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Abstract: The field of organs-on-chips (OOCs) has experienced tremendous growth over the last 

decade. However, the current main limiting factor for further growth lies in the fabrication 

techniques utilized to reproducibly create multiscale and multifunctional devices. Conventional 

methods of photolithography and etching remain less useful to complex geometric conditions with 

high precision needed to manufacture the devices, while laser-induced methods have become an 

alternative for higher precision engineering yet remain costly. Meanwhile, soft lithography has 

become the foundation upon which OOCs are fabricated and newer methods including 3D printing 

and injection molding show great promise to innovate the way OOCs are fabricated. This review is 

focused on the advantages and disadvantages associated with the commonly used fabrication 

techniques applied to these microengineered physiological systems (MPS) and the obstacles that 

remain in the way of further innovation in the field. 

Keywords: organs-on-chips (OOCs); microengineered physiological system (MPS); body-on-chips 

(BOCs); fabrication; microfluidic 

 

1. Introduction 

The pharmaceutical industry has faced increased demand to generate human organ-mimicking 

platforms for rapid and efficient drug screening, as drug discovery and development are an 

extremely costly and time-consuming process. Based on recent data, the process takes anywhere from 

six to ten years and an estimated USD 161 million to USD 2.8 billion [1–3]. One of the primary 

contributing factors to the cost is the lack of experimental models to replace the expensive and timely 

process associated with animal studies [4]. Cultured cells have and are being served as one potential 

alternative to animal testing. They are widely used for drug discovery and development because they 

are easily available, easy to use, and have fairly low costs [5,6]. However, despite continual 

advancements made, approaches to culturing cells in vitro lack the ability to serve as a complete 

replacement of animal testing due to their inability to precisely mimic tissue-specific functions in 

living systems [4,7]. Existing model systems using conventional in vitro 2D cell culture configuration 

fail to reproduce the “active tissue-tissue interface” between the vascular endothelial cells and 

neighboring parenchymal tissues in which essential transport of fluids, nutrients, and immune cells 

are critical for the physiological function of living tissues and organs [4]. As a result, animal testing 

has been the primary method of choice for studying the potential effects drugs have on humans; 
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however, animal testing is expensive, time-consuming, often controversial, and the results thus fail 

to properly model the effects on humans [8]. Approximately only 10%–15% of drugs entering clinical 

trials were approved for use by humans even following successful testing via animal trials [9–12]. 

With the creation of the first organ-on-a-chip (OOC) in 2010 by Huh et al., a new method was 

introduced which served as a potential replacement for drug discovery and development models and 

studies [4]. OOCs have been regarded as a device that incorporates multiple cells into engineered 

microfluidic channels or chambers to replicate critical aspects of the native tissue structure and 

function [6]. OOCs are a broad field that has garnered significant growth and attention over the past 

decade (Figure 1). The growth in OOCs has been exponential as new chips are developed and existing 

chips are innovated. One main advantage of using OOCs is the use of 3D features where cells grow 

in a condition more relevant to human physiology. The 3D aspects of OOCs provide the models with 

greater predictivity of gene and protein expressions, metabolic function, and physiological and 

functional readouts over other conventional two-dimensional (2D) models [13]. OOCs accomplish 

this by combining functional cells into 3D architectures, which can be performed by encapsulation in 

hydrogels or seeding onto scaffolds, to better simulate specific organ functions [13]. Since the first 

OOC was made up of immortalized cells, recent OOC devices have developed to incorporate primary 

cells and tissue biopsies, allowing for models to be created from the lung to the liver to the placenta 

[4,6,14,15]. OOCs have served as a promising complement to conventional models, allowing for more 

complex and dynamic interactions to fuel potential drug discovery and development [6]. As OOCs 

have made advancements, they can be subcategorized into three different groups: (1) modelling 

tissue barrier function within an organ (where lung-on-a-chip and blood-brain barrier-on-a-chip 

belong) [16], (2) modeling complex multifunctional functionality of a parenchymal tissue, and (3) 

modeling the systemic interactions between representative tissues and organs of the body (i.e., body-

on-a-chip) [13]. Body-on-a-chip (BOC) are devices which allow multiple OOCs to be integrated 

together allowing for whole-body level responses [8,17,18]. The potential to combine numerous 

OOCs into BOCs could provide a human surrogate model for preclinical trials to further drug 

discovery and development. For example, a pumpless system that consists of 14 different chambers 

and 13 different organ/tissue mimics was developed [10]. Organs-on-chips (OOCs) studies over the 

past decade have been shown to have numerous advantages over conventional models and continue 

to serve as promising models which could eventually fully replace animal testing. They are used in a 

wide range of applications to explore and recreate the cellular behaviors that occur in organs and 

tissues in vivo. The technical knowledge required to design and fabricate OOCs and BOCs remains a 

primary limitation in the field [6]. This includes the fabrication process which is broken up into four 

components: (1) “a microfluidic chip”, (2) “2D/3D microtissues that are cultured in the chip”, (3) 

“components of stimulus loading to mature the microtissues” (e.g., electrical, mechanical, 

biophysical, growth factor, etc.), and (4) “sensors for monitoring the physiological behavior of 

microtissues and for results readout” [19]. 

A brief introduction to the various fabrication methods utilized to create OOCs can be found in 

Table 1. These methods will be elaborated upon later in this article to discuss the basic functions, 

advantages, and disadvantages of each. The fabrication of OOCs with high reproducibility for 

manufacturing remains one of the most critical steps to properly mimic the physiology of the target 

organ which can provide some specific environmental behaviors. During OOC development, it 

remains crucial to choose the fabrication technique best suited for the organ and experiment at hand. 

Key attributes to consider when choosing a method are: (1) considering the cells/tissues used which 

factors into the physical limitations and materials available to use (e.g., 3D printing strains the cells 

by inducing unnecessary shear stress, poly(dimethylsiloxane) (PDMS) has low bio-resistance due to 

the adsorption of organic solvents into the walls); (2) the technical knowledge required to use a 

method; (3) the cost and resources required; (4) time constraints and throughput requirements; and 

(5) the minimum feature size. With so many factors to consider when designing an OOC, choosing 

the proper fabrication technique is crucial and specific to each application. In this Review, we will 

discuss the existing fabrication techniques utilized to create OOCs and the advancements being made 

in each of these techniques. 
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Figure 1. The publication history of organs-on-chips (OOCs) over the past decade according to Web 

of Science and Pubmed. “Organ-on-a-chip” and “Organs-on-Chips” were the keywords utilized. 

2. Conventional Fabrication Techniques 

Historically, the most conventional microfabrication technique utilized is the combination of 

photolithography and etching. While it is capable of producing numerous complex devices, it is 

highly limited by the materials available to use, with silicon or silicon-based glasses being the primary 

choice [20]. Silicon is a great choice for micro-electromechanical systems (MEMS); however, it lacks 

key attributes to be equally successful with OOCs [20]. Silicon and glass are chosen for MEMS devices 

because of their inertness, high strength, and thermal conductivity; however, their inability to allow 

gas to permeate makes them a poor choice for cell culturing [21]. With that in mind, the material 

should be limited solely by its own properties and not by the limitations of the desired fabrication 

process [20,22]. In addition to the limited material selection, photolithography has high cost 

associated with it, especially with sub-micrometer feature sizes [20,23]. One method of overcoming 

traditional photolithography limitations is using extreme ultraviolet lithography (EUV) which 

utilizes 13 nm light created from using a series of mirrors to focus EUV light emitted from an 

illuminated plasma [24,25]. The high cost of using EUV has limited it to rare applications (e.g., 

creating nanopillars) [26]; however, as smaller feature sizes are required to perform nanofluidics, it 

could be further developed for wider applications. Another popular variation on photolithography 

is the use of electron beam lithography (EBL). EBL utilizes a focused electron beam to scan over a 

mask-less surface. EBL eliminates the complications of utilizing a mask and allows for small feature 

sizes (e.g., less than 10 nm) [27,28]; however, EBL has an extremely low throughput due to the serial 

process [28]. EBL is being developed further to allow wider applications, but further limitations 

beyond the low throughput like high expenses continue to be a challenge [29]. Meanwhile, wet 

etching places limitations on potential materials because acids/bases can damage polymers [30,31]. 

However, track etching has proven quite useful in creating porous membranes made of 

poly(carbonate) (PC) and poly(ethylene terephthalate) (PET) for OOCs [30,31]. Wet etching consists 

of submerging the device into a chemical etchant (e.g., KOH) to remove material. Track etching uses 

heavy ions to target specific spots on a polymer [31]. This causes the polymer to degrade in these 

locations allowing for a shortened and more controlled wet etchant to complete the process [31]. 

Despite these negative attributes, these conventional methods have been applied to various OOCs 

(e.g., lung-on-a-chip, liver-on-a-chip, etc.) requiring multi-step processes and masks [19]. Inherently, 

the fabrication costs and time associated with developing the devices increase despite their limitation 

of only being able to fabricate the microfluidic chip [19]. This means that additional processes are still 

required to implement the other three stages described earlier to fully develop an OOC [19]. 
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Table 1. A brief overview of the fabrication methods used to create OOCs. 

Fabrication 

Technique 
Description Pros and Cons Materials Application(s) 

Photolithography 

Patterning 

photoresist onto a 

substrate using 

light 

Pros: 

-Well known technique 

-Sub-micrometer 

features possible 

Cons: 

-Limited by the 

materials available to 

use 

-Inability to allow gas 

to permeate 

-High costs 

-Low throughput 

Silicon or silicon-based 

glasses with 

photoresist 

Creating the master mold;  

Lung-on-a-chip [19]; 

Liver-on-a-chip [19]; 

Etching 

Removing 

unprotected 

material away from 

the device using 

chemicals 

Pros: 

-Well known technique 

-Sub-micrometer 

features possible 

-Various etching 

techniques that can be 

used for different 

applications 

Cons: 

-Etchant can damage 

favorable polymers 

-High costs 

-Low throughput 

Silicon or silicon-based 

glasses with 

photoresist; Metals 

(e.g., Al, Cr, Au, Pt, Ti, 

etc.); 

Creating the master mold;  

Porous membranes 

[30,31]; 

Laser-Induced 

Methods 

Use of a laser to 

pattern a device 

(e.g., laser 

machining) 

Pros: 

-Small feature sizes 

capable 

Cons: 

-Require high technical 

knowledge 

-High costs 

Metals; Glass; 

Hydrogels; 

Eye-on-a-chip [32]; Liver-

on-a-chip [14]; 

Soft Lithography 

Cure soft 

elastomers on a 

master mold 

Pros: 

-Low cost 

-Easy to use 

-High compatibility 

with various materials 

Cons: 

-Low bio-resistance 

associated with the 

materials used 

-Requires masks and 

dedicated equipment 

-Requires familiarity 

with technique and 

manual operations 

Soft elastomers (e.g., 

PDMS, PU, polyimide) 

Lung-on-a-chip [4,33]; 

Liver-on-a-chip [14,34,35];  

Gut-on-a-chip [35–37]; 

Retina-on-a-chip [38]; 

Most suited for large scale 

production; Porous 

membranes for OOCs 

[39]; 

Stereolithography 

Using a UV laser to 

cure fluid resin 

layer-by-layer 

Pros: 

-Most widely used 3D 

printing technique 

-Highly 

commercialized 

-High resolution for 

printers 

-Low cost 

Cons: 

-Low resolution 

compared to other non-

3D printed techniques 

-Issues with printing 

microtissues 

Photocurable 

resin/polymers; Bio-

resins (e.g., PEGDA) 

Lung-on-a-chip [40]; 

Vascular-on-a-chip [41];  

General cell culture-on-a-

chip [42]; 
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Extrusion-Based 

Using extrusion to 

place melted 

material layer-by-

layer 

Pros: 

-Able to fabricate the 

microfluidic chip and 

microtissues 

-Ability to print highly 

viscous bioinks 

-Continuous printing 

-Low costs 

-Easy to fabricate with 

-Faster than 

conventional methods 

(e.g., photolithography 

and etching) 

Cons: 

-Extrusion can place 

high stress on 

cells/tissues 

-High initial costs of 

the machines 

Thermoplastics (e.g., 

ABS, PLA, polyamide, 

etc.); Bioinks; 

Liver-on-a-chip [43]; 

Tumor-on-a-chip [44]; 

Kidney-on-a-chip [45]; 

Lung-on-a-chip [46]; 

Bone-on-a-chip [47,48]; 

Inkjet 

Curing picolitre 

droplets layer-by-

layer 

Pros: 

-Able to fabricate the 

microfluidic chip and 

microtissues 

-Low costs 

-High quality and 

accuracy 

-Fast build time 

-Compatible with 

various materials 

Cons: 

-Has not been widely 

explored 

-Removal of support 

structures is 

challenging 

Photocurable 

resin/polymers; 

Custom bioinks;  

Liver-on-a-chip [49]; Co-

cultured microfluidic 

environments [50];  

Bioprinting 

Printings cells and 

biomaterials into 

structures using 

existing 3D printing 

methods 

Pros: 

-Versatility 

-Assembly-free process 

-Compatible with 

various materials 

-Incorporation of live 

cells in the ink 

Cons: 

-Low resolution 

-Not compatible with 

super soft materials 

-Slower than other 

methods 

Hydrogels; 

Photocurable 

resin/polymers; 

Custom bioinks; 

Vascular-networks-on-a-

chip [51]; 

Injection Molding 

Injecting a melted 

material into a 

mold cavity and 

cooling it 

Pros: 

-Great for large scale 

production 

Cons: 

-Requires high 

technical knowledge 

-Limited materials 

available 

-Requires a fairly 

simple device 

-High startup costs 

limits it to commercial 

applications 

Thermoplastics (e.g., 

ABS, PLA, polyamide, 

etc.); 

Liver-on-a-chip [52];  
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3. Advancements on Organ-On-A-Chip Fabrication Techniques 

3.1. Laser-Induced Methods 

Laser-induced methods refer to fabrication techniques that predominantly rely on the 

application of a laser. Various methods have been used for fabrication with one of the most popular 

being laser machining. For example, an eye-on-a-chip was created to study the formation of silicone 

oil droplets in the eye by laser engraving poly(methylmethacrylate) (PMMA) sheets [32]. Laser 

machining was also used to create a liver-on-a-chip where laser cutting and computer numerical 

control (CNC) was combined to fabricate the device to track the dynamics of mitochondrial 

dysfunction [14]. While laser machining itself is not widely applied to OOCs, other laser-induced 

methods have been used as well. In addition, an ultraviolet laser was used to perform 

photopatterning on gelatin hydrogels [53]. This method consisted of utilizing a UVA-light activated 

photosensitizer and a UVA laser engraver to perform ablation on the hydrogels, allowing for 

desirable patterns to be created for OOC applications. Traditional methods require mechanical 

molding of the hydrogel; while this laser-induced method allows for a mask-less high throughput 

patterning which shortens the typical fabrication process by 60% and allows for parallelization [53]. 

Meanwhile, a process was created that combines “ultrashort pulse laser-assisted chemical etching of 

glass, 3D laser subtractive glass printing, and carbon oxide laser-induced glass melting” to fabricate 

“freeform 3D microfluidic networks encapsulated in 3D printed glass macroscale objects” [54]. This 

method allows for a monolithic approach for fabricating 3D freeform encapsulated microchannels 

with 3D printed glass structures [54]. The hybrid process provides high precision at both the micro 

(tens of micrometers) and macro (several centimeters) scale in a simple and flexible monolithic 

process [54]. It also allows for controllable sealing of ports and chemical inertness compared to other 

fabrication methods which often rely upon poly(dimethylsiloxane) (PDMS) [54]. Laser machining has 

also been used to create patterned adhesive film-based microfluidic devices [55–57]. Multiple tapes 

and plastics (e.g., PMMA) are individually cut using laser machining and, subsequently, layered 

together onto a glass slide allowing for a rapid, low-cost fabrication [55–57]. Ultimately, the largest 

obstacle to overcome when attempting to use laser-induced methods is that they all require high 

familiarity with the fabrication process [58]. They remain complicated processes that are not easily 

utilized by beginners and often require expensive machinery to perform. 

3.2. Soft Lithography 

The most common fabrication technique for OOCs is soft lithography [31]. Soft lithography 

molds soft elastomers instead of relying upon etching or deposition to create 3D structures. Soft 

lithography has numerous advantages including low cost, easy to use, and high compatibility with 

various materials [59]. The most widely used material when performing soft lithography is PDMS 

because it is transparent, biocompatible, gas permeable, easy to handle, and cost effective [60–63]. All 

of which are highly desirable traits of OOCs. As previously mentioned, other materials can be used 

in lieu of PDMS including polyurethane (PU) and polyimide [64]. One of the primary limitations of 

performing soft lithography is the low bio-resistance associated with materials like PDMS. The 

absorption of proteins, drugs, as well as in situ cell derivatives onto PDMS walls interferes with 

accurate analysis. In order to overcome this, new classes of elastomers have been developed called 

high fluorinated elastomers, which have better bio resistance and inertness than PDMS [65,66]. 

Another method of overcoming material property constraint is by mixing a polymer like PDMS with 

a curing agent at desirable ratios and curing them to adjust the mechanical properties. This method 

has proven extremely useful in adjusting the mechanical properties of PDMS to be used in numerous 

OOCs including heart-on-a-chip, liver-on-a-chip, lung-on-a-chip, and vascular-networks-on-a-chip 

[4,14,31,34,35]. The most common application of soft lithography is performed through replica 

molding [31]. Replica molding generally follows the following steps: (1) Using computer aided design 

(CAD) to create a pattern, (2) using photolithography techniques to develop a master, (3) filling the 

master mold with PDMS and curing it, (4) removing the PDMS from the master, and (5) bonding the 

PDMS to a glass slide and performing plasma oxidation (Figure 2) [59]. Plasma oxidation is essential 
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to the process because it assists in the bonding process and converts the PDMS surface from 

hydrophobic to hydrophilic allowing the device to provide a better biocompatible environment for 

the cells to attach on, or mimic in vivo fluid interactions. This method was first utilized in OOCs with 

the development of the first lung-on-a-chip in 2010 to produce hollow microchannels [4]. Since then 

soft lithography has been widely applied to OOCs (e.g., lung-on-a-chip, liver-on-a-chip, tumor-on-a-

chip, gut-on-a-chip, retina-on-a-chip, placenta-on-a-chip, brain-on-a-chip) [4,14,19,31,34–38,67–69]. 

However, soft lithography remains a multi-step process requiring masks, dedicated equipment, and 

familiarity with the technique [58]. In addition to these, soft lithography requires a lot of manual 

operations and can only be applied to one side of the device while the other side remains flat and 

smooth [31]. Inherently, these place constraints on the time, expense, and feature size [19]. Soft 

lithography remains most suitable for performing large scale production of the microfluidic devices 

and creating porous membranes for OOCs [31]. Additional components of OOCs such as 

microtissues, stimulus loading components, and sensors still require additional processes to complete 

the fabrication of OOCs [19]. As a result, soft lithography techniques have been further developed by 

exploring new polymers and combining soft lithography with other techniques to improve the 

fabrication process. 

In order to overcome many of the PDMS material property limitations, thermoset alternatives 

have been used which are capable of generating more complex and in vivo-like structures [70]. One 

method of combining fabrication techniques was the combination of replica molding with “a novel 

method of structuring cell-laden hydrogels within microfluidic channels” [71]. This novel method 

used two PDMS molds and hydrogel injection to place two different hydrogels side by side within a 

microfluidic channel [71]. By combining these two, they were able to simultaneously provide fluid 

flow and control the cell structures which could not be accomplished with soft lithography alone [71]. 

The ability to generate multiple aspects of OOCs simultaneously is crucial for simplifying fabrication 

processes [29]. Another innovation was accomplished when developing a lung-on-a-chip which 

consisted of a poly(latic-co-glycolic acid) nanofiber membrane to perform anti-cancer drug screening 

[33]. The device was created by utilizing soft lithography for the top and performing electrospinning 

for the nanofiber membrane [33]. Perhaps the greatest development in soft lithography has occurred 

in a subfield known as nanoimprint lithography. This process consists of stamping a master mold 

into a material and hardening the material using some type of thermal, chemical, or optical curing 

process [72]. Nanoimprint lithography has great potential because it is a high throughput process 

with relatively low cost and can achieve sub-micrometer feature sizes [29]. As a result, large 

companies such as Canon have recognized its advantage over other fabrication techniques like EBL 

and have dedicated investments towards further advancing nanoimprint lithography [73]. New 

techniques in nanoimprint lithography such as roll-to-roll (R2R) nanoimprint lithography continue 

to show promise in increasing the throughput of the process [74]. The R2R method is dependent upon 

a flexible mold shaped into a roller that continuously rolls over a substrate resulting in a significant 

change in throughput [74]. A basic example of how this method works is a rolling stamper which 

consists of placing the stamp upon the material and rolling it 360° in order to complete the graphic. 

However, the improvement of the throughput comes at a cost of the minimum feature size attainable 

[74]. Nonetheless, soft lithography remains the foundation of fabricating OOCs. 
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Figure 2. An example of replica molding using poly(dimethylsiloxane) (PDMS). The typical 

photolithography steps are taken utilizing photoresist, a mask, and UV exposure to create the master. 

The master mold is filled with PDMS and cured. Once cured, the PDMS is removed from the master 

and bonded to a glass slide for plasma oxidation. 

3.3. 3D Printing 

3D printing consists of layer-by-layer fabrication capable of producing various complex 3D 

structures allowing for rapid prototyping [19]. As a result, 3D printing has become one of the most 

promising fabrication techniques to produce OOCs [19]. The advancements in the resolution and 

speed of 3D printing technology over the past decade have made fabrication of microfluidic devices 

simpler [58]. Unlike the previously mentioned fabrication techniques, 3D printing also has the 

potential to print all the necessary components of an OOC not just the microfluidic device. 3D printers 

can embed tissue scaffolds into the microfluidic device because it can use a wide range of different 

materials including biomaterials (e.g., living cells) [58]. In theory, the use of a 3D printer for the 

fabrication process consolidates it all onto one fully automated machine, reducing the fabrication 

time and easing the replication process [21]. The simplified replication process is a result of 3D 

printing relying highly upon standardized CAD programs for the design process allowing for easier 

sharing/transferring across lab groups [58]. The potential of 3D printing OOCs is best described as a 

“’fail fast and often’ strategy in which early and rapid empirical feedback is used to guide and 

accelerate device development” [58]. However, the application of a 3D printer to simplify the process 

requires significant optimization as constraints such as the heat and pressure to print both polymers 

and bioinks/cells are contradictory, as the requirements necessary to print polymers would cause 

damage to the bioinks/cells. As a result, 3D printing hardware must be developed further in order to 

overcome these constraints. A brief overview of the various 3D printing techniques and their 

applications can be found in Table 2. In this review, bioprinting is considered separately from 

stereolithography, extrusion-based, and inkjet printing methods in this paper. While bioprinting is 

an extension of these methods, it is considered independently as the discovery of bioprinting spurred 

further innovations in the fields of 3D printing and microengineered physiological systems (MPS) 

due to its distinction of incorporating live cells in the ink. 
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3.3.1. Stereolithography 

A typical 3D stereolithography printing process consists of using an ultraviolet laser to cure fluid 

resin layer-by-layer as a sweeping blade places a new layer of uncured fluid resin onto the cross 

section; this process is repeated until the desirable structure is completed (Figure 3) [58]. This 

technique was initially introduced in 1986 by Charles W. Hull who described it as an additive 

manufacturing process dependent upon the use of a printhead with a reservoir using bioink [75]. 

Since its inception, stereolithography has become the most widely used 3D printing technique and 

highly commercialized [58]. The main advantage of Stereolithography is the high resolution and 

ability to produce a “microscale fluidic” chip, the first element of OOCs described earlier [19,58]. 

Table 2. A list of potential organ models and their applications fabricated from various 3D printing 

techniques. 

3D Printing 

Technique 
Organ Model Application 

Stereolithography Lung 
Study inflammation-induced thrombosis on a lung-alveolus-

on-a-chip [40] 

Stereolithography Vascular 
Fabrication of 3D structures containing perfusion networks for 

a vascular system [41] 

Stereolithography General cell culture 
Supporting multicellular spheroid culture via a single 

microfluidic device [42] 

Extrusion-Based Liver 
One-step fabrication of liver-on-a-chip for metabolism and 

drug sensitivity studies [43] 

Extrusion-Based Tumor Tumor model for in vitro pharmacokinetics studies [44] 

Extrusion-Based 
Bone, cartilage, & 

muscle 

Produce human-scale tissue constructs with structural integrity 

[48] 

Extrusion-Based Kidney 
Advanced human kidney tissues models for epithelial barrier 

disruption study [45] 

Extrusion-Based Lung 
Asthmatic airway inflammation and allergen-induced asthma 

exacerbation model [46] 

Extrusion-Based Bone 
Bone-on-a-chip for bone metastasis study of breast cancer cells 

[47] 

Inkjet Liver 
Multiple cell patterning for drug metabolism and diffusion 

studies [49] 

Inkjet General cell culture 
Simple to use method for long term culture of hydrogel 

encapsulated cell constructs [50] 

Bioprinting Vascular Networks 
Fabrication of hydrogel microchannels to serve as vascular 

networks [51,58] 

Furthermore, stereolithography has a low cost and continual innovations have resulted in the 

printers being more affordable, faster, and smaller than ever before [58]. The primary reason 

stereolithography is faster is because the system only moves in the z-direction compared to other 

nozzle-based printers which utilized movement in the x-, y-, and z-direction [76]. This method also 

avoids any potentially harmful shear stress on the cells and allows for a wide range of biomaterials 

to be used since it does not require highly viscous fluids like other nozzle-based printers [76,77]. 

However, stereolithography struggles to print microtissues as well as other 3D printing techniques 

and has a lower resolution (e.g., 100 μm) compared to other techniques like soft lithography [19,58]. 

Stereolithography is constantly being innovated for further use in microfluidics and more 

specifically in OOCs. The stereolithography technique was sped up even further by creating a layer-

less process using an oxygen-permeable surface which prevents the material from curing at the 

surface, eliminating any pull-off steps required at the end [78]. Further research has also been 

explored in custom bio-resins for use in stereolithography to enhance the process [29]. For example, 

a perfusion network was created that encapsulates a print and is permeable via a high weight 

poly(ethylene glycol) diacrylate (PEGDA) resin [41]. Stereolithography has also been combined with 

other fabrication methods to be more effective. A multicellular spheroid culture device was created 
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using stereolithography and Polyjet commercial printers [42]. Meanwhile, double digit micrometer 

features have been achieved using a custom stereolithography printer in conjunction with a custom 

resin resulting in ~20 μm features [79]. This method was also capable of producing dynamic systems 

like pumps and valves [79]. Implanted porous membranes have also been shown to be created using 

a sequential stereolithography printer by switching between two resins [39]. A vascular network was 

also fabricated using carbohydrate glass via a stereolithography printer [80]. Stereolithography has 

also been combined with soft lithography to fabricate a lung-alveolus-on-a-chip to study 

inflammation induced thrombosis [40]. 

 

Figure 3. A stereolithography 3D printer (reprinted with permission from Lee et al.; copyright (2015) 

[81]). The translational stages and projector system are supported by an aluminum frame [81]. A Y-

fibre is used to combine the light from a UV laser and a red LED [81]. This results in illuminating a 

Digital Micromirror Device (DMD) projector [81]. A lens projects the image of the DMD onto a sample 

platform immersed in the photopolymer (e.g., PEG) [81]. 

3.3.2. Extrusion-Based 

Extrusion-based 3D printing was originally developed in 2002 and typically consists of a heating 

element to melt the material and allow for it to be extruded out via a pneumatic or mechanical driven 

device (Figure 4) [82]. Extrusion-based printing, like stereolithography, is predominantly used for 

fabricating the first element of OOCs (e.g., the microfluidic device) [19]. However, innovations in 

micro-extrusion with bioprinting has made it possible to also print the second element of OOCs (e.g., 

microscale tissues) as described earlier [19]. In order to overcome the limitations associated with 

printing microtissues, it the use of both stereolithography and extrusion-based techniques has been 

suggested to produce the microfluidic chip and microtissues, respectively [19]. However, even since 

this initial suggestion in 2017, to the best of our knowledge, no such combined technique has been 

accomplished [19]. Extrusion-based printing’s primary advantages lie in its ability to print highly 

viscous bioinks and to continuously print. As a result of these advantages, extrusion-based printing 

can use a wide variety of thermoplastics (e.g., acrylonitrile butadiene styrene (ABS), polylactic acid 

(PLA), polyamide, etc.) [83]. In addition to this, extrusion-based printing has low costs, is easy to 

fabricate with, and is faster than conventional methods [29]. In 2017, an OOC with the ability to 

measure the contractile stress of cardiac microtissues was fabricated [84]. This was accomplished by 

creating six custom inks capable of integrating soft strain gauge sensors into the cardiac microtissues 

[84]. It has also been used in conjunction with replica molding to fabricate a bone-on-a-chip to study 

breast cancer cells [47]. 
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3.3.3. Inkjet 

Inkjet printing is based on a layer-by-layer contactless procedure of placing picolitre droplets 

which are cured by an ultraviolet light (Figure 5) [58]. Inkjet printing for microfluidics was created in 

2003 and patented in 2006 [85]. Its ability to fabricate the first two elements of an OOC (e.g., the 

microfluidic chip and microtissues) makes it a versatile tool for fabricating OOCs [19]. Inkjet printing 

has many advantages including low cost, high quality, high accuracy, a fast build time, and the ability 

to function with numerous materials [58]. The advantages of inkjet printing can be furthered thanks 

to its simplicity which allows multiple printheads to work together to fabricate a device [75,77,85]. 

This method of 3D printing has not been as widely explored and applied as stereolithography and 

 

Figure 4. Three of the most common extrusion-based nozzles used for 3D printing (reprinted with 

permission from Malda et al.; copyright (2013) [86]). Hydrogels with suspended cells are inserted into 

the syringes and extruded out using either pneumatic, piston, or screw driven methods [86]. 

 

Figure 5. Two of the most common inkjet nozzles used for 3D printing (reprinted with permission 

from Malda et al.; copyright (2013) [86]). Thermal printing vaporizes small volumes of the ink to 

generate the necessary pulse to expel the droplets [86]. The piezoelectric method uses a direct 

mechanical pulse to generate a shockwave to expel the droplets [86]. 
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Extrusion-based printing. Nevertheless, its technique has been applied to fabricate a chip to 

study cancer cells in a co-cultured microfluidic environment [50]. Inkjet printing has also been 

applied to a liver-on-a-chip to study drug metabolism and diffusion while showing the ability to 

utilize multiple cell patterns on a single chip [49]. 

3.3.4. Bioprinting 

The newest innovation in the field of 3D printing for OOCs is bioprinting. Bioprinting is an 

extension of the previously mentioned 3D methods. Due to its versatility and assembly-free process, 

bioprinting has been applied to various existing fabrication processes of OOCs [19]. Bioprinting 

consists of printing cells and biomaterials into scaffolds and structures using existing 3D printing 

methods (Figure 6) [58]. Various printer heads can be used in this process for printing different 

materials, allowing for complex multi-cellular structures to be formed [58]. While other processes are 

limited to producing only the first element of OOCs (e.g., the microfluidic device), bioprinting is 

focused on the second element (e.g., the microtissues). As a result, it has been widely applied to the 

field of OOCs. Bioprinting has been used to create hydrogel microchannels to serve as a vascular 

network [51,58]. One of the biggest challenges of OOCs is fabricating cardiac devices due to the 

complexity surrounding the myocardium; as a result, most fabrication techniques are incapable of 

creating it [87]. However, 3D bioprinting with the use of custom bioink has made it simpler and more 

feasible [87]. It has advanced the heart-on-a-chip by showing increased potential in accurately 

generating the mechanical properties of the heart [42,49]. This enhanced ability to reproduce more 

accurate and in vivo-like heart-on-a-chip devices was displayed through the similar electrophysical 

response to drugs like in vivo organs. The advancements made in using hydrogel scaffolds in 

combination with custom bioink has been used to fabricate a myocardium capable of full contraction 

[87]. Bioprinting has also been used to fabricate liver-on-a-chip devices. The use of bioprinting has 

assisted in extending the liver functions for weeks [88]. As a result, better models have been created 

to study drug hepatotoxicity and its clearance through the liver [89]. A fairly newer field of 

application for bioprinting is its use for developing placenta-on-a-chip. A recent study bioprinted a 

placental extracellular matrix “to model the fetal invasion of maternal vasculature” [90]. Bioprinting 

has advanced patient-specific OOCs as shown by the development of a bone-on-a-chip device 

derived from patients to assist in personalized therapy [91]. The potential of BOCs has also been 

shown using bioprinting with the fabrication of systems using heart-, liver-, and lung-on-a-chip for 

drug discovery and development [80,92]. Bioprinting has been combined with other existing 

fabrication techniques to achieve more accurate and complex models. For example, soft lithography 

and bioprinting were used together to produce a BOC consisting of a liver, heart, and lung [92]. 

However, bioprinting still faces many challenges when attempting to fabricate OOCs. Bioprinting 

struggles to display certain physiologic properties due to its inability to print small feature sizes with 

high enough resolution when using droplet-based methods (e.g., inkjet) [93]. As a result, certain 

OOCs like kidney-on-a-chip devices fail to mimic essential components of their in vivo counterpart 

[93]. In addition to this, bioprinting has struggled with fabricating super soft materials which are key 

in the development of brain- and lung-on-a-chip devices [94]. 

3.4. Injection Molding 

Injection molding is a process that is broken down into the following four basic steps: (1) the 

material is melted, (2) the molds are compressed together, (3) the material is injected into the mold 

cavity, and (4) the mold is cooled and removed from the mold cavity (Figure 7) [29]. Injection molding 

is predominantly used during large-scale fabrication productions and focused on developing only 

the first element of OOCs (e.g., the microfluidic device) [58]. Injection molding was used to fabricate 

a liver-on-a-chip to study hypothermic storage [52]. While injection molding appears to be a simple 

and easy process to use, it requires familiarity and experience with it to be successfully performed at 

the micro level [58]. The primary disadvantages of injection molding have to do with the limited 

materials available to use and the mold features needing to be fairly simple (e.g., no undercuts) [95]. 

The main areas of innovation in injection molding are reducing the cost, reducing the time of the 
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process, and improving the method to use other materials [29]. One method of innovation occurred 

by integrating complex fluid handling using interferometric sensors with the injection molding 

process [96]. Meanwhile in an attempt to reduce the cost and time associated with injection molding, 

3D printing has been utilized to create quick and low-cost molds [97,98]. However, the high startup 

costs associated with injection molding has predominantly limited it to commercial applications 

requiring large-scale production as opposed to research development. 

 

Figure 6. An example of a bioprinting setup (reprinted with permission from Liu et al.; copyright 

(2016) [99]). The design of a “digitally tunable continuous multi-material extrusion bioprinter” 

consisting of a “seven-channel printhead connected to reservoirs that are individually actuated by 

programmable pneumatic valves” [99]. 

 

Figure 7. A typical injection molding process (reprinted with permission from Gale et al.; copyright 

(2018) [29]). A master is placed within a chamber and the injection material is melted. Upon the molds 

being compressed together, the material is injected into the mold cavity. After the mold cools off, it is 

removed from the mold cavity. [29]. 
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4. Future Challenges and Conclusion 

To make further progress in the fabrication of OOCs, current hurdles need to be overcome. The 

utilization of PDMS or a newer material to achieve high bio-resistance while still functioning well 

with living cells and soft lithography is one step [100]. The automation of the various fabrication 

processes needs be achieved to create a standardized process across the field [59]. While CAD has 

been used in the field already, a broader application is required to assist in the optimization and 

standardization of the processes. This will assist in the modularization of the field allowing for quick 

and easy formation of BOCs by combining standardized pre-built OOCs to study all aspects of the 

human body [59]. In addition, the interconnections used in BOCs between the various organs need 

improvement to better mimic in vivo systems [59]. Another area of challenge is the fabrication and 

integration of the third and fourth elements (e.g., mechanisms for stimulus loading and sensors for 

monitoring) of OOCs mentioned earlier. Though these aspects are barely explored in this review, we 

note that it is an essential component to observing and studying OOCs and BOCs. The challenge of 

developing sensors at the microscale level with the necessary sensitivity and control has plagued the 

field of microfluidics for years. Another challenge of embedding sensors is to ensure that the sensors 

incorporated into or open to the culture channel are not toxic to the tissues and cells [19]. The 

techniques used in MEMS could prove helpful in the integration of sensors [19]. Ultimately, as these 

challenges are overcome, OOCs will become more complex and dynamic under control, allowing for 

the potential replacement of animal studies and helping advance drug discovery and development. 

With the widely growing interest in the field of OOCs, it has experienced a mix of technological 

innovations and stagnations as techniques (e.g., bioprinting has allowed for more complex devices 

to be built but the minimum feature size and resolution attainable over the last decade has hardly 

changed). New methods have been established to allow more complex and in vitro models to be 

formed ranging from nanoimprint soft lithography to bioprinting. The combination of these methods 

has shown potential to further the fabrication process of OOCs. In addition, focus has been dedicated 

to lowering the cost of fabricating OOCs and using new materials like custom bioinks. However, the 

minimum feature size has changed little over this time requiring complex and expensive processes 

and machinery to accomplish sub micrometer structures. Laser-induced methods provide precise 

and high-resolution options to producing device, but their complexity and high costs due to the 

required machinery prevent its wide application. Meanwhile, soft lithography remains the 

foundation of fabrication techniques for OOCs and has been used for nearly every type of OOC. Still, 

the resolution and material limitations have slowed its innovation. The various methods of 3D 

printing in combination with bioprinting has become a nearly “skill-less” fabrication process with 

low cost, great automation, and fast production [58]. Yet, the high costs associated with printers 

capable of microscale fabrication and the challenges of developing custom bioink for each type of 

printer has stifled further innovation [58]. The use of injection molding has great promise when 

producing OOCs at the commercial level, but the existing methods used are too time consuming and 

costly to prove efficient at the research and development level. As the field of OOCs continue to grow 

further, the fabrication techniques will be innovated to create better models with faster development 

time, lower costs, and standardized modularized devices. 
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