomyocyte culture device using gels to coat 

the channels to the surface for cell adhesion. 270 This device con-

tains 15 parallel channels. The mold was initially produced by 

photolithography, and the final PDMS device was obtained by 

soft lithography. The hydrogel was then introduced through the 

channels and polymerized. PBS was next introduced through 

the channels, creating two strips of polymerized gel at the 

sides of each channel. The cardiomyocytes attached to the gel 

were then inserted, and the medium was perfused (Figure 8B). 

After seeding and culture within the patterned microchannels, 

cardiomyocytes exhibited remarkable functional and structural 

behavior. Cardiomyocytes cultured in 5% (w/v) MeTro-coated 

microchannels aligned along the flow direction, forming contrac-

tile fibers reminiscent of native myocardium and exhibiting 

synchronous beating as early as day 4, reaching up to ∼138 

beats/min—significantly higher and better coordinated than in 

GelMA-coated channels (Figure 8Bi). The successful culture 

was further confirmed by the expression of cardiac-specific 

markers such as troponin I, sarcomeric α-actinin, and con-

nexin-43 (Figure 8Bii), indicating proper structural organization 

and intercellular connectivity, thereby validating the physiolog-

ical relevance of the OOC model.

A lymph-node-on-chip to study the intracellular dynamics 

of T cells and dendritic cells is another example. 68 To achieve 

the final PDMS device, the above process was employed, but 

with a glass substrate. The channels were then coated with 

fibronectin or collagen. PBS was later added to wash the 

channels, and culture medium was included, to ensure optimal 

conditions for cell seeding. In this case, dendritic cells formed 

a monolayer in the central channel and CD4 + /CD8 + T cells 

were introduced through side channels under controlled 

laminar flow. T cells exhibited random migration and stable 

contacts with antigen-presenting DCs, with CD4 + cells showing 

long dwell times (∼12.8 min, ∼6 μm/min) and CD8 + cells 

displaying more transient interactions under varying shear 

stresses (0.01–100 dyn/cm 2 ). Importantly, antigen-specific 

T cells adhered selectively to DCs and could be detached at

defined shear thresholds (∼12 dyn/cm 2 ), demonstrating a func-

tional, mechanically tunable immune synapse within an OOC 

platform.

A more recent approach involves introducing a chemical to 

make the desired channel hydrophilic. 271 By simultaneously 

introducing other liquids and utilizing laminar flow, this technique 

creates a mix of hydrophilic and hydrophobic channels, effec-

tively preventing the reagents in each channel from mixing 

(Figure 8C). As in the previous examples, the hydrophilic channel 

was then coated to improve cell adhesion. Notably, this design 

achieves a three-channel device with a hydrophilic central 

channel with the option of changing patterns (Figure 8Ci). 

Following cell adhesion in the hydrophilic central channel, 

human endothelial cells (HUVECs) were seeded and cultured. 

By day 5, cells were confined by the patterned gel geometry 

and exhibited normal F-actin and nuclear staining, with some 

migrating into the gel in straight, hourglass, or meandering 

channel designs (Figure 8Cii). Moreover, under trans-gel flow 

conditions, GFP-expressing HUVECs showed significantly 

enhanced migration into the patterned gels compared to static 

culture, as confirmed quantitatively (p < 0.05) (Figure 8Ciii), 

demonstrating functional endothelial interaction with the 

three-channel OOC design. This configuration enables a wide 

range of applications, including the generation of diffusion-

based, chemical, or biological gradients.

Laminar flow patterning has been effectively applied across 

diverse OOC models to achieve spatially defined hydrogel archi-

tectures and functional tissue organization. Initially as Li et al. 

and Shchukin et al. demonstrated as a fabrication strategy, it 

enabled the generation of adjacent hydrogel lanes within micro-

channels using parallel laminar streams and photopolymeriza-

tion, allowing precise spatial control over scaffold composition 

and geometry—laying the groundwork for later biological appli-

cations. 281,282 In a cardiac platform, controlled prepolymer 

flow and UV crosslinking were employed to deposit hydrogel 

coatings of tunable thickness and elasticity along channel walls, 

thereby optimizing mechanical cues for cardiomyocyte adhe-

sion, alignment, contractility, and synchronous beating, while 

maintaining perfusable lumens. 270 In the last example, the com-

bination of laminar flow with chemohydrophilic modification 

permitted the definition of hydrophilic and hydrophobic 

regions within a simple three-channel layout, enabling the

Table 6. Classification of synthetic biomaterials used in OOC technology

Family Material Fabrication methods Advantages Disadvantages Applications

Synthetic

biomaterials

gelatin methacryloyl 

(GelMA)

3D printing, soft 

lithography, 

photopatterning

photopolymerizable

transparent

fast degradation, 

photoinitiator 

residuals

tissue 

engineering, 254–256 

blood-vessel-

on-chip 257

poly(ethylene glycol) 

diacrylate (PEGDA)

3D printing 

(extrusion-based), 

soft lithography, 

photopatterning

photopolymerizable, 

transparent, low 

fluorescence non-

absorption of 

biomolecules, good 

(variable) mechanical 

properties, non-

degradable

poor cell adhesion 

without 

functionalization, 

cytotoxicity unless 

adequate post-

processing

tissue 

engineering, 258,259 

tumor-on-chip 52
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straightforward creation of multi-patterned geometries such as 

straight, hourglass, or meandering channels. This spatial control 

not only guided endothelial confinement but also induced 

their directional migration into adjacent gels under flow, thereby 

reproducing angiogenic behavior and providing a modular 

platform for investigating cell-matrix interactions, mechano-

transduction, and geometry-dependent endothelial function in 

OOC systems. 271 Across all cases, this technique proved to be 

a robust method for engineering complex, biomimetic microen-

vironments with high spatial resolution.

Phaseguides

The phaseguide structure is widely employed to eliminate inert 

materials between compartments in microfluidic systems, 

enabling clean fluid interface control within open channels. This 

concept was first introduced by Vulto et al., 283 who developed 

passive liquid routing mechanisms based on phaseguides— 

microscale geometries designed to control the advancement 

of the air-liquid interface without requiring physical barriers or 

active pumping. Since then, phaseguides have been fabricated 

in various materials and shapes, offering versatility across 

numerous device architectures. One notable fabrication approach 

involves the use of dry film resist (DFR) technologies. 283–285 

In particular, Phurimsak et al. later demonstrated the use of 

Ordyl SY 330 resin, a commercially available DFR, to construct 

the entire microfluidic device, including the phaseguide struc-

tures. 286 This method provided high patterning resolution and 

chemical resistance, making it suitable for integrating liquid 

lamination, magnetic immunoassays, and compartmentalized 

assays into robust lab-on-chip platforms.

In contrast to resin-based approaches, phaseguides can also 

involve a series of integrated techniques. 272 First, deep reactive 

ion etching (DRIE) was used to create channels in thick silicon. 

This was followed by the patterning of titanium nitride and gold 

onto two borosilicate glass wafers. Afterward, one of the glass 

wafers was anodically bonded to the silicon wafer. Inlets were 

then created on the second glass wafer through powder jetting, 

which was subsequently bonded via anodic bonding. Finally, the 

process concludes with the gold coating using octadecanethiol 

(ODT) and the creation of agarose membranes (Figure 9A). In 

this approach, the phaseguides were composed of titanium 

nitride (TiN), gold (Au), and ODT. Final device inserted in a holder 

could be seen in Figure 9Ai. Following this fabrication sequence, 

MDCK cells were seeded into the chambers, exhibiting normal 

proliferation and on-chip growth. At t = 24 h, cells had expanded 

throughout the chamber, while a brief TrypLE incubation 

(∼12 min) at t = 24 h led to localized cell detachment. Subse-

quent on-chip and off-chip culture confirmed the viability and 

re-growth of cells over the next 24 h. These results demonstrate 

effective epithelial culture and dynamic cell behavior within a 

compartmentalized system, while enabling in situ passaging 

and harvest without mechanical disruption or the need for 

physical barriers between compartments.

Devices featuring PDMS-based phaseguides were also avail-

able, 273 where poly-D-lysine (PDL), a synthetic compound that 

improves cell adhesion and enhances protein adsorption by 

altering the surface charge of the culture substrate, was applied 

to form gel barriers in the same area (Figure 9B). To manufacture 

this device, the process begins with milling a mold from polycar-

bonate (Figure 9Bi), followed by soft lithography to produce the

Table 7. Comparative analysis of barrier-free microfluidic patterning techniques for OOC fabrication

Method

Feature size 

(resolution)

Scalability/

commercial

readiness

Material

compatibility Strengths Limitations Relevance for OOC

Laminar

flow

patterning

feature-dependent 

(∼50–100 μm 

interfaces)

low/

research-level

hydrogels, PDMS, 

thermoplastics

creates total 

contact fluidic 

interfaces without 

solid barriers

limited to co-

planar interface 

geometries, 

control depends 

on flow stability

cardiomyocytes-

on-chip, 270 

vessels-on-chip 271

Phaseguides ∼50 μm ridge 

sets boundary, 

gel lanes 

typically ≥100 μm

medium-high 

(plate-based)/ 

commercially 

established by 

MIMETAS 

(OrganoPlate®)

thermoplastics,

hydrogels

highly scalable, 

enables parallel 

culture in 

multiwell plates

fixed geometry, 

still requires 

precise molds

mammalian cells-

on-chip, 272 

chemotaxis in lipid 

bilayers study 

on-chip, 273 

liver-on-chip, 221 

vessel-on-chip 222,274

Hydrogel

photopatterning

<10–50 μm 

(light-defined)

low (serial/ 

optics steps)/ 

research-level

photocrosslinkable

hydrogels

spatial control

of 3D 

microenvironments, 

sub-cellular 

resolution possible

hydrogel fragility, 

light penetration 

limits, requires 

expensive 

optics/light 

sources

tumor-on-chip, 275 

vessels-on-chip, 276 

intestine-on-chip 277

Surface

treatment

patterning

feature-independent 

(chemical boundary, 

limited by plotter 

typically ≥300 μm)

medium-high/ 

implemented 

commercially 

by Beonchip 

(Be-Gradient)

thermoplastics, 

glass, PDMS, 

hydrogels

patterning of any 

geometry/design 

possible, stable 

and universal flow 

connection

plotter 

resolution-

dependent

BBB-on-chip, 212 

GBM-on-chip, 214 

colon-on-chip, 214 

tumor-immune-

on-chip 278
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Figure 8. Laminar flow patterning technique processes and OOC examples

(A) Representation of polyelectrolyte micropatterning using laminar flow patterning adapted with permission from Shchukin et al., 281 Wiley.

(B) Using laminar flow patterning for cardiomyocyte culture. (Bi) CM elongation and alignment inside MeTro- and GelMA-coated microchannels on day 6; stained 

with rhodamine-phalloidin/DAPI. Scale bars, 50 μm. (Bii) Confocal immunostaining on day 6: troponin (red)/nuclei (blue) and sarcomeric α-actinin (green)/con-

nexin-43 (red)/nuclei (blue) in MeTro- or GelMA-coated channels. Scale bars, 50 μm. Adapted from Annabi et al., 270 RSC, under CC BY 3.0 (https:// 

creativecommons.org/licenses/by/3.0/).

(C) Patterning gels by surface treatments using laminar flow patterning. (Ci) Various gel geometries obtained via laminar flow; gel regions shown in pink. Scale 

bars, 1 mm. (Cii) HUVEC migration into patterned gels after 5 days; F-actin (green) and nuclei (red). Examples: simple channel, hourglass, and meandering 

channel. Scale bars, 500 μm. (Ciii) GFP-HUVECs show limited migration without cues (left), enhanced migration with trans-gel flow (right). The right-hand graph 

quantifies cell displacement; individual data points are shown, and box-and-whisker plots indicate quartiles. A significant difference is detected between 

conditions (p < 0.05). Scale bars, 500 μm. Adapted from Loessberg-Zahl et al., 271 under CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).
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final PDMS device. 287 Before cell seeding, the device was 

treated with a 0.01% PDL solution to promote agarose 

anchoring; excess PDL was removed after 2 h of incubation. 

Subsequently, low-melting agarose was introduced to form 

physical gel barriers between compartments, defining stable 

diffusion zones within the channels. This platform was specif-

ically designed for studying chemotaxis on supported lipid bila-

yers under controlled gradient conditions, with the cell culture 

chamber distributed appropriately as shown in Figure 9Bii. To 

this end, Jurkat T cells were exposed to a CXCL12 gradient in 

the presence of either membrane-bound ICAM-1 (mb-ICAM-1) 

or immobilized ICAM-1 (im-ICAM-1). Within 1 h, Jurkat cells 

exhibited directed migration toward the chemokine source on 

mb-ICAM-1 (Figure 9Biii), while movement on im-ICAM-1 re-

mained largely undirected (Figure 9Biv)—demonstrating that 

the mode of adhesion molecule presentation significantly influ-

ences T cell guidance.

Devices featuring phaseguide architecture were also realized 

via injection molding in polycarbonate, 221,222,274,288 exemplified 

by the OrganoPlate 3-lane 64 (Mimetas) (Figure 9C). In the angio-

genesis model developed by Soragni et al., endothelial vessels 

were cultured against a collagen type I matrix and exposed to 

pro- and anti-angiogenic conditions. The images shown 

(Figures 9Ci and 9Cii) illustrate sprout formation, lumenization, 

and actin remodeling, enabling quantification of angiogenic pa-

rameters such as sprout number, length, and barrier integrity. 

Beyond this application, the platform has supported large-scale 

phenotypic screening of ∼1,537 kinase inhibitors across thou-

sands of microvessels to evaluate angiogenic responses and 

compound toxicity. These injection-molded phaseguide-con-

tained devices have been employed for a multitude of applica-

tions, including the long-term culture of mammalian cells, 272 

the study of chemotaxis in lipid bilayers, 273 and the development 

of liver-on-chip 221 or vessel-on-chip models. 222 

Phaseguide-enabled systems have demonstrated consider-

able versatility in OOC applications by allowing precise fluid 

partitioning without physical membranes. Across diverse fabri-

cation approaches, from high-precision DRIE-glass integration 

to accessible PDMS molding and scalable injection-molded 

platforms, phaseguides have enabled the formation of stable 

gel interfaces and reproducible compartmentalization. These 

technical features have supported a wide range of biological 

models, including dynamic epithelial culture with in situ 

passaging, immune cell chemotaxis on lipid substrates, and 

perfused angiogenic microvessels. Collectively, these studies 

highlight the potential of phaseguide-based devices to replicate 

complex microenvironments while supporting high-resolution

cellular readouts and experimental throughput, advancing their 

value as modular, functional OOC platforms.

Hydrogel photopatterning

Photolithography allows a photocrosslinkable culture 3D matrix to 

be patterned using a photomask. This technology for the develop-

ment of engineered hydrogels suitable for cell culture has been 

under development for some time. 289–292 Nowadays, photopat-

terning has been applied to form hydrogel monolayers for subse-

quent cell seeding, generate free-floating microstructures that 

can be collected for further processing, produce cell-loaded mi-

cropillar arrays, and create structured tumor-on-chip or organ-

on-chip culture systems. 275,277,293–295 These latter examples 

represent the innovative aspects comparable to the other technol-

ogies discussed in this section: OOC devices that demonstrate 

substantial advancements achieved by eliminating intervening 

materials between tissues in vitro. However, it should be taken 

into consideration that to replicate complex tissue structures in 

3D cultures on-chip, it is essential to crosslink cell-laden hydrogels 

in a way that avoids cytotoxic effects while maintaining biomimetic 

mechanical properties and stability under fluid flow.

In this context, Ortiz-Cá rdenas et al. developed a versatile in situ 

photopatterning method for generating spatially organized cell-

laden hydrogels within a microfluidic platform (Figure 10A). 296 

The device consisted of a PDMS layer bonded to glass by soft 

lithography and functionalized to allow covalent anchoring of 

photocrosslinked gels. Precursor solutions of gelatin-based 

hydrogels—either methacryloyl-modified gelatin (GelMA) or 

thiol-modified gelatin (GelSH) crosslinked with norbornene— 

together with a biocompatible photoinitiator were introduced 

into the chamber and exposed to collimated violet-blue light 

through a photomask. This process yielded free-standing hydro-

gel structures of various shapes, which could be altered simply 

by changing the mask. Sequential exposures enabled the creation 

of complex architectures such as concentric features or adjacent 

multi-region constructs (Figure 10Ai). Importantly, while GelMA 

hydrogels tended to swell and degrade under flow, GelSH 

provided accurate feature definition and robust mechanical 

stability during perfusion. The system was validated biologically 

using primary human CD4 + T lymphocytes. High-density suspen-

sions (>10 7 cells mL − 1 ) were encapsulated without impairing 

gelation, and patterned regions showed uniform cell distribution 

in three dimensions with minimal adhesion outside the targeted 

features. Viability remained high (>85%) after 12 h of continuous 

flow, confirming cytocompatibility. Furthermore, multi-population 

geometries could be generated, with distinct but contiguous re-

gions containing different fluorescently labeled cell groups

Figure 9. Examples of fabrication processes for phaseguide-based devices

(A) Microfluidic device based on phaseguides for on-chip cultivation of mammalian cells. Fabrication process step by step. (Ai) Assembly of a microfluidic 

chip clamped between 3D-printed holders and sealed with O-rings. Adapted from Bunge et al., 272 under CC BY 4.0 license (https://creativecommons.org/ 

licenses/by/4.0/).

(B) Phaseguide devices were manufactured through soft lithography and injection molding using polycarbonate as a substrate. (Bi) Polycarbonate mold. 

(Bii) Enlarged view of culture chamber. (Biii–Biv) Jurkat chemotaxis toward CXCL12 in diffusion microdevice on mb-ICAM-1 vs. im-ICAM-1; trajectories recorded 

after 1 h. Adapted from Hao et al., 273 under CC BY 4.0 license.

(C) Angiogenesis assay in the phaseguide-based OrganoPlate 3-lane 64 fabricated by injection molding. (Ci) Confocal z stack max projection and 3D recon-

struction (DNA, blue and F-actin, green). (Cii) Angiogenesis inhibition quantified in gel region; toxicity assessed via vessel morphology. Scale bars, 100 μm. 

Adapted from Soragni et al., 274 under CC BY 4.0 license.
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Figure 10. Hydrogel photopatterning processes and biomimetic on-chip applications

(A) T cells hydrogels photopatterned on-chip. (Ai) On-chip photo-patterning of GelSH hydrogels enables diverse geometries. From left to right: NHS-rhodamine-

labeled hydrogel (magenta) forming a curved channel; a central island (magenta) surrounded by NHS-fluorescein-labeled GelSH (green); concentric circles 

produced in three steps with alternating labels; and a three-step UVA Rotunda pattern. Photomasks are shown above each panel. Scale bars, 500 μm. (Aii) Photo-

patterned, cell-laden hydrogel constructs. Top: fluorescence/brightfield images of a 3D culture (magenta cells) arranged into two lobes, with a straight channel 

between and a curved channel around them for media distribution. Bottom: two cell populations patterned into a lobular geometry (magenta NHS-rhodamine vs. 

green CFSE). Inset: enlarged view of the interface. Scale bars, 500 μm; inset 250 μm. Dashed lines outline hydrogels; white lines mark chamber edges. 

(Aiii) On-chip microarray of human CD4 + T cells after overnight culture. Top: circular GelSH arrays with NHS-rhodamine-prelabeled cells. Bottom: viability staining 

with Calcein-AM (green) and DAPI (blue). Scale bars, 250 μm. Adapted from Ortiz-Cá rdenas et al., 296 under CC BY 4.0 license (https://creativecommons.org/ 

licenses/by/4.0/).

(B) Networks in 3D hydrogels photopatterning. (Bi) Confocal 3D reconstruction of hollow HUVEC tube in collagen I. (Bii) Transversal and frontal planes showing 

CD31 and VE-cadherin immunostaining. Adapted with permission from Brandenberg Lutolf, 276 Wiley.
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(Figures 10Aii and 10Aiii). This work demonstrated that photopat-

terning enables precise spatial organization of fragile immune cells 

within perfused 3D constructs.

An alternative method for producing these gels involves a 

sequence adapted from techniques used in the fabrication of 

mini intestines-on-chip, 277 with the background of previously 

developed technology (Figure 10B). 276 Here, soft lithography 

was first used to build the microfluidic device. The extracellular 

matrix was then prepared by combining type I collagen from 

bovine dermis with Matrigel, which was introduced into the 

chamber and polymerized. Micropatterns were subsequently 

inscribed using a nanosecond laser system programmed with 

the desired design. Laser power and etching speed were cali-

brated to define channel height and architecture. With this 

method, researchers produced perfusable, biomimetic vascular 

networks within collagen matrices, enabling endothelial cells to 

self-assemble into hollow tubular structures resembling native 

microvessels (Figure 10Bi). The functional integrity of these 

constructs was verified by immunostaining for endothelial 

markers CD31 and VE-cadherin, confirming junction formation 

and vascular polarization (Figure 10Bii).

Hydrogel photopatterning enables the spatial definition of 

soft, cell-laden matrices within microfluidic environments, offer-

ing both geometric precision and physiological relevance. The 

first study demonstrated its application to organize primary hu-

man lymphocytes into well-defined 3D geometries under flow, 

confirming its suitability for immunologically relevant models. 296 

A tumor-on-chip platform employing similar principles further 

highlighted the capacity of photopatterning to investigate im-

mune-cancer interactions by enabling selective T cell infiltration 

into tumor spheroids in response to chemokine cues. 275 In the 

other previously exposed application, laser-based micropattern-

ing within collagen matrices allowed the generation of perfusable 

microvascular networks, where endothelial cells self-assembled 

into lumenized tubular structures. 276 A comparable fabrication 

workflow was also applied to intestine-on-chip systems, empha-

sizing the adaptability of this method across diverse tissue 

types. 277 Collectively, these examples illustrate how hydrogel 

photopatterning can be harnessed to reproduce architecturally 

and functionally relevant microtissues, thereby expanding the 

capabilities of OOC technology.

Surface treatment patterning

Recently, a versatile fabrication technique was introduced 

that enables full contact between adjacent compartments 

while allowing customizable channel geometries depending 

on the desired microenvironment. 212 The fabrication process 

of the device comprises three main stages (Figure 11A). Initially, 

the material that constitutes the channels and base was cut 

using a cutting plotter. Subsequently, a surface treatment 

was applied to the unmasked area, rendering it hydrophilic 

and thereby creating the desired design. Finally, a thermal 

bonding process assembles all the device’s components. 

In this instance, a thermoplastic material, COP, was used. 

This technique allows the generation of devices featuring a 

central chamber (Be-Gradient) and three connected compart-

ments (Multicompartment), each tailored to distinct biological 

applications (Figure 11B). 212,278

In the Be-Gradient configuration (Figure 11C), the central cham-

ber design is highly flexible and can be photopatterned into shapes 

such as waves, hammers, or diamonds, as demonstrated using 

rhodamine flow assays (Figure 11Ci). This device was applied to 

develop a blood-brain barrier (BBB) model by seeding neurovas-

cular components in a spatially defined manner. The chip sup-

ported the co-culture of endothelial (hCMEC/D3) (Figure 11Cii), 

astrocytic, and pericytic cells, with evidence of tight junction for-

mation (ZO-1 and VE-cadherin staining), cell viability, and polariza-

tion under flow (Figure 11Ciii). This setup enabled the study of 

cell-cell interactions across the BBB and confirmed the ability of 

this platform to replicate essential features of the neurovascular 

interface, validating it as a robust OOC system. Furthermore, the 

same Be-Gradient platform was adapted for the detection of vola-

tile organic compounds (VOCs) released by cancer cells, offering 

a novel, non-invasive approach to monitor tumor progression in 

real time through VOC diffusion dynamics and sensor integration, 

thereby broadening its potential utility in cancer diagnostics and 

metabolic profiling. 214

The same fabrication technique was adapted to create a 

Multicompartment device where plasma treatment defined 

three gel-seeding regions, enabling total hydrogel confinement 

and full interface contact between adjacent ECM compartments 

(Figure 11D). By tuning the hydrophilic mask design and bonding 

strategy, the overlap between compartments and channels 

could be adjusted, offering controllable tissue-tissue connectivity 

(Figure 11Di). This was exploited to model the glioblastoma 

(GBM) tumor microenvironment by integrating a tumor chamber, 

adjacent ECM compartments, and immune-access channels. 

The platform supported stiffness-dependent changes in tumor 

cell morphology (Figure 11Dii), real-time immune cell infiltration, 

and anti-cancer drug testing. For instance, immune cell migration 

toward tumor spheroids was modulated by ECM stiffness 

(2 mg mL − 1 vs. 4 mg mL − 1 collagen) (Figure 11Diii) and signifi-

cantly suppressed upon treatment with temozolomide (TMZ), 

with quantitative cell tracking performed via time-lapse imaging 

(Figure 11Div).

The surface treatment patterning technique offers precise 

and flexible control over microfluidic chamber geometries and 

compartmentalization without the need for physical barriers. This 

fabrication approach enables rapid prototyping of sterilizable ther-

moplastic devices adaptable to a variety of experimental designs. 

Biologically, the Be-Gradient platform facilitates the development 

of a physiologically relevant BBB model, characterized by endo-

thelial tight junction formation and compatibility with perfusion 

flow. Meanwhile, the Multicompartment system supports the co-

culture of tumor and immune cells within tunable extracellular ma-

trix environments, providing a robust and versatile OOC model to 

investigate tumor microenvironment dynamics and therapeutic ef-

ficacy. Collectively, these advances demonstrate the technique’s 

significant potential to produce customizable, biologically faithful 

platforms for complex in vitro modeling in OOC research.

COMMERCIAL PREVALENCE OF FABRICATION 

METHODS AND MATERIALS

Building on the fabrication strategies described above, it is 

essential to contextualize how these techniques translate into
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commercially available OOC products. Although precise 

market share values per material or fabrication methods are rarely 

disclosed, converging evidence from vendor documentation, 

industrial reports, and recent reviews indicates a clear transition 

trend from academic-scale prototyping to scalable thermo-

plastic-based manufacturing. 297,298

PDMS-based systems remain widely used in research and 

commercial fields. Some examples of commercial platforms 

include Emulate, Inc.’s Organ-Chip systems, whose multilayer 

PDMS architecture has been discussed earlier in this review,

and TissUse GmbH’s HUMIMIC devices, which integrate 

elastomeric microfluidic layers with rigid supporting compo-

nents and reusable perfusion instruments. These chips are 

typically intended for single use to ensure sterility and 

consistent surface properties, whereas the associated fluidic 

modules or control units are designed for repeated use. 

PDMS allows precise microfluidic feature fabrication, yet its 

inherent limitations have prompted exploration of thermo-

plastic materials to facilitate larger-scale and standardized 

manufacturing. 2,121,126,299

Figure 11. Surface treatment patterning

(A) Fabrication technique steps.

(B) Both devices. (Bi) Be-Gradient and (Bii) Multicompartment.

(C) BBB-assembly in the Be-Gradient; schematic representation of the neurovascular cell arrangement in the microdevice. (Ci) Customizable design: patterns of 

the central chamber: guitar, waves, diamond, and hammer during the flow validation in the devices by perfusing a rhodamine solution through the side channels. 

Scale bars, 1,000 μm. (Cii) Bright-field and fluorescence images of BBB with live cell marker. Scale bars, 1,000 μm (bright-field), 250 μm (fluorescence). (Ciii) 

Immunofluorescence of tight-junction markers in hCMEC/D3. Scale bars, 50 μm. (Bi and C) adapted from Olaizola-Rodrigo et al., 212 RSC, under CC BY 3.0 

(https://creativecommons.org/licenses/by/3.0/).

(D) GBM tumor microenvironment in the Multicompartment device; schematic representation of the model. (Di) Device design customs. Smaller and larger 

interconnection areas; chambers seeded with hydrogel/fluorospheres and lateral channels perfused with rhodamine. (Dii) Fluorescence images of F-actin (red) in 

U-251 MG GFP+ cells at different ECM stiffness (2 vs. 4 mg mL − 1 ). Scale bars, 100 μm. (Diii) Phase-contrast images of immune cell infiltration into 2 vs. 4 mg mL − 1 

ECM toward GBM cells. Scale bars, 500 μm. (Div) TMZ reduces immune cell infiltration; time-lapse trajectories color-coded by displacement (red = long, blue = 

short). Scale bars, 1,000 μm. (Bii and D) adapted from Bayona et al., 278 under CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).
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Thermoplastic-based platforms are increasingly adopted for 

commercial use due to their scalability, chemical stability, 

cost-effectiveness, and compatibility with automated fabrica-

tion. Companies such as MIMETAS, Beonchip S.L., AIM Biotech, 

CN Bio Innovation, and InSphero, exemplify this trend. Their 

products are typically injection-molded or hot-embossed ther-

moplastic consumables, while associated perfusion instruments 

or holders are reusable. Publicly available product information 

from several vendors confirms the use of COC, COP, or PS fam-

ilies of thermoplastics, chosen for their optical transparency, low 

non-specific adsorption, and regulatory acceptance. These 

devices are compatible with either active perfusion systems 

(as in Beonchip or AIM Biotech) or passive flow by gravitational 

rocking (as in MIMETAS OrganoPlate), highlighting the diversity 

of design strategies across manufacturers. 3,300–304 Beyond 

these design aspects, injected molded thermoplastics can be 

mass-produced under cleanroom-independent conditions, 

sterilized through established processes such as gamma irradi-

ation or ethylene oxide treatment, and integrated within Good 

Manufacturing Practice (GMP)-compatible workflows, which 

together ensure product consistency and quality for pharmaceu-

tical and diagnostic applications. 144,305–308

As with PDMS-based devices, most thermoplastic platforms 

are designed for single use, whereas associated instruments, 

pumps, and perfusion controllers are reusable. Vendor and 

distributor listings consulted show that integrated kits including 

reusable components are marketed at higher bundled prices, 

while standalone thermoplastic chip packs are listed at signifi-

cantly lower per-unit costs, consistent with high-throughput 

thermoplastic production. 301,302,309–312 While absolute pricing 

varies, the general trend supports a lower cost per unit for ther-

moplastic chips compared with PDMS prototypes. 

Sustainability and device life cycle management are also 

becoming important design considerations. Current strategies 

include the use of recyclable thermoplastics compatible with 

injection molding, modular device architectures that separate 

the biological compartment from reusable mechanical housings, 

and design miniaturization to reduce material and reagent con-

sumption. 313,314 Such approaches align with circular-economy 

principles and contribute to lowering the environmental footprint 

of OOC technologies.

In brief, the commercial OOC field currently exhibits a dual 

structure: PDMS-based systems dominate academic research 

and early validation stages, while injection-molded thermoplastic 

platforms underpin the expanding industrial and preclinical mar-

ket. 315 Emerging methods—such as additive manufacturing, 

advanced surface modifications, and barrier-free designs—are 

being incorporated for specialized applications, further diversi-

fying the technological landscape. Ultimately, material choice 

remains central not only to biological performance but also to 

economic feasibility, sustainability, and regulatory translation.

Conclusions and future perspectives

The evolution of fabrication techniques and materials for OOC 

devices has markedly enhanced our capacity to reproduce 

physiological environments in vitro. Conventional approaches, 

beginning with photolithography, enabled the first microchannel 

networks with high precision, but the reliance on cleanroom

infrastructure and rigid substrates restricted accessibility and 

biological versatility. As discussed above, photolithography is 

now predominantly employed for the fabrication of molds and 

membranes rather than complete devices. Replication-based 

methods—including soft lithography, hot embossing, and micro-

injection molding—lowered prototyping barriers and improved 

reproducibility, though each entails trade-offs. Soft lithography 

remains the most widely used method due to its accessibility 

and ease of fabrication for a broad range of users. However, 

advances in alternative materials and techniques are gradually 

expanding the range of options beyond PDMS. Hot embossing 

is increasingly explored with novel thermoplastics, but tooling 

costs and thermal stresses continue to limit its versatility. Injec-

tion molding remains the principal method for large-scale pro-

duction, which is critical for commercial applications, though it 

is constrained by limited material choices and potential thermal 

damage. Xurography offers low-cost, user-friendly fabrication 

accessible to non-specialists but lacks the resolution and 

durability required for complex designs. Furthermore, the 

achievable resolution is constrained by the cutting plotter or 

laser, and material choice often dictates the suitable cutting 

method. Its effectiveness also depends on the bonding strategy: 

adhesive bonding may introduce auto-fluorescence or trap cells, 

while adhesive, thermal, or chemical bonding can produce 

bubbles if sealing is incomplete. 3D printing, through vat poly-

merization, inkjet, or extrusion, delivers unmatched design 

freedom and on-demand customization, yet printable materials 

rarely combine optical transparency, biocompatibility, and sur-

face smoothness without post-processing. Nonetheless, 3D 

printing has become particularly influential over the past decade 

by democratizing access to device fabrication. While the draw-

backs of producing entire microfluidic systems remain, it has 

proven highly valuable for manufacturing individual components 

or for the direct bioprinting of tissues, where ongoing advances 

in printable biomaterials are greatly expanding its relevance. 

Together, these methods have provided a versatile toolkit for 

OOC fabrication but using them individually often introduce inert 

barriers—membranes, micropillars, or other interfaces—that 

restrict the physiological relevance of tissue-tissue interactions. 

Building upon this foundation, recent barrier-free strategies 

represent not a complete departure, but rather an integration 

and refinement of traditional methods. Techniques such as 

laminar flow patterning, phaseguide technology, hydrogel pho-

topatterning, and surface treatment patterning draw directly on 

principles from lithography, replication, or additive 

manufacturing while adapting them to remove non-physiological 

interfaces. Laminar flow patterning enables full contact between 

hydrogels and tissues, creating seamless laminar structures 

while simultaneously validating the establishment of fluid 

flow—an essential yet still evolving aspect of OOC devices. Pha-

seguide technology ensures that each compartment remains 

precisely confined to its intended compounds, gels, or cells, 

while also creating zones of maximal interfacial contact between 

them. Hydrogel photopatterning allows the recreation of micro-

and nanoscale cellular geometries, emulating human biological 

organization with unprecedented fidelity. Surface treatment 

patterning further expand the design space by enabling the cre-

ation of virtually any geometry without compromising cell-cell or
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tissue-tissue interactions, ensuring complete continuity across 

compartments. By leveraging the strengths of established fabri-

cation while addressing their shortcomings, these approaches 

enable devices that are more physiologically faithful than earlier 

generations. They open the way to reproducing direct physiolog-

ical interactions, more accurate paracrine signaling, and com-

plex microenvironmental cues. Nonetheless, their implementa-

tion remains technically demanding. Each strategy presents 

specific obstacles to broader adoption: laminar flow patterning 

suffers from sensitivity to flow stability and diffusion; phaseguide 

technology requires precise molding and offers limited geomet-

ric flexibility; hydrogel photopatterning is constrained by light 

penetration, hydrogel fragility, and cell viability under exposure; 

and surface treatment patterning, while geometry-agnostic, de-

pends on the resolution and reproducibility of the technique 

tools. These aspects represent key areas for refinement toward 

substantial improvement of OOC devices and their closest 

approximation to in vivo models.

Looking ahead, several bottlenecks must be addressed. The 

development of new biomaterials that combine thermoplastic 

processability with low absorption, tunable permeability, and 

regulatory acceptance is essential. Bonding and integration 

technologies must evolve to ensure robust sealing without 

compromising structural fidelity. Embedding multimodal 

sensing—optical, electrical, or biochemical—into fabrication 

workflows will provide real-time monitoring and expand analyt-

ical potential. Above all, standardization and scale-up are 

needed: academic prototypes must transition into reproducible, 

manufacturable devices aligned with industrial quality control 

and regulatory standards.

Beyond these manufacturing and standardization require-

ments, the regulatory integration of OOC technologies has 

become a decisive step for their preclinical and industrial trans-

lation. Ongoing initiatives by the FDA through its Innovative Sci-

ence and Technology Approaches for New Drugs (ISTAND) pilot 

program, the European Medicines Agency (EMA) on NAMs, and 

European efforts as the CEN-CENELEC Focus Group on OOC 

standardization are defining evidentiary and reporting criteria 

for regulatory qualification. 298,316–319 These frameworks high-

light reproducibility, well-defined contexts of use, transparent 

data sharing, and cross-laboratory validation as prerequisites 

for building scientific confidence. 319,320 Importantly, standardi-

zation runs in parallel to, but does not coincide with, formal 

device regulation: the former harmonizes performance and re-

porting, while the latter governs manufacturing quality and 

safety. Continued coordination among developers, regulators, 

and industry stakeholders will therefore be essential to transform 

OOC platforms from exploratory research tools into qualified, 

human-relevant systems capable of informing regulatory deci-

sion-making.

As regulatory confidence and technical maturity advance in 

parallel, the next stage will involve integrating barrier-free fabri-

cation within multi-organ architectures, advancing toward 

body-on-chip systems. Whether by connecting separate OOC 

units through fluidic circuits or consolidating multiple organ 

models into unified platforms, success will depend on solving 

challenges such as mechanical stimulation, nutrient gradients, 

and inter-organ communication. These advances will be deci-

sive for the clinical and industrial translation of OOCs, particularly 

in drug development, personalized medicine, and regenerative 

therapies.

In summary, the trajectory of OOC fabrication reflects a pro-

gressive layering of methods: from photolithography and repli-

cation to xurography and 3D printing, each generation has 

introduced capabilities while revealing limitations. The most 

recent barrier-free strategies arise from combining and adapt-

ing these established methods, exploiting their strengths to 

achieve higher biomimicry. By critically integrating traditional 

and emerging fabrication within scalable frameworks, the field 

is poised to deliver OOC platforms that are not only physiolog-

ically predictive but also practical for widespread adoption in 

research, industry, and medicine.
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Niegowska, M., Estes, M., Jä ger, C., Seguin-Devaux, C., et al. (2016). 

A microfluidics-based in vitro model of the gastrointestinal human– 

microbe interface. Nat. Commun. 7, 11535. https://doi.org/10.1038/ 

ncomms11535.
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S., Ormos, P., Deli, M.A., and Dé r, A. (2016). A versatile lab-on-a-chip 

tool for modeling biological barriers. Sensor. Actuator. B Chem. 222, 

1209–1219. https://doi.org/10.1016/j.snb.2015.07.110.

225. Ongaro, A.E., Di Giuseppe, D., Kermanizadeh, A., Miguelez Crespo, A., 

Mencattini, A., Ghibelli, L., Mancini, V., Wlodarczyk, K.L., Hand, D.P., 

Martinelli, E., et al. (2020). Polylactic is a Sustainable, Low Absorption, 

Low Autofluorescence Alternative to Other Plastics for Microfluidic and 

Organ-on-Chip Applications. Anal. Chem. 92, 6693–6701. https://doi. 

org/10.1021/acs.analchem.0c00651.

226. McKeen, L.W. (2017). Film Properties of Plastics and Elastomers 

(Elsevier).

227. Humayun, M., Chow, C.-W., and Young, E.W.K. (2018). Microfluidic lung 

airway-on-a-chip with arrayable suspended gels for studying epithelial

40 iScience 28, 113992, December 19, 2025

iScience
Review

ll
OPEN ACCESS

https://doi.org/10.1039/C6BM00933F
https://doi.org/10.1039/C6BM00933F
https://doi.org/10.1039/C7LC01224A
https://doi.org/10.1039/C7LC01224A
https://doi.org/10.3390/pharmaceutics11110590
https://doi.org/10.3390/pharmaceutics11110590
https://doi.org/10.1039/c001605e
https://doi.org/10.1021/acsbiomaterials.5b00525
https://doi.org/10.1021/acsbiomaterials.5b00525
https://doi.org/10.1038/nmat4570
https://doi.org/10.1038/nmat4570
https://doi.org/10.1002/adhm.201900245
https://doi.org/10.1002/adhm.201900245
https://doi.org/10.1088/0960-1317/16/11/010
https://doi.org/10.1002/jbm.b.33223
https://doi.org/10.1002/jbm.b.33223
https://doi.org/10.1039/D0LC00639D
https://doi.org/10.1039/D0LC00639D
https://doi.org/10.1016/j.msec.2021.111874
https://doi.org/10.1016/j.msec.2021.111874
https://doi.org/10.7150/thno.38736
https://doi.org/10.1088/1758-5090/8/1/014101
https://doi.org/10.1039/D3LC01082A
https://doi.org/10.1038/s41598-019-42529-8
https://doi.org/10.1088/1758-5090/ad5764
https://doi.org/10.1088/1758-5090/ad5764
https://doi.org/10.1101/2020.12.28.424535
https://doi.org/10.1101/2020.12.28.424535
https://doi.org/10.1039/D1LC00067E
https://doi.org/10.1039/D1LC00067E
https://doi.org/10.1039/c0jm00868k
https://doi.org/10.1016/j.ejpb.2017.04.022
https://doi.org/10.1038/ncomms11535
https://doi.org/10.1038/ncomms11535
https://doi.org/10.1038/s42003-021-01695-0
https://doi.org/10.1038/s42003-021-01695-0
https://doi.org/10.1016/j.tox.2020.152667
https://doi.org/10.1016/j.tox.2020.152667
https://doi.org/10.1016/j.bvth.2024.100007
https://doi.org/10.1016/j.bvth.2024.100007
https://doi.org/10.1039/C4LC00071D
https://doi.org/10.1016/j.snb.2015.07.110
https://doi.org/10.1021/acs.analchem.0c00651
https://doi.org/10.1021/acs.analchem.0c00651
http://refhub.elsevier.com/S2589-0042(25)02253-9/sref226
http://refhub.elsevier.com/S2589-0042(25)02253-9/sref226


and smooth muscle cell interactions. Lab Chip 18, 1298–1309. https:// 

doi.org/10.1039/C7LC01357D.

228. Ma, X., Li, R., Jin, Z., Fan, Y., Zhou, X., and Zhang, Y. (2020). Injection 

molding and characterization of PMMA-based microfluidic devices. Mi-

crosyst. Technol. 26, 1317–1324. https://doi.org/10.1007/s00542-019-

04662-2.

229. Campbell, S.B., Wu, Q., Yazbeck, J., Liu, C., Okhovatian, S., and Radisic,

M. (2021). Beyond Polydimethylsiloxane: Alternative Materials for 

Fabrication of Organ-on-a-Chip Devices and Microphysiological Sys-

tems. ACS Biomater. Sci. Eng. 7, 2880–2899. https://doi.org/10.1021/ 

acsbiomaterials.0c00640.

230. Agha, A., Waheed, W., Alamoodi, N., Mathew, B., Alnaimat, F., Abu-

Nada, E., Abderrahmane, A., and Alazzam, A. (2022). A Review of 

Cyclic Olefin Copolymer Applications in Microfluidics and Microdevi-

ces. Macromol. Mater. Eng. 307, 2200053. https://doi.org/10.1002/ 

mame.202200053.

231. Rodrigues, R.G., Condelipes, P.G.M., Rosa, R.R., Chu, V., and Conde, 

J.P. (2023). Scalable Processing of Cyclic Olefin Copolymer (COC) 

Microfluidic Biochips. Micromachines 14, 1837. https://doi.org/10. 

3390/mi14101837.

232. Bayona, C., Alza, L., Ranđelovi� c, T., Sallá n, M.C., Visa, A., Cantı́, C., 
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