
Citation: Cao, U.M.N.; Zhang, Y.;

Chen, J.; Sayson, D.; Pillai, S.; Tran,

S.D. Microfluidic Organ-on-A-Chip:

A Guide to Biomaterial Choice and

Fabrication. Int. J. Mol. Sci. 2023, 24,

3232. https://doi.org/10.3390/

ijms24043232

Academic Editor: Alexander

Tsouknidas

Received: 10 December 2022

Revised: 29 January 2023

Accepted: 1 February 2023

Published: 6 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Microfluidic Organ-on-A-Chip: A Guide to Biomaterial Choice
and Fabrication
Uyen M. N. Cao , Yuli Zhang, Julie Chen, Darren Sayson, Sangeeth Pillai and Simon D. Tran *

McGill Craniofacial Tissue Engineering and Stem Cells Laboratory, Faculty of Dental Medicine and Oral Health
Sciences, McGill University, 3640 University Street, Montreal, QC H3A 0C7, Canada
* Correspondence: simon.tran@mcgill.ca

Abstract: Organ-on-A-chip (OoAC) devices are miniaturized, functional, in vitro constructs that
aim to recapitulate the in vivo physiology of an organ using different cell types and extracellular
matrix, while maintaining the chemical and mechanical properties of the surrounding microenvi-
ronments. From an end-point perspective, the success of a microfluidic OoAC relies mainly on the
type of biomaterial and the fabrication strategy employed. Certain biomaterials, such as PDMS
(polydimethylsiloxane), are preferred over others due to their ease of fabrication and proven success
in modelling complex organ systems. However, the inherent nature of human microtissues to respond
differently to surrounding stimulations has led to the combination of biomaterials ranging from
simple PDMS chips to 3D-printed polymers coated with natural and synthetic materials, including
hydrogels. In addition, recent advances in 3D printing and bioprinting techniques have led to the
powerful combination of utilizing these materials to develop microfluidic OoAC devices. In this
narrative review, we evaluate the different materials used to fabricate microfluidic OoAC devices
while outlining their pros and cons in different organ systems. A note on combining the advances
made in additive manufacturing (AM) techniques for the microfabrication of these complex systems
is also discussed.
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1. Introduction

Microfluidics refers to the science of fluids at the micron scale. Microfluidic devices
manipulate fluids through the microchannels in the platform. Today, microfluidics is still
seen in inkjet printers, one of the first technologies to use them. The first microfluidic
devices were produced using silicon and glass, as they were born in the field of microelec-
tronics. However, they are now commonly made using PDMS (polydimethylsiloxane) due
to their relatively low cost, ease of use, and biocompatibility [1]. Several manufacturing
processes are used in the creation of microfluidic devices. Soft lithography remains a
standard production method, but 3D printing is becoming more commonly employed as
technology improves [2]. At the micro-scale, there are several benefits of the unique proper-
ties that fluids take on in microenvironments. The laminar flow of the fluids, concentration
gradients, and the high surface area to volume ratio of the channels replicate the fluid flow
seen within biological systems [3]. For this reason, microfluidic devices create an appealing
platform to study and replicate human organ systems closely.

Organ-on-A-chip (OoAC) devices employ microfluidics to accurately replicate an
in vivo environment. The microfluidic channels provide a basis for creating a physiolog-
ically similar environment to culture the organ cells of interest [4]. Another method for
modelling and studying organs are organoids, a 3D cell culture system where the cells self-
organize and differentiate into organ-specific tissue [5]. While a handy tool, organoids lack
vital aspects in the human microenvironment. In vivo characteristics such as vasculature,
oxygen gradients, chemical gradients, and mechanical stress can be recreated by combining
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these 3D cell culture techniques with the microfluidic platform. Furthermore, in some cases,
the mechanical strain in microfluidic channels is crucial in developing physiologically
relevant cell culture models and their resulting molecular characteristics [6]. These devices
capture the essential functions and microarchitecture of the organ to be investigated [7].
OoAC provides a promising method for drug testing and discovery as the disease states
can be replicated in addition to normal organ function with versatility that animal models
or 2D cell cultures cannot capture as accurately [8]. Numerous organ models have been
developed, with major organ systems such as the lung, gut, heart, and kidney being just a
few OoAC devices currently used in drug discovery [9–11]. This combination of 3D cell
culture with microfluidic technology confers several advantages as it allows for similar
cell–cell/tissue–tissue interactions and biochemical and physical environments present
in vivo.

For medical applications, OoAC devices have a wide variety of applications. Broadly,
OoAC devices are classified by their respectively modelled organ; however, these devices
can be further subdivided into modelled diseases. For example, lung chip devices have
replicated disease states such as cancer, pulmonary edema, and cystic fibrosis [12–14].
Another example is the fabrication of bone marrow-on-a-chip (BMoC) by Tserepi et al.
(2020). The authors demonstrated a scaffold-free BMoC device as a study platform for
systemic lupus erythematosus (SLE), which is illustrated in Figure 1. The study marked a
preliminary step for a complete development of perivascular system-on-chip [15]. OoAC
platforms also provide the opportunity for personalized medicine as the human-induced
pluripotent stem cells allow for the investigation of therapies that are tailored to specific
patients or populations [16,17]. The global OoAC market has been steadily growing in
recent years, primarily due to its drug discovery and testing applications, with an expected
compound annual growth rate of 30% over the next five years [18]. Furthermore, it is
predicted that the development of treatments for COVID-19 and research into the effects
of the disease will lead to the growth of the OoAC market, which has indeed been the
case as researchers gain an understanding of SARS-CoV-2 and how it affects the human
body. A recent study has repurposed the vasculature-on-a-chip model by culturing the
endothelial cells in the presence of SARS-CoV-2 to further understand the pathophysiology
of the viral infection and suggest potential therapies [19]. Another study repurposed the
airway-on-a-chip platform similarly to gain insights into how the virus affects multiple
systems, elucidating the interplay between vasculature and respiratory organs in a single
chip [20]. To further understand the systemic effects of the virus, researchers have manipu-
lated the OoAC device to capture different segments of the lung, incorporating the nasal
passage, the mid-bronchial airway, and the tissue of the alveolus [21]. An advantage of
OoAC is the ability to easily monitor the microenvironment in real time via integrating
sensors into the platform [22]. As the virus evolves and SARS-CoV-2 variants emerge, mi-
crofluidic platforms can also be used for the screening of new variants and testing potential
treatments [23]. Investigation into this viral outbreak has led to the further development of
existing OoAC models. For example, the alveolus-on-a-chip platform has been improved,
incorporating a central collagen channel to act as an extracellular matrix, adding an in-
creased level of complexity [24]. These studies capture research on how these biomimetic
platforms are integrated into investigating today’s most pressing medical issues.
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Figure 1. Bone marrow-on-a-chip system. (From left to right). (a) SEM image of cross section of the 

BMoC device. (b) 3D illustration of BMoC device with cells cultured in a porous membrane, sealed 

with a glass slide. (c) Mesenchymal stem cells cultured in microchambers of BMoC. The microcham-

bers, coated with collagen type I, presented an organized cell expansion in stromal tissue, a well-

developed 3D matrix. This figure has been adapted from a study by Tserepi et al. [15]. 
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Figure 1. Bone marrow-on-a-chip system. (From left to right). (a) SEM image of cross section of
the BMoC device. (b) 3D illustration of BMoC device with cells cultured in a porous membrane,
sealed with a glass slide. (c) Mesenchymal stem cells cultured in microchambers of BMoC. The
microchambers, coated with collagen type I, presented an organized cell expansion in stromal tissue,
a well-developed 3D matrix. This figure has been adapted from a study by Tserepi et al. [15].

This review presents the various materials and evaluates the properties that make
them ideal for the fabrication of OoAC devices. Furthermore, recent advances in elas-
tomeric synthetic materials, thermoplastic synthetic materials, and natural biomaterials
are compiled and compared. Lastly, the fabrication strategies employed in producing
OoAC devices are assessed to provide a comprehensive picture of the current state of
OoAC devices.

2. Biomaterial Selection Criteria

One of the first critical steps in OoAC device design is the selection of the biomaterial
that will form the basis of function and tissue fabrication in the chip system. Current
biomaterials commonly used in many OoAC systems satisfy many specific criteria (Table 1),
further outlined in this paper. Biomaterials can be classified into two general categories:
natural polymers and synthetic polymers. Natural polymers are materials derived from
natural sources, such as extracellular matrix (ECM) components, plants, insects, or other
mammals [25]. The characteristics of these materials typically match those of their source
and thus have high biocompatibility, making them very useful in many OoAC applications
(i.e., tissue engineering, bio-sensory development, and drug-delivery systems) [25]. So far,
several natural biomaterials have been developed (Table 1) and are used routinely in OoAC
devices fabrication. These materials are largely sought due to their superior properties that
support cell proliferation and adhesion, allow mechanical stimulation, and fulfil rheological
dynamics and other complex modifications. However, natural polymers suffer from batch-
to-batch variation, with significant differences depending on the type and quality of the
natural source, and also require a careful sterilization and purification process [25]. To
overcome the shortcomings of natural polymers, synthetic polymers have been developed
to finely control their physical and chemical properties and produce materials that can go
beyond the bounds of naturally derived materials with a minimal batch-to-batch variation.
Synthetic materials often lack cell-adhesion ligands on their surfaces and thus require
chemical modification to promote tissue development [25]. Within these two categories,
there are several variations and aspects of each material that must be assessed on a case-by-
case basis. The importance of each of these criteria is defined based on the properties of the
tissue the OoAC is attempting to mimic. Table 1 outlines the properties of commonly used
natural biomaterials that have already been well-characterized and used successfully in
viable chip systems. Moreover, Figure 2 summarizes some of the popular OoAC systems,
along with partnered biomaterials and their properties.
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Table 1. Common natural biomaterials and their biomaterial selection criteria.

Name Biocompatibility
Biodegradability

Mechanical
Characteristics Sterilization Methods Surface Treatment Examples of Fabricated

Tissues

Collagen

Solubility changes depending
on the extraction source [26]

“Superior biocompatibility” [2]
Enzymatic degradability [2]

Cell-adhesion sites [2]

Lack of mechanical strength and
structural stability when hydrated [27]

Tunable [28]
Young’s Modulus: 0.13–9.1 kPa [29,30]
Fracture toughness (pure, in air): ~0.55

MPa m1/2

[31]
Fracture toughness (pure, ‘in-aqua):

~0.086 ~0.55 MPa m1/2 (‘in-aqua’) [31]

Standard sterilization methods
cause denaturation [32,33]

Ethylene oxide [32,34]
Gamma-radiation [32]

Collagen-coating on other
biomaterials for cell
adhesion [2,7,35,36]

Gut-on-a-Chip [26]
Bone-on-a-Chip [37]

Gelatin

Biologically compatible and
biodegradable [38]

Molecular derivative of
collagen [38]

Cell attachment substrate for
cell culture [38]

Readily forms a gel [25]
Tunable degree of crosslinking [39]
Young’s Modulus: 10–15 kPa [40]
Varies with gelatin concentration,

collagen source, and solvent composition
[41]

Autoclave decreases physical
properties and does not

significantly inactivate endotoxins
[42]

Ethylene oxide [42]

Gelatin-coating on other
biomaterials for cell

adhesion [38]

Vascular chip [43]
Muscle model [44]

Fibrin

Scaffold for cell encapsulation
[2]

Biocompatible, rapid
biodegradability, easy

fabrication [45]

Can improve mechanical properties via
composition or crosslinking [45]

Poor mechanical properties for skeletal
tissue regeneration [45]

Young’s Modulus (fibre, uncrosslinked):
~1.7 MPa

[46]
Fracture strain (fibre, uncrosslinked):

226% [46]

Heat and ionizing energy-based
sterilization methods alter the

material properties [33]
Ethylene oxide effectiveness is

dependent on cross-linking
technique [33]

Fibrin-coating on other
materials for cell adhesion

[2]

Vascular tissues [47]
Lung tissues [48]

Skeletal muscles [49]

Hyaluronic
acid A

Biocompatible, biodegradable,
bioabsorbable [50]

Binds to cell receptors to
initiate intracellular signalling

cascades [51]
Modifiable to obtain stable

derivatives resistant to
degradation [52]

Biomechanical stability [25]
Required to be crosslinked with other

synthetic polymers to enhance
gel-forming properties [53]

Tunable viscoelastic properties [42]
Mechanical characteristics depends on

hydrogel formation, crosslinking,
components, and constituent properties

[54,55]

Autoclaving reduces physical
properties [42]

Ethylene oxide [42]

Can be chemically
modified to increase
hydrophobicity and
processed into fibres,

microspheres, and
membranes [25]

Tissue barrier [56]

Chitosan

Biocompatible and
biodegradable with

antibacterial and antifungal
activity [57]

Absorbs water without compromising
structural stability [57]

Dependent on charge and degree of
crosslinking [58]

Young’s Modulus: 5–2500 kPa [59]
Highly dependent on weight percentage,

gelation method, and degree of
acetylation [26]

Crosslinking increases Young’s modulus
and stiffness [26]

Gamma/beta irradiation degrades
chitosan [20]

Limited use in dry state [60]
Autoclavable [60]

Can create different
scaffold types by
processing (gels,

nanofibers, sponges) [57]

Vascular chip [58]

Alginate

Not naturally degradable in
mammals [61]

Biocompatibility affected by
purity [62]

Depends on the season and growth
conditions of the source [63]

Molecular weight can increase Young’s
modulus [64]

Maximum viscosity between 3 and 3.5 pH
[26]

Young’s modulus: 0.2–1.3 kPa but can
reach up to 6kPa when weight percentage

is increased [30,64]

Filtration followed by
lyophilization [65]

Ethanol sterilization [66]
Autoclavable but may affect

physical properties [67]

Lack of cell adhesion
motifs, often combined

with other polymers [68]
Cardiac tissue [26]

Liver tissue [26]

2.1. Biocompatibility

A biomaterial must be biocompatible to create an environment where tissues and their
constituent cells can grow. A biocompatible material is non-toxic to cells, so there is no
damage or stress to the OoAC system that would influence results or the accuracy of the
model [25,57]. A biocompatible material also implies that the pH, oxygen, and carbon
dioxide levels are compatible with the chosen cell type for tissue development. Additionally,
the preferred material must not trigger toxic reactions with the medium used for the cell
culture [69]. In most cases, the biomaterial should be able to support a continuous supply
of oxygen to the cells, have a balanced pH system of approximately 7.4 [70,71], maintain a
4–10% carbon dioxide level, and promote cell adhesion for a functional environment [57,70].
The importance of biocompatibility is apparent in all OoAC systems, especially if the end
goal is to achieve a thoroughly combined system with the natural body.



Int. J. Mol. Sci. 2023, 24, 3232 5 of 22

Int. J. Mol. Sci. 2023, 24, 3232 5 of 24 
 

 

Highly dependent on 

weight percentage, gela-

tion method, and degree of 

acetylation [26] 

Crosslinking increases 

Young’s modulus and 

stiffness [26] 

Alginate 

Not naturally degrada-

ble in mammals [61] 

Biocompatibility af-

fected by purity [62] 

Depends on the season 

and growth conditions of 

the source [63] 

Molecular weight can in-

crease Young’s modulus 

[64] 

Maximum viscosity be-

tween 3 and 3.5 pH [26] 

Young’s modulus: 0.2–1.3 

kPa but can reach up to 

6kPa when weight per-

centage is increased [30,64] 

Filtration followed by ly-

ophilization [65] 

Ethanol sterilization [66] 

Autoclavable but may af-

fect physical properties 

[67] 

Lack of cell adhesion motifs, 

often combined with other pol-

ymers [68] 

Cardiac tis-

sue [26] 

Liver tissue 

[26] 

 

Figure 2. Various OoAC systems with their commonly used biomaterials (coloured circle) and as-

sociated properties (coloured square). Each coloured line connects a specific biomaterial to their 

associated OoAC system and properties: green for gelatin, blue for PDMS, yellow for collagen, pur-

ple for fibrin/fibronectin, orange for GelMA, and red for Matrigel. 

Figure 2. Various OoAC systems with their commonly used biomaterials (coloured circle) and
associated properties (coloured square). Each coloured line connects a specific biomaterial to their
associated OoAC system and properties: green for gelatin, blue for PDMS, yellow for collagen, purple
for fibrin/fibronectin, orange for GelMA, and red for Matrigel.

2.2. Biodegradability

Biodegradable materials can also provide several benefits but may lead to certain
limitations to the OoAC system. If the system’s goal is to be eventually integrated into
the natural extracellular matrix, then the biomaterial must also be biodegradable. The rate
of degradation must also be inversely proportional to the production of biological tissues
by the cells to properly balance and maintain homeostasis within the system [72]. The
by-products of biodegradation must be considered as well, as they must be easily removed
from the system to prevent any adverse effects. For example, the standard synthetic
materials such as polylactic acid (PLA) or poly(glycolic acid) (PGA), and their copolymers
have acidic by-products that could affect the system’s natural pH, thus affecting the natural
behaviour of the cells in an undesirable way [73,74]. The biodegradable properties of the
biomaterial can also be used to an advantage for small molecule testing. By assessing the
kinetics and degradation rates of the material, a more accurate model can be developed
for drug testing and assessing drug response in specific organ models [75]. Characterizing
a material’s biodegradability, and its potential functions and limitations, can be used to
advance the physiological relevance of an OoAC and thereby prevent any unwanted effects
caused by toxic by-products [57].

2.3. Mechanical Properties

Natural and synthetic biomaterials can vary significantly in their mechanical prop-
erties, which provides a wide range of options for various organ tissue functions. The
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biomaterial selected must have adequate mechanical properties to match the mechani-
cal characteristics of the target organ. In the context of microfluidic chips, a few critical
mechanical properties may have a significant effect on the outcome:

• The biomaterial’s response to fluid shear force influences how the cells develop, grow,
and survive within the chip. Specifically, it affects the alignment of mini-organs and
cells by altering the polarity axis, and the physical pressure also activates signalling
molecules within and on the cell surface [76].

• Microfluidic chips primarily undergo laminar flow, which controls their mixing rate
but have slow rates of diffusion [32]. This creates a stable gradient within the OoAC
chip that can influence biological processes, such as cell migration and movement, or
even simulate developmental processes such as angiogenesis [76].

• The biomaterial’s dynamic behaviour in response to mechanical stress can also be
beneficial to mimic tissues or organs that undergo constant loading and physiological
changes (i.e., bone, muscle, cartilage, blood vessels) [76]. These characteristics are also
typically defined by mechanical properties such as Young’s modulus, Poisson’s ratio,
and ductility. They can be used to select a biomaterial which mimics the desired tissue
behaviour more accurately [25,77].

2.4. Sterilization Techniques

The biomaterial must be appropriately sterilized to prevent damage or cross-
contamination of the OoAC chip. It is essential for natural polymers since they are typi-
cally derived from animals or plants, which can contain harmful chemicals or microbes
that could influence the results [2]. However, the properties of each biomaterial dictate
which sterilization technique can be used, which may sometimes be the limiting factor
in the selection of a biomaterial. Damage during the sterilization process can result in
leaks in microchannel walls, which influences the chip’s behaviour [2] or may affect the
mechanical properties of the biomaterial [67]. For example, PMMA and PC cannot undergo
conventional autoclaving techniques, as they require exposure to high temperatures, which
would melt the two biomaterials [2]. Overexposure to certain chemicals can also result in
chemical absorbance in the chip walls, which may leak out during testing and influence
cell behaviour within the chip. PDMS soaking in ethanol for an extended period will
result in the material dissolving or even absorption of the chemical [57]. When selecting a
biomaterial, assessing the available resources and the feasibility of using the material and
its properties is essential.

2.5. Surface Treatment for Cell Patterning

To combat the challenge of mimicking the 3D environment that promotes cell growth,
surface treatment techniques on biomaterials have been developed to enhance cell attach-
ment and proliferation [76]. Surface treatment or cell patterning techniques alter the surface
geometry of the chip’s material to control the arrangement of cells that influence their
differentiation and growth [76] and can even enhance cell adhesion [2]. In some cases,
physical or chemical signals may also be needed with alignment factors to stimulate further
cell growth, such as highly organized myocardial tissue with electrical stimulation [76]. In
the process of surface patterning, key parameters include feature resolution size, through-
put surface area range, background contrast, bioactivity, and shelf-life [78]. Considering
these parameters, a specific surface technique can be selected for a particular cell type to
optimize growth and control tissue functions [79]. Some examples of surface patterning
techniques include:

• Pluronic acid treatment to prevent 3D spheroid or organoid culture attachment in cer-
tain areas of the chip and to control the 3D tissue architecture and thus its function [80].

• Protein and ECM coating (i.e., Matrigel) to promote monolayer intestinal cell attach-
ment and model the epithelial layer of the gut [81].

Each of these techniques can vary depending on the intended application and goal of
the OoAC system. Similar to the limitations of sterilization techniques on biomaterials, the
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available surface patterning techniques must also be assessed before selecting a biomaterial
for OoAC designs.

3. Recent Advances in Biomaterials for OoAC Systems

Though the OoAC field has only been around for ten years of history, there is a
rapid rise in the number and size of companies commercializing these OoAC devices
(∼30 companies in 7 years), indicating a considerable market lying ahead in OoAC re-
search [82,83]. Fuelled by the potential of transforming into a drug discovery platform,
researchers are optimizing the OoAC to mimic the structure and extracellular environments
of different tissues/organs meticulously [16,76,84].

PDMS was the material of choice in most of the pioneering work in microfluidic
device development and is still one of the most widely used materials for OoAC fabrica-
tion [82]. It offers excellent properties, including biocompatibility, optical transparency,
low autofluorescence, high elasticity, excellent oxygen permeability, and very good de-
formability [25,57,82]. However, researchers have been searching for alternative fabrication
materials or coatings in recent years due to several drawbacks of PDMS, including the
absorption of tested drugs and small hydrophobic molecules from culture media [85]. This
leads to a significant possibility of misinterpretation of drug toxicity and efficacy when
various drugs are tested on the same OoAC platform.

3.1. Elastomeric Synthetic OoAC Materials

The search for more affordable alternative OoAC materials with ease of fabrication has
been ongoing for many years. Studies show that polyester-toner microfabrication can be an
excellent alternative chip material due to its low-absorption, soft-elastic, and biocompatible
characteristics [86]. Urbaczek et al. generated a vein-on-a-chip made of polyester and toner.
The additional application of oxygen plasma and fibronectin increasingly supported the
adhesion and proliferation of endothelial cells [87]. It also demonstrated that polyester ma-
terials could provide good mechanical strength for soft tissue regeneration with low toxicity
and optical transparency. Recently, poly- (lactic-co-glycolic acid) (PLGA), a biodegradable
and biocompatible material previously used for drug delivery, has been investigated for
its potential as microchip material. Gao et al. fabricated a lung-on-a-chip with PLGA elec-
trospinning nanofiber as the chip substrate with controllable thickness [88]. Lung cancer
cells and fibroblasts were 3D co-cultured on the porous PLGA membrane with PDMS as
the cover to simulate the human alveolar microenvironment [88]. Poly (octamethylene
maleate (anhydride) citrate) (POMaC) is another soft biodegradable elastomeric platform
biomaterial applied in microchip fabrication, whose mechanical properties are close to a
wide range of soft biological tissues [89].

3.2. Thermoplastic Synthetic OoAC Materials

Poly (methyl methacrylate) (PMMA) is another great candidate to replace PDMS due
to its features of recyclability, biocompatibility, excellent mechanical properties, and low
permeability to small molecules [90–92]. Bhise et al. designed a bioreactor consisting of
multilayers of PDMS and PMMA and included three culture chambers connected by fluidic
channels [84]. Hepatocyte spheroid-laden hydrogel could be bio-printed directly within
the chambers. These chambers and channels were fabricated by casting PDMS around a
laser-cut PMMA mould [84]. Polyetheretherketone (PEEK) has been recently considered a
potential substitute because its fabrication is inexpensive and high-quality [93]. However,
its low degradation rate and strength limits its application in chip fabrication [94,95]. To
overcome these disadvantages, researchers have tried to blend PEEK with other biomateri-
als, such as polyglycolic acid (PGA), which has excellent degradability and biocompatibil-
ity [96]. It has been proved that modifying the percentage of PGA added to PEEK scaffolds
could alter their degradation rates. PEEK/PGA blend scaffolds have thus shown promise
for OoAC applications.
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3.3. Natural OoAC Materials

To recapitulate complex tissues accurately, the biomaterials chosen should be able to
better support the sustainability and functionality of cells or spheroids in the long term.
PDMS, along with the OoAC platform, has many limitations, especially when rebuilding
complex organs such as the lung, heart, and brain. Natural biomaterials are crucial to
consider as part of the organ-on-chip scaffold due to their superior biocompatibility, bio-
adhesion, biodegradability, and non-toxic nature [97,98]. Simulating tiny alveoli with
similar dimensions, Zamprogno et al. created a lung-on-a-chip with a biological, stretchable,
and biodegradable membrane using collagen and elastin [99]. Compared to PDMS, this
naturally derived membrane had several merits: it did not absorb small molecules such as
rhodamine-B, they are biodegradable, and the degradation rate, thickness, composition,
and stiffness could be easily tuned [99].

A microfabricated bioreactor was designed to mimic natural cardiac bundles in vitro
using cardiac bio-wires [100]. Type I collagen was selected as the main gel matrix, which
is one of the primary components of native myocardium. The collagen-based cardiac bio-
wires remained stable in the bioreactor for weeks, with the mechanical support provided by
the suspended templates made of either silk suture or polytetrafluoroethylene (PTFE) micro-
tubing [100]. Nashimoto and colleagues presented a microfluidic device made of PDMS
and fibrin–collagen gel culturing 3D cellular spheroids with a vascular network [101].

Gelatin-methacryloyl (GelMA) is a semi-synthetic hydrogel which consists of gelatin
derivatized with methacrylamide and methacrylate groups [102]. The gelatin part of
GelMA hydrogels provides cells with an ideal biologically adhesive environment. Adding
methacryloyl contributes to quick photo-crosslinking, shape fidelity, and stability at physi-
ological temperature, while gelatine’s biocompatibility and degradation properties remain
unaffected [103,104]. Bhise and colleagues have recently designed a liver-on-a-chip made
of GelMA hydrogel encapsulating 3D hepatic spheroids, where the engineered hepatic
construct remained functional during 30 days of culture [84]. Yang et al. reported that
multicellular vascular channels were regenerated in their 3D-printed design with a GelMA
hydrogel scaffold [43].

Without a doubt, such intricate processes that rely on many factors can be challeng-
ing to control tissue development. However, state-of-the-art research shows promising
advances in overcoming this challenge by designing OoAC with organ-specified structure
using synthetic or natural materials or a combination of both. In the future, we are look-
ing for further development and standardization of using scaffolds for specific cell types,
making it easier to compare the resultant data from different research groups [57].

4. Fabrication Techniques for Microfluidic Systems

Although microfluidic OoAC is still in its infancy, scientists have developed quite a
diverse repertoire of microfabrication techniques to manufacture an OoAC, which is shown
in Table 2.

Table 2. Common techniques and materials used for the fabrication of microfluidic devices.

Fabrication
Techniques Materials Used Advantages Limitations

Photo-
lithography

- Resin [105]
- Glass [106]
- Elastomers(e.g., PDMS [107] and

polyurethane [108])
- Thermoplastics (e.g., poly (methyl

methacrylate) [109]
- Cyclic olefin polymers [110]

- High precision over feature geometry [111]
- Comparatively fast [107,112]
- Used on different materials such as glass,

and silicon [112]

- Require a cleanroom for
fabrication [111]

- High initial tooling and
machinery costs [111]

- Work only on perfectly flat
substrates [113]
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Table 2. Cont.

Fabrication
Techniques Materials Used Advantages Limitations

Soft
lithography

- PDMS [114]
- Liquid metal [115]
- Polystyrene [116]

- Capable of mass production of sophisticated
microstructures [114]

- Cost-effective [117]
- Relatively easy setup [118]
- High throughput [118]
- Cleanroom-free operation [117]

- Need aid from another
lithography method to fabricate
the stamp master [107]

Injection
moulding

- Polystyrene [119,120]
- Polymethylmethacrylate (PMMA) [121]
- Cyclic olefin copolymer (COC) [121]

- High repeatability and reliability once the
mould tool is made [122]

- Capable of mass production at a low
cost [123]

- Relatively short cycle time [123]
- Allows for complex geometries with tight

tolerances [124]
- Little plastic waste [125]

- High initial tooling and
machinery costs [122]

- Long initial lead times [122]
- Difficult and expensive for design

changes [125]

Hot
Embossing
process

- Polymethylmethacrylate (PMMA)
[126,127]

- Polycarbonate (PC) [126]
- Cyclic olefin copolymer (COC) [128]
- Polystyrene (PS) [129]
- Polylactic acid (PLA) [130]

- Cost-effective [131]
- High efficiency [131]
- Capable of mass replication [132]
- High structural precision [133]

- Difficult to control the optimal
process parameters [134]

- Require thermoplastic materials
to be used [131]

- Great care needed when
de-embossing the products [132].

Etching
Technique

- Poly (2-hydroxyethyl methacrylate)
(p-HEMA) [135]

- Silk fibroin [136,137]
- PDMS [138]

- Capable of mass production of fine-detailed
and complex microdevices [139]

- Rapid Prototyping [140]
- High precision fabrication [141]
- Production of burr-free parts with no stress

to the metal [141]

- High initial tooling and
machinery costs [142]

- Require high expertise to operate
specialized equipment [142]

- Require using some corrosive
gases [143,144]

Laser
cutting
process

- Paper [145,146]
- Non-contact carving method [147]
- Excellent accuracy and precision [148,149]
- A relatively short development time [149]

- Expensive initial and
maintenance costs [148]

- Produce harmful pyrolysis
by-products when burning
plastics [147,148]

- Require compressed air or water
wash after finishing [148,150]

3D printing

- PDMS [151]
- Glass [152,153]
- Poly (ethylene glycol) (PEG) [154]
- Natural biopolymers [155] (e.g., collagen

[156], silk fibroin, gelatin [157], alginate,
and chitosan)

- Flexible designing and modelling [158]
- Excellent precision, smooth surface

resolution and watertight tolerances
depending on printing types [93,159]

- Utilize various materials [160]
- Rapid prototyping [93,160]
- Minimal waste [161]
- Cost-effective [162]

- Restricted building part sizes
[158]

- Require post-processing methods
such as water jetting, sanding,
chemical soaking and air drying
[158,159]

4.1. Lithography

The lithography technique, widely used in the printing industry nowadays, was
launched in 1796 [163]. Since then, the lithographical fabrication of OoAC has been ex-
tensively investigated and developed. Depending upon the type of materials used, the
fabrication techniques vary. Currently, the two primary methods are photolithography and
soft lithography.

The first one, which is also named optical lithography or UV lithography, is a method
that utilizes light, mostly UV light with a wavelength of 250–435 nm, to transfer three-
dimensional designs from a template onto a thin photo-sensitive (photoresist) film attached
over a silicon substrate [112,164]. When exposed to light, the photo resistant parts change
their chemical structure and become solidified at the end of the process. Later, the unex-
posed areas will be baked and washed away in the chemical bath development, and the
hardened parts will remain intact to create a negative or a positive mould. After that, the
micropattern will be introduced to an etching agent and engraved into the solid wafer [164].
This technique’s capacity to produce microscopic structures (sub 250 nm) with high fabri-
cation accuracy and relative efficiency gives it a strong advantage. Despite its numerous
benefits, the method does possess some drawbacks. For example, the equipment for this
technique is exorbitant, and it requires a cleanroom for the photolithographic machine to
operate [111]. Recently, to eliminate those disadvantages, Kasi et al. (2022) used a simplified
process called maskless photolithography [112]. The novel approach developed a more
time- and cost-effective and cleanroom-free fabrication using 375 nm UV light for a negative
photoresist (SU-8) mould. The authors reported that grayscale photolithography could
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produce microstructures with different widths and heights in a single-step operation. They
concluded that the findings would promote the manufacture of variable OoAC platforms
in the future [112].

Regarding soft lithography, this technique is an improvement of photolithography, as it
is economical, easier to replicate, and can be applied to a broader range of materials [118,165].
The steps are similar: the wafer is coated with a photo-resistive layer and then cross-
linked with UV light. After dissolving the unexposed part, a developer will be used
to create a 3D micropattern on the wafer to build a negative mould. In the fabrication
of some microfluidic devices, elastomers are often utilized. First, a cross-linking agent
mixed with PDMS prepolymer will be degassed to remove air bubbles, poured into the
fabricated mould, and then cured at high temperatures. Eventually, the PDMS device will
be detached from the mould and micro-punched to create inlets and outlets for fluidic flow.
Compared to photolithography, this technique undergoes fewer steps and can manufacture
multiple OoAC devices in a shorter period [165]. Within the family of soft lithography are
various patterning techniques such as replica moulding (REM), micro-transfer moulding,
phase-shifting edge lithography, and nano-transfer printing [118,166,167]. REM, which has
recently emerged as an improved method for fabricating microfluidic devices using PDMS,
involves three basic steps: (1) constructing a desired master, (2) transferring the master’s
design on the PDMS, and (3) transferring the PDMS’s pattern back into a duplicate of the
original master by UV/heat curing liquid the pre-polymer or thermosensitive resin [118].
REM is typically applied for sophisticated structures on a nanoscale (less than 100 nm) and
produces large quantities of replicas from one mould. Therefore, this technique has been
utilized for multiple applications such as cell shaping, DNA sorting, pressure sensor, other
healthcare devices, and rehabilitation monitors [168–171].

4.2. Injection Moulding

Injection moulding is a well-established technique that has been long used for mass
polymeric fabrication. The principle of injection moulding is relatively straightforward and
involves four stages: clamping, injection, cooling, and ejection [122]. First, two halves of
the mould, which were previously created, are tightly clamped together. Then, the plastic
material is heated into liquid and injected into a mould to form the desired shape. At
this stage, the injection rate, such as pressure, power, and volume, can be modified and
controlled to achieve optimal results. Next, the cooling process begins after the products
inside the mould solidify. The material may shrink to some extent during this stage, which
depends on the mould structure, moulding conditions, and polymer properties. Finally,
the mould is opened and the product is ejected by an ejection unit. This process must be
carried out with great attention and proper force, as excessive tension will cause damage
to the final products [172]. Recently, researchers have embarked on a journey to use the
technique in microscale yet high-volume production of OoAC devices [57]. Even though
the principle of this technique may sound simple, many challenges need to be addressed
when applied to the microfabrication of OoAC devices. Some obstacles include finding a
suitable material to produce unique features, creating sophisticated nanoscale geometries,
and developing an appropriate injection rate to ensure the products are of the highest
quality [173]. To improve the limitations of this technique, Lee et al. (2018) developed
a novel injection-moulded plastic array 3D scaffold (IMPACT), which incorporates the
microfluidic structure into the design and embedded with human umbilical endothelial cells
(HUVECs) and fibroblasts [172]. The authors demonstrated that injection moulding could
generate cell-laden and ECM-mimicking scaffolds better than conventional PDMS-based
techniques. While PDMS devices have some limitations with 3D design and fabrication,
IMPACT offers the freedom of multi-level designs, mass producibility, and space efficiency.
Moreover, it is also reported to possess an excellent capacity for drug delivery, angiogenesis,
and vasculogenesis. Regarding the distinction between IMPACT over PDMS platforms,
researchers believe that IMPACT will further be applied in numerous biomedical areas in
the future [172].
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4.3. Hot Embossing

Hot embossing lithography (HEL) is an efficient replication technique to fabricate
microstructures, especially microchannels in microfluidic devices. This method uses a
master mould with high pressure and temperature to shape a thermoplastic material into a
desirable structure [174]. The manufacturing process usually includes four stages. First,
the solid material is heated into a viscous liquid. Next, the master mould is pressed into
the polymeric solution. Then, the mould is firmly placed until the hot solution cools down
and hardens. In the final step, the newly fabricated structure is carefully removed from
the mould. Compared to other techniques, hot embossing possesses multiple advantages,
such as cost-effectiveness, high efficiency, and excellent structural precision [133]. The
material shrinkage and damage using this technique is often less significant than the
other methods, as the temperature change and frictional forces are much lower [175].
However, there are still some significant challenges that scientists must face when using
this technique. Firstly, it is difficult to control the optimal process parameters such as
material thickness, applied pressure, and heated temperature to secure and completely fill
the cavity of the master mould with the polymeric material, to achieve the highest precision.
Moreover, the force for demoulding also requires optimization; once the hardened material
is removed from the mould, care should be taken to prevent distortion of the newly formed
structure [131]. A study by Cogun et al. (2017) investigated the hot embossing technique
on poly(methyl methacrylate) (PMMA) microfluidic channels [132]. The authors developed
microchannels with varying widths and depths to observe differences in the replication
rates and symmetrical manifestations. They discovered that the embossing temperature was
the critical factor during manufacturing and the skewness of the device depending on the
distance of the cavity from the centre of the PMMA structure. These results demonstrated
that the flow property and the heated temperature significantly influenced the skewness of
the substrate. The optimal parameter for this technique was reported at 115 ◦C, 10 kN, and
8 min for a microchannel of 56 um width and 120 um depth [132].

4.4. Etching

The etching technique is a subtractive process. The desired material will first be
coated with an etch-resistant layer, which must be patterned according to the designed
structures. The uncoated areas will then be etched with physical or chemical agents. For
the chemical agents, the technique is called wet etch, and plasma-based dry etch uses the
physical etching method. In the wet etching method, the material is removed from a wafer
by liquid chemicals, which consists of three primary stages: the occurrence of etching
reactions, the removal of diffused liquid etchant, and the diffusion of the by-products
from the reaction [176]. Etchants can be hydroxides of alkali metals such as potassium
hydroxide (KOH) and sodium hydroxide (NaOH), or acidic solutions such as nitric acid
(HNO3) and hydrofluoric acid (HF) [142,177,178]. Etchants can engrave into the substrates
isotropically or anisotropically. An isotropic etch will remove the material uniformly in all
directions, while an anisotropic one will cause the structure to corrode vertically. Both types
of etching can produce different geometrical channels for microfluidic devices, depending
on the substrate materials and channel designs. Yet, it is still challenging to construct
microchannels with high precision using the etching method [176]. This technique is an
effective way of mass fabricating a microfluidic platform. In the dry etching method, the
masked structures are exposed to plasma or ion flows, which often contain reactive etchant
gases such as oxygen, nitrogen, and fluorocarbons. The process is conducted under a
wide range of pressure (ranging from 2 to 7 mTorr), temperature (−140 ◦C–20 ◦C), and
power (800–1500 W) [179]. A combination of dry and wet etch is called reactive ion etching
(RIE), often utilized to achieve the highest resolution. RIE, an anisotropic process using
reactive gases, such as CF4, SF6, and BCl2, has been one of the most popular etching
techniques in research and industry, as it can transfer state-of-the-art pattern designs
with vertical sidewalls into the substrates [180]. Despite some drawbacks, such as time
consumption, exorbitant cost, low etch selectivity and low etching rate, RIE can fabricate



Int. J. Mol. Sci. 2023, 24, 3232 12 of 22

many feature designs and geometries up to thousands of micro- and nanometres [181]. The
impressive characteristic of RIE has caught much attention worldwide, which hopefully
will be trending in the application of integrated sensors and microfabrication of microfluidic
devices, especially OoAC platforms soon.

4.5. Laser Cutting Process

The laser and plotter cutting processes are two popular methods to create microfluidic
channels, often for plastic, glass, paper, and pressure-sensitive adhesive tape materials [148].
In laser cutting, maskless fabrication methods such as CO2 laser, ultrafast laser, excimer
laser, or UV laser can often obtain an exact cut of multiple layers. The current laser cutting
systems are connected to galvanometer-based scanners and computer-aided design (CAD)
systems, which can construct complicated micro-patterns on the substrate with various
depths and widths. The development time for the whole process is relatively short, which
takes around 30 min to complete. Yet, this laser causes the material to decompose through
heat and leaves many pyrolysis by-products at the end of the process, which may block
the channels in microfluidic devices. Although the laser cut possesses the advantages of
non-contact carving and excellent resolution, the extortionate equipment and the need
for high-pressure compressed air or water blow to wipe out the burn residue are some
of the drawbacks of using laser cutting [150,181,182]. For the plotter cutting method or
xunography, non-thermal tools such as knife printers are used to cut the microstructures.
This can help avoid pyrolysis or any chemical debris, requiring no cleaning afterwards.
The overall process of both laser cutting and plotter cutting techniques is relatively short
and does not require a cleanroom environment for fabrication. Recently, they have been
widely commercialized as a tool for fabricating microchips in the industry, owing to the
rapid prototyping worldwide user database leading to significant technical advancement
of both systems [150].

4.6. 3D Printing

In recent decades, 3D printing has emerged as an innovative field with multiple
applications in machinery [183,184], businesses [162], and the biomedical industry [185,186].
This technique has also gained much attention in microfluidic domain, allowing scientists to
engineer complex OoAC platforms that are difficult to design with traditional methods such
as etching or moulding. This is an addictive manufacturing technique for the fabrication
of 3D models, which means that the models are created by layers of materials added on
top of one another [93]. The system primarily consists of a 3D printer, print materials,
software, and on-demand manufacturing services. The printer can move in 3D space
to construct 3D devices, which is supported in three axes XYZ. The X- and Y-axes are
responsible for the 3D printer’s lateral movement, while the Z-axis represents the vertical
movement of the nozzle. Every 3D printing procedure commences with a computer-
aided design (CAD) model from software. Then, the materials are extruded from the
nozzles. 3D printers use laser light to harden the photosensitive resin from a liquid state or
melt polymer particles at high temperatures to create models. Depending on the type of
printing system, the products might need post-processing curing to stabilize mechanical
and physical features and to be cleansed with alcohol or compressed air to eliminate
plastic residue on their surface [187–189]. Three of the most well-developed 3D printing
types are stereolithography (SLA), selective laser sintering (SLS), and fused deposition
modelling (FDM). Using UV laser beams for photosensitive thermoset polymeric curing,
SLA has been one of the most popular 3D printing technologies. By modifying the beam’s
direction, the polymer’s crosslinking process can be controlled and adjusted according
to the manufacturers. SLA method is well-known for its capacity to fabricate products
with state-of-the-art accuracy, delicate features, smooth surface resolution, and watertight
tolerances [190–192]. Regarding SLS, this powder bed fusion technique uses a high-power
laser to heat-treated polymeric particles to form the desired structures. Nylon, polystyrenes
(PS), polyaryl-etherketones (PAEK), and polycaprolactone (PCL) are the familiar choices of
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material for this technique [159,193,194]. Similar to SLA, SLS is also ideal for complicated
microstructures and geometries. Last but not least, the FDM technique, often called fused
filament fabrication (FFF), was first developed in 1989 and has been widely commercialized
worldwide ever since [158]. The process starts with a heated thermoplastic ink extruding
from a nozzle to form a 3D structure. After releasing the liquid material into the desired
area, the material will be solidified. The process keeps building the model layer-by-layer to
the end [158]. This additive method is ideal for basic proof-concept or simple 3D models
because of its simplicity, cost-effectiveness, and utilization of various materials. Typical
heights of FDM layers range from 50 to 400 microns. The shorter the layer, the more
accurately the structures will be created; however, achieving the goal will take more time
and cost. In general, FDM cannot compete with SLA and SLS on precision, time, and
cost-efficiency, and it is often not recommended for printing sophisticated microfluidic
designs and structures [159].

5. Conclusions and Future Perspectives

Over the last few decades, conventional 2D and 3D cell culture systems have seen a
significant improvement in terms of reconstituting organ-specific functions. This growth
can be safely attributed to diverse cell sources, well defined culture conditions, and the
development of novel ECM substitutes for sustaining cellular and tissue-specific functions
in vitro. However, the static microenvironment surrounding these culture systems limits
our ability to directly extrapolate these findings into their clinical counterparts without
being interfered with by the long and time-consuming in vivo studies. Recently, OoAC
microfluidic systems have emerged as an alternative, highly sought-after platform owing to
their ability to bypass the confines of these static culture systems. These microfluidic devices
aim to closely recapitulate an organ system by accurately defining physiological parameters
such as cell-tissue interactions, mechanical cues, and fluid perfusion. In addition, they
provide both immune and vascular components to perform organ-level functions.

Much like the success of the 3D culture systems, the OoAC microfluidic chips were
influenced mainly by the development of natural and synthetic biomaterials complemented
by the advent of versatile microfabrication techniques. The ease of fabricating PDMS chips
with sub-micron scale channels to reconstruct microtissues or mini organs using conven-
tional soft lithography has opened a large avenue in the field of biotechnology focused on
developing organ chips. As a sophisticated cell culture model, OoAC devices allow us to
perform real-time, dynamic studies on patient-derived cells and tissues. They are widely
used in testing drug efficacy and toxicity, performing disease modelling while tracking
disease progression, and assessing the pharmacokinetics of a metabolite all embedded
into an integrated chip. The rapid growth of microfabrication techniques has allowed the
development of several complex OoAC systems, such as the lung, heart, liver, and kidney,
on a chip, to name a few.

Nonetheless, several challenges still prevail, limiting the transition of using on-chip
platforms for accelerated drug discovery, especially in cases of rare diseases where in vivo
models are challenging to develop, and clinical trials are bound by regulatory bottlenecks.
In addition to the social challenges, OoAC also suffers from the demerits of often being
low to medium throughput as it lacks the versatility of 2D and 3D culture (such as 2D/3D
assays conducted in 96-well, 384-well plates). From a biomaterial perspective, ongoing
concerns point toward the cons associated with using PDMS chips due to issues with their
absorption profiles during drug/metabolite screening. Some hydrophobic drugs, such
as sex steroids and nifedipine, are strongly absorbed by PDMS, affecting the results of
the pharmacodynamic kinetics and drug efficacy studies. To overcome these challenges,
alternate materials such as PMMA, polycarbonate, cyclic olefin polymers, polylactic, etc.,
were introduced. However, not all of them provide sufficient biocompatibility and thus are
not sustainable for developing biomimetic cellular constructs.

Another major consideration in the development of microfluidic OoAC systems is their
acceptance as a robust platform to replace animal models. This includes concerns of placing
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these human chips into the drug development and clinical trial pipelines. At present, rodent
models and higher order mammals are the keystone players in successfully translating
preclinical results into human trails. However, it is still challenging to develop highly
specific disease models, such as rare diseases which have recently been improved with the
recent advance in gene editing and transgenic models. Given this scenario, developing
an acceptable microfluidic system, which not only recapitulates the disease, but is widely
accepted globally by pharma companies and regulatory boards. is quite difficult. Most
sophisticated and upcoming organ chips are developed by research teams in educational
settings who focus on a particular type of disease. These models are usually unavailable
across other research groups globally in order to standardize their use due to lack of
specialized equipment and variable fabrication techniques.

To overcome these challenges, academic teams should strategize developing the organ
chips in such a way that their system not only accurately represent human-like systems
with robust results but is further validated to produce statistically relevant results. These
systems should further be standardized in terms of their fabrication, characterization,
and testing protocols, making it available to larger research groups around the world.
Such systems can then be validated by multiple groups, considering the demographic
characteristics and genetic variables. This will allow the translation of results from an
academic setting to larger pharmaceutical companies, allowing them to run parallelized,
high-throughput experiments to prove clinical relevance to in vivo models. In addition to
these considerations, future advancements of OoAC devices should consider the utilization
of easy-to-fabricate, mechanically tuneable, economical biomaterials with minimal to no
absorption. With the advances in bench-side 3D printing devices, 3D bioprinting and 4D
bioprinting, it is now possible to integrate spatial tissue configuration and biophysical
characteristics using a time-dependent external stimulus. Making these advances easily
accessible and versatile to use will allow the researchers and companies to microfabricate
these integrated OoAC devices in significant numbers. This will allow studies to be
conducted with an improved throughput with standardized operating protocols to produce
comparable and clinically relevant results to the in vivo studies. Regardless, the process of
bringing such a paradigm shift is quite complex and it could take several years of carefully
orchestrated studies with multidisciplinary collaborations among researchers, pharma
capitalists, and regulatory authorities.

Author Contributions: S.D.T., U.M.N.C. and S.P. designed and conceptualized the review. U.M.N.C.,
Y.Z., J.C., D.S. and S.P. collected the information from the literature and wrote the manuscript.
U.M.N.C. and S.P. reviewed and edited the manuscript, and S.D.T. supervised the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: This review received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [CrossRef] [PubMed]
2. Leung, C.M.; De Haan, P.; Ronaldson-Bouchard, K.; Kim, G.A.; Ko, J.; Rho, H.S.; Chen, Z.; Habibovic, P.; Jeon, N.L.; Takayama, S.;

et al. A guide to the organ-on-a-chip. Nat. Rev Methods Prim. 2022, 2, 33. [CrossRef]
3. Webster, A.; Greenman, J.; Haswell, S.J. Development of microfluidic devices for biomedical and clinical application. J. Chem.

Technol. Biotechnol. 2011, 86, 10–17. [CrossRef]
4. Huh, D.; Kim, H.J.; Fraser, J.P.; Shea, D.E.; Khan, M.; Bahinski, A.; Hamilton, G.A.; Ingber, D.E. Microfabrication of human

organs-on-chips. Nat. Protoc. 2013, 8, 2135–2157. [CrossRef]
5. Park, S.E.; Georgescu, A.; Huh, D. Organoids-on-a-chip. Science 2019, 364, 960–965. [CrossRef]

http://doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://doi.org/10.1038/s43586-022-00118-6
http://doi.org/10.1002/jctb.2482
http://doi.org/10.1038/nprot.2013.137
http://doi.org/10.1126/science.aaw7894


Int. J. Mol. Sci. 2023, 24, 3232 15 of 22

6. Musah, S.; Mammoto, A.; Ferrante, T.C.; Jeanty, S.S.F.; Hirano-Kobayashi, M.; Mammoto, T.; Roberts, K.; Chung, S.; Novak, R.;
Ingram, M.; et al. Mature induced-pluripotent-stem-cell-derived human podocytes reconstitute kidney glomerular-capillary-wall
function on a chip. Nat. Biomed. Eng. 2017, 1, 69. [CrossRef]

7. Huh, D.; Matthews, B.D.; Mammoto, A.; Montoya-Zavala, M.; Hsin, H.Y.; Ingber, D.E. Reconstituting organ-level lung functions
on a chip. Science 2010, 328, 1662–1668. [CrossRef]

8. Zhang, M.; Wang, P.; Luo, R.; Wang, Y.; Li, Z.; Guo, Y.; Yao, Y.; Li, M.; Tao, T.; Chen, W.; et al. Biomimetic Human Disease Model
of SARS-CoV-2-Induced Lung Injury and Immune Responses on Organ Chip System. Adv. Sci. 2021, 8, 2002928. [CrossRef]

9. Jalili-Firoozinezhad, S.; Prantil-Baun, R.; Jiang, A.; Potla, R.; Mammoto, T.; Weaver, J.C.; Ferrante, T.C.; Kim, H.J.; Cabral, J.M.S.;
Levy, O.; et al. Modeling radiation injury-induced cell death and countermeasure drug responses in a human Gut-on-a-Chip. Cell
Death Dis. 2018, 9, 223. [CrossRef]

10. Bhise, N.S.; Ribas, J.; Manoharan, V.; Zhang, Y.S.; Polini, A.; Massa, S.; Dokmeci, M.R.; Khademhosseini, A. Organ-on-a-chip
platforms for studying drug delivery systems. J. Control Release 2014, 190, 82–93. [CrossRef]

11. Liu, H.; Bolonduro, O.A.; Hu, N.; Ju, J.; Rao, A.A.; Duffy, B.M.; Huang, Z.; Black, L.D.; Timko, B.P. Heart-on-a-Chip Model with
Integrated Extra- and Intracellular Bioelectronics for Monitoring Cardiac Electrophysiology under Acute Hypoxia. Nano Lett.
2020, 20, 2585–2593. [CrossRef]

12. Park, S.; Kim, T.H.; Kim, S.H.; You, S.; Jung, Y. Three-Dimensional Vascularized Lung Cancer-on-a-Chip with Lung Extracellular
Matrix Hydrogels for In Vitro Screening. Cancers 2021, 13, 3930. [CrossRef] [PubMed]

13. Huh, D.; Leslie, D.C.; Matthews, B.D.; Fraser, J.P.; Jurek, S.; Hamilton, G.A.; Thorneloe, K.S.; McAlexander, M.A.; Ingber, D.E. A
human disease model of drug toxicity-induced pulmonary edema in a lung-on-a-chip microdevice. Sci. Transl. Med. 2012, 4,
159ra147. [CrossRef] [PubMed]

14. Plebani, R.; Potla, R.; Soong, M.; Bai, H.; Izadifar, Z.; Jiang, A.; Travis, R.N.; Belgur, C.; Dinis, A.; Cartwright, M.J.; et al. Modeling
pulmonary cystic fibrosis in a human lung airway-on-a-chip. J. Cyst. Fibros 2022, 21, 606–615. [CrossRef] [PubMed]

15. Kefallinou, D.; Grigoriou, M.; Boumpas, D.T.; Gogolides, E.; Tserepi, A. Fabrication of a 3D microfluidic cell culture device for
bone marrow-on-a-chip. Micro Nano Eng. 2020, 9, 100075. [CrossRef]

16. Jodat, Y.A.; Kang, M.G.; Kiaee, K.; Kim, G.J.; Martinez, A.F.H.; Rosenkranz, A.; Bae, H.; Shin, S.R. Human-Derived Organ-on-a-
Chip for Personalized Drug Development. Curr. Pharm. Des. 2018, 24, 5471–5486. [CrossRef] [PubMed]

17. van Berlo, D.; Nguyen, V.V.; Gkouzioti, V.; Leineweber, K.; Verhaar, M.C.; van Balkom, B.W. Stem cells, organoids, and organ-on-
a-chip models for personalized in vitro drug testing. Curr. Opin. Toxicol. 2021, 28, 7–14. [CrossRef]

18. Intelligence, M. Organ-On-Chip Market Growth, Trends, COVID-19 Impact and Forecast (2022–2027). Available online: https:
//www.mordorintelligence.com/industry-reports/organs-on-chips-market (accessed on 20 September 2022).

19. Lu, R.X.Z.; Lai, B.F.L.; Rafatian, N.; Gustafson, D.; Campbell, S.B.; Banerjee, A.; Kozak, R.; Mossman, K.; Mubareka, S.; Howe,
K.L.; et al. Vasculature-on-a-chip platform with innate immunity enables identification of angiopoietin-1 derived peptide as a
therapeutic for SARS-CoV-2 induced inflammation. Lab Chip 2022, 22, 1171–1186. [CrossRef]

20. Hashimoto, R.; Takahashi, J.; Shirakura, K.; Funatsu, R.; Kosugi, K.; Deguchi, S.; Yamamoto, M.; Tsunoda, Y.; Morita, M.; Muraoka,
K.; et al. SARS-CoV-2 disrupts respiratory vascular barriers by suppressing Claudin-5 expression. Sci. Adv. 2022, 8, eabo6783.
[CrossRef]

21. Nof, E.; Zidan, H.; Artzy-Schnirman, A.; Mouhadeb, O.; Beckerman, M.; Bhardwaj, S.; Elias-Kirma, S.; Gur, D.; Beth-Din, A.;
Levenberg, S.; et al. Human Multi-Compartment Airways-on-Chip Platform for Emulating Respiratory Airborne Transmission:
From Nose to Pulmonary Acini. Front. Physiol. 2022, 13, 853317. [CrossRef]

22. Santbergen, M.J.; van Der Zande, M.; Bouwmeester, H.; Nielen, M.W. Online and in situ analysis of organs-on-a-chip. TrAC Trends
Anal. Chem. 2019, 115, 138–146. [CrossRef]

23. Satta, S.; Shahabipour, F.; Gao, W.; Lentz, S.R.; Perlman, S.; Ashammakhi, N.; Hsiai, T. Engineering viral genomics and nano-
liposomes in microfluidic platforms for patient-specific analysis of SARS-CoV-2 variants. Theranostics 2022, 12, 4779–4790.
[CrossRef] [PubMed]

24. Cao, T.; Shao, C.; Yu, X.; Xie, R.; Yang, C.; Sun, Y.; Yang, S.; He, W.; Xu, Y.; Fan, Q.; et al. Biomimetic Alveolus-on-a-Chip for
SARS-CoV-2 Infection Recapitulation. Research 2022, 2022, 9819154. [CrossRef] [PubMed]

25. Hassan, S.; Heinrich, M.; Cecen, B.; Prakash, J.; Zhang, Y.S. Biomaterials for on-chip organ systems. In Biomaterials for Organ and
Tissue Regeneration; Woodhead Publishing Series: Cambridge, UK, 2020; pp. 669–707.

26. Chevallay, B.; Herbage, D. Collagen-based biomaterials as 3D scaffold for cell cultures: Applications for tissue engineering and
gene therapy. Med. Biol. Eng. Comput. 2000, 38, 211–218. [CrossRef]

27. Dong, C.; Lv, Y. Application of Collagen Scaffold in Tissue Engineering: Recent Advances and New Perspectives. Polymers 2016,
8, 42. [CrossRef]

28. Kawaguchi, N.; Hatta, K.; Nakanishi, T. 3D-culture system for heart regeneration and cardiac medicine. Biomed Res. Int. 2013,
2013, 895967. [CrossRef]

29. Markert, C.D.; Guo, X.; Skardal, A.; Wang, Z.; Bharadwaj, S.; Zhang, Y.; Bonin, K.; Guthold, M. Characterizing the micro-scale
elastic modulus of hydrogels for use in regenerative medicine. J. Mech. Behav. Biomed. Mater. 2013, 27, 115–127. [CrossRef]

30. Chan, B.P.; Li, C.H.; Au-Yeung, K.L.; Sze, K.Y.; Ngan, A.H. A microplate compression method for elastic modulus measurement
of soft and viscoelastic collagen microspheres. Ann. Biomed. Eng. 2008, 36, 1254–1267. [CrossRef]

http://doi.org/10.1038/s41551-017-0069
http://doi.org/10.1126/science.1188302
http://doi.org/10.1002/advs.202002928
http://doi.org/10.1038/s41419-018-0304-8
http://doi.org/10.1016/j.jconrel.2014.05.004
http://doi.org/10.1021/acs.nanolett.0c00076
http://doi.org/10.3390/cancers13163930
http://www.ncbi.nlm.nih.gov/pubmed/34439103
http://doi.org/10.1126/scitranslmed.3004249
http://www.ncbi.nlm.nih.gov/pubmed/23136042
http://doi.org/10.1016/j.jcf.2021.10.004
http://www.ncbi.nlm.nih.gov/pubmed/34799298
http://doi.org/10.1016/j.mne.2020.100075
http://doi.org/10.2174/1381612825666190308150055
http://www.ncbi.nlm.nih.gov/pubmed/30854951
http://doi.org/10.1016/j.cotox.2021.08.006
https://www.mordorintelligence.com/industry-reports/organs-on-chips-market
https://www.mordorintelligence.com/industry-reports/organs-on-chips-market
http://doi.org/10.1039/D1LC00817J
http://doi.org/10.1126/sciadv.abo6783
http://doi.org/10.3389/fphys.2022.853317
http://doi.org/10.1016/j.trac.2019.04.006
http://doi.org/10.7150/thno.72339
http://www.ncbi.nlm.nih.gov/pubmed/35832078
http://doi.org/10.34133/2022/9819154
http://www.ncbi.nlm.nih.gov/pubmed/35224503
http://doi.org/10.1007/BF02344779
http://doi.org/10.3390/polym8020042
http://doi.org/10.1155/2013/895967
http://doi.org/10.1016/j.jmbbm.2013.07.008
http://doi.org/10.1007/s10439-008-9507-y


Int. J. Mol. Sci. 2023, 24, 3232 16 of 22

31. Bose, S.; Li, S.; Mele, E.; Silberschmidt, V.V. Fracture behaviour and toughening mechanisms of dry and wet collagen. Acta
Biomater. 2022, 142, 174–184. [CrossRef]

32. Herdegen, V.; Felix, A.; Haseneder, R.; Repke, J.U.; Leppchen-Fröhlich, K.; Prade, I.; Meyer, M. Sterilization of Medical Products
from Collagen by Means of Supercritical CO2. Chem. Eng. Technol. 2014, 37, 1891–1895. [CrossRef]

33. Grasman, J.M.; O’Brien, M.P.; Ackerman, K.; Gagnon, K.A.; Wong, G.M.; Pins, G.D. The Effect of Sterilization Methods on the
Structural and Chemical Properties of Fibrin Microthread Scaffolds. Macromol. Biosci. 2016, 16, 836–846. [CrossRef] [PubMed]

34. Monaco, G.; Cholas, R.; Salvatore, L.; Madaghiele, M.; Sannino, A. Sterilization of collagen scaffolds designed for peripheral
nerve regeneration: Effect on microstructure, degradation and cellular colonization. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 71,
335–344. [CrossRef] [PubMed]

35. Dabaghi, M.; Shahriari, S.; Saraei, N.; Da, K.; Chandiramohan, A.; Selvaganapathy, P.R.; Hirota, J.A. Surface Modification
of PDMS-Based Microfluidic Devices with Collagen Using Polydopamine as a Spacer to Enhance Primary Human Bronchial
Epithelial Cell Adhesion. Micromachines 2021, 12, 132. [CrossRef]

36. Benam, K.H.; Villenave, R.; Lucchesi, C.; Varone, A.; Hubeau, C.; Lee, H.H.; Alves, S.E.; Salmon, M.; Ferrante, T.C.; Weaver, J.C.;
et al. Small airway-on-a-chip enables analysis of human lung inflammation and drug responses in vitro. Nat. Methods 2016, 13,
151–157. [CrossRef]

37. Alaman-Diez, P.; Garcia-Gareta, E.; Arruebo, M.; Perez, M.A. A bone-on-a-chip collagen hydrogel-based model using pre-
differentiated adipose-derived stem cells for personalized bone tissue engineering. J. Biomed. Mater. Res. A 2023, 111, 88–105.
[CrossRef] [PubMed]

38. Sigma, M. Gelatin Coating Protocol for Cell Culture. 2022. Available online: https://www.sigmaaldrich.com/CA/en/technical-
documents/protocol/cell-culture-and-cell-culture-analysis/3d-cell-culture/gelatin-solution-product (accessed on 20 September
2022).

39. Van Den Bulcke, A.I.; Bogdanov, B.; De Rooze, N.; Schacht, E.H.; Cornelissen, M.; Berghmans, H. Structural and rheological
properties of methacrylamide modified gelatin hydrogels. Biomacromolecules 2000, 1, 31–38. [CrossRef]

40. Berry, M.F.; Engler, A.J.; Woo, Y.J.; Pirolli, T.J.; Bish, L.T.; Jayasankar, V.; Morine, K.J.; Gardner, T.J.; Discher, D.E.; Sweeney, H.L.
Mesenchymal stem cell injection after myocardial infarction improves myocardial compliance. Am. J. Physiol. Heart Circ. Physiol.
2006, 290, H2196–H2203. [CrossRef]

41. Czerner, M.; Fasce, L.A.; Martucci, J.F.; Ruseckaite, R.; Frontini, P.M. Frontinic. Deformation and fracture behaviour of physical
gelatin gel systems. Food Hydrocoll. 2016, 60, 299–307. [CrossRef]

42. O’Connell, C.D.; Onofrillo, C.; Duchi, S.; Li, X.; Zhang, Y.; Tian, P.; Lu, L.; Trengove, A.; Quigley, A.; Gambhir, S.; et al. Evaluation
of sterilisation methods for bio-ink components: Gelatin, gelatin methacryloyl, hyaluronic acid and hyaluronic acid methacryloyl.
Biofabrication 2019, 11, 035003. [CrossRef]

43. Yang, L.; Shridhar, S.V.; Gerwitz, M.; Soman, P. An in vitro vascular chip using 3D printing-enabled hydrogel casting. Biofabrication
2016, 8, 035015. [CrossRef]

44. Ramon-Azcon, J.; Ahadian, S.; Obregon, R.; Camci-Unal, G.; Ostrovidov, S.; Hosseini, V.; Kaji, H.; Ino, K.; Shiku, H.; Khademhos-
seini, A.; et al. Gelatin methacrylate as a promising hydrogel for 3D microscale organization and proliferation of dielectrophoreti-
cally patterned cells. Lab Chip 2012, 12, 2959–2969. [CrossRef] [PubMed]

45. Park, C.H.; Woo, K.M. Fibrin-Based Biomaterial Applications in Tissue Engineering and Regenerative Medicine. Adv. Exp. Med.
Biol. 2018, 1064, 253–261. [CrossRef] [PubMed]

46. Rustem, I.; Litvinov, J.W.W. Fibrin mechanical properties and their structural origins. Matrix Biol. 2017, 60–61, 110–123.
47. Wikswo, J.P.; Curtis, E.L.; Eagleton, Z.E.; Evans, B.C.; Kole, A.; Hofmeister, L.H.; Matloff, W.J. Scaling and systems biology for

integrating multiple organs-on-a-chip. Lab Chip 2013, 13, 3496–3511. [CrossRef] [PubMed]
48. Ahadian, S.; Civitarese, R.; Bannerman, D.; Mohammadi, M.H.; Lu, R.; Wang, E.; Davenport-Huyer, L.; Lai, B.; Zhang, B.; Zhao, Y.;

et al. Organ-On-A-Chip Platforms: A Convergence of Advanced Materials, Cells, and Microscale Technologies. Adv. Healthc.
Mater. 2018, 7, 1700506. [CrossRef] [PubMed]

49. Sun, W.; Luo, Z.; Lee, J.; Kim, H.J.; Lee, K.; Tebon, P.; Feng, Y.; Dokmeci, M.R.; Sengupta, S.; Khademhosseini, A. Organ-on-a-Chip
for Cancer and Immune Organs Modeling. Adv. Healthc. Mater 2019, 8, e1801363. [CrossRef]

50. Dulinska-Litewka, J.; Dykas, K.; Felkle, D.; Karnas, K.; Khachatryan, G.; Karewicz, A. Hyaluronic Acid-Silver Nanocomposites
and Their Biomedical Applications: A Review. Materials 2021, 15, 234. [CrossRef]

51. Zheng, C.; Xi, H.; Wen, D.; Ke, Y.; Zhang, X.; Ren, X.; Li, X. Biocompatibility and Efficacy of a Linearly Cross-Linked Sodium
Hyaluronic Acid Hydrogel as a Retinal Patch in Rhegmatogenous Retinal Detachment Repairment. Front. Bioeng. Biotechnol. 2022,
10, 914675. [CrossRef]

52. Areevijit, K.; Dhanesuan, N.; Luckanagul, J.A.; Rungsiyanont, S. Biocompatibility study of modified injectable hyaluronic acid
hydrogel with mannitol/BSA to alveolar bone cells. J. Biomater. Appl. 2021, 35, 1294–1303. [CrossRef]

53. Khunmanee, S.; Jeong, Y.; Park, H. Crosslinking method of hyaluronic-based hydrogel for biomedical applications. J. Tissue Eng.
2017, 8, 2041731417726464. [CrossRef]

54. Ren, Y.; Zhang, H.; Wang, Y.; Du, B.; Yang, J.; Liu, L.; Zhang, Q. Hyaluronic Acid Hydrogel with Adjustable Stiffness for
Mesenchymal Stem Cell 3D Culture via Related Molecular Mechanisms to Maintain Stemness and Induce Cartilage Differentiation.
ACS Appl. Bio Mater. 2021, 4, 2601–2613. [CrossRef]

http://doi.org/10.1016/j.actbio.2022.02.001
http://doi.org/10.1002/ceat.201300679
http://doi.org/10.1002/mabi.201500410
http://www.ncbi.nlm.nih.gov/pubmed/26847494
http://doi.org/10.1016/j.msec.2016.10.030
http://www.ncbi.nlm.nih.gov/pubmed/27987715
http://doi.org/10.3390/mi12020132
http://doi.org/10.1038/nmeth.3697
http://doi.org/10.1002/jbm.a.37448
http://www.ncbi.nlm.nih.gov/pubmed/36205241
https://www.sigmaaldrich.com/CA/en/technical-documents/protocol/cell-culture-and-cell-culture-analysis/3d-cell-culture/gelatin-solution-product
https://www.sigmaaldrich.com/CA/en/technical-documents/protocol/cell-culture-and-cell-culture-analysis/3d-cell-culture/gelatin-solution-product
http://doi.org/10.1021/bm990017d
http://doi.org/10.1152/ajpheart.01017.2005
http://doi.org/10.1016/j.foodhyd.2016.04.007
http://doi.org/10.1088/1758-5090/ab0b7c
http://doi.org/10.1088/1758-5090/8/3/035015
http://doi.org/10.1039/c2lc40213k
http://www.ncbi.nlm.nih.gov/pubmed/22773042
http://doi.org/10.1007/978-981-13-0445-3_16
http://www.ncbi.nlm.nih.gov/pubmed/30471038
http://doi.org/10.1039/c3lc50243k
http://www.ncbi.nlm.nih.gov/pubmed/23828456
http://doi.org/10.1002/adhm.201700506
http://www.ncbi.nlm.nih.gov/pubmed/29034591
http://doi.org/10.1002/adhm.201801363
http://doi.org/10.3390/ma15010234
http://doi.org/10.3389/fbioe.2022.914675
http://doi.org/10.1177/0885328220971746
http://doi.org/10.1177/2041731417726464
http://doi.org/10.1021/acsabm.0c01591


Int. J. Mol. Sci. 2023, 24, 3232 17 of 22

55. Jeon, O.; Song, S.J.; Lee, K.J.; Park, M.H.; Lee, S.H.; Hahn, S.K.; Kim, S.; Kim, B.S. Mechanical properties and degradation
behaviors of hyaluronic acid hydrogels cross-linked at various cross-linking densities. Carbohydr. Polym. 2007, 70, 251–257.
[CrossRef]

56. Rothbauer, M.; Zirath, H.; Ertl, P. Recent advances in microfluidic technologies for cell-to-cell interaction studies. Lab Chip 2018,
18, 249–270. [CrossRef]

57. Osorio, L.A.; Silva, E.; Mackay, R.E. A Review of Biomaterials and Scaffold Fabrication for Organ-on-a-Chip (OOAC) Systems.
Bioengineering 2021, 8, 113. [CrossRef]

58. Chiu, L.L.; Montgomery, M.; Liang, Y.; Liu, H.; Radisic, M. Perfusable branching microvessel bed for vascularization of engineered
tissues. Proc. Natl. Acad. Sci. USA 2012, 109, E3414–E3423. [CrossRef]

59. Ben Bouali, A.; Montembault, A.; David, L.; Von Boxberg, Y.; Viallon, M.; Hamdi, B.; Nothias, F.; Fodil, R.; Fereol, S. Nanoscale
mechanical properties of chitosan hydrogels as revealed by AFM. Prog. Biomater. 2020, 9, 187–201. [CrossRef] [PubMed]

60. San Juan, A.; Montembault, A.; Gillet, D.; Say, J.P.; Rouif, S.; Bouet, T.; Royaud, I.; David, L. Degradation of chitosan-based
materials after different sterilization treatments. IOP Conf. Ser. Mater. Sci. Eng. 2012, 31, 012007. [CrossRef]

61. Lee, K.Y.; Mooney, D.J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106–126. [CrossRef] [PubMed]
62. Otterlei, M.; Ostgaard, K.; Skjak-Braek, G.; Smidsrod, O.; Soon-Shiong, P.; Espevik, T. Induction of cytokine production from

human monocytes stimulated with alginate. J. Immunother. 1991, 10, 286–291. [CrossRef]
63. Dekamin, M.G.; Peyman, S.Z.; Karimi, Z.; Javanshir, S.; Naimi-Jamal, M.R.; Barikani, M. Sodium alginate: An efficient biopoly-

meric catalyst for green synthesis of 2-amino-4H-pyran derivatives. Int. J. Biol. Macromol. 2016, 87, 172–179. [CrossRef]
64. Candiello, J.; Singh, S.S.; Task, K.; Kumta, P.N.; Banerjee, I. Early differentiation patterning of mouse embryonic stem cells in

response to variations in alginate substrate stiffness. J. Biol. Eng. 2013, 7, 9. [CrossRef]
65. Lorson, T.; Ruopp, M.; Nadernezhad, A.; Eiber, J.; Vogel, U.; Jungst, T.; Lühmann, T. Sterilization Methods and Their Influence on

Physicochemical Properties and Bioprinting of Alginate as a Bioink Component. ACS Omega 2020, 5, 6481–6486. [CrossRef]
66. Stoppel, W.L.; White, J.C.; Horava, S.D.; Henry, A.C.; Roberts, S.C.; Bhatia, S.R. Terminal sterilization of alginate hydrogels:

Efficacy and impact on mechanical properties. J. Biomed. Mater. Res. B Appl. Biomater. 2014, 102, 877–884. [CrossRef]
67. Chansoria, P.; Narayanan, L.K.; Wood, M.; Alvarado, C.; Lin, A.; Shirwaiker, R.A. Effects of Autoclaving, EtOH, and UV

Sterilization on the Chemical, Mechanical, Printability, and Biocompatibility Characteristics of Alginate. ACS Biomater. Sci. Eng.
2020, 6, 5191–5201. [CrossRef]

68. Sung, J.H.; Kam, C.; Shuler, M.L. A microfluidic device for a pharmacokinetic-pharmacodynamic (PK-PD) model on a chip. Lab
Chip 2010, 10, 446–455. [CrossRef]

69. Geraghty, R.J.; Capes-Davis, A.; Davis, J.M.; Downward, J.; Freshney, R.I.; Knezevic, I.; Lovell-Badge, R.; Masters, J.R.; Meredith,
J.; Stacey, G.N.; et al. Guidelines for the use of cell lines in biomedical research. Br. J. Cancer 2014, 111, 1021–1046. [CrossRef]

70. ThermoFisher. Cell Culture Environment. Available online: https://www.thermofisher.com/ca/en/home/references/gibco-cell-
culture-basics/cell-culture-environment.html (accessed on 20 September 2022).

71. Verma, A.; Verma, M.; Singh, A. Animal tissue culture principles and applications. In Animal Biotechnology, 2nd ed.; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 269–293. [CrossRef]

72. Sung, H.J.; Meredith, C.; Johnson, C.; Galis, Z.S. The effect of scaffold degradation rate on three-dimensional cell growth and
angiogenesis. Biomaterials 2004, 25, 5735–5742. [CrossRef] [PubMed]

73. Taylor, M.S.; Daniels, A.U.; Andriano, K.P.; Heller, J. Six bioabsorbable polymers: In vitro acute toxicity of accumulated
degradation products. J. Appl. Biomater. 1994, 5, 151–157. [CrossRef] [PubMed]

74. Rezwan, K.; Chen, Q.Z.; Blaker, J.J.; Boccaccini, A.R. Biodegradable and bioactive porous polymer/inorganic composite scaffolds
for bone tissue engineering. Biomaterials 2006, 27, 3413–3431. [CrossRef] [PubMed]

75. Ulery, B.D.; Nair, L.S.; Laurencin, C.T. Biomedical Applications of Biodegradable Polymers. J. Polym. Sci. B Polym. Phys. 2011, 49,
832–864. [CrossRef]

76. Wu, Q.; Liu, J.; Wang, X.; Feng, L.; Wu, J.; Zhu, X.; Wen, W.; Gong, X. Organ-on-a-chip: Recent breakthroughs and future prospects.
Biomed. Eng. Online 2020, 19, 9. [CrossRef] [PubMed]

77. Ding, C.; Chen, X.; Kang, Q.; Yan, X. Biomedical Application of Functional Materials in Organ-on-a-Chip. Front. Bioeng. Biotechnol.
2020, 8, 823. [CrossRef] [PubMed]

78. Ratner, B.D.; Hoffman, A.S.; Schoen, F.J.; Lemons, J.E. An Introduction to Materials in Medicine. In Biomaterials Science, 4th ed.;
Academic Press: Cambridge, MA, USA, 2020; pp. 553–573. [CrossRef]

79. Thery, M.; Piel, M. Adhesive micropatterns for cells: A microcontact printing protocol. Cold Spring Harb Protoc. 2009, 2009,
pdb-prot5255. [CrossRef]

80. Manz, A.; Graber, N.; Widmer, H.Á. Miniaturized total chemical analysis systems: A novel concept for chemical sensing. Sens.
Actuators B Chem. 1990, 1, 244–248. [CrossRef]

81. Kim, H.J.; Huh, D.; Hamilton, G.; Ingber, D.E. Human gut-on-a-chip inhabited by microbial flora that experiences intestinal
peristalsis-like motions and flow. Lab Chip 2012, 12, 2165–2174. [CrossRef] [PubMed]

82. Radisic, M.; Loskill, P. Beyond PDMS and Membranes: New Materials for Organ-on-a-Chip Devices. ACS Biomater. Sci. Eng. 2021,
7, 2861–2863. [CrossRef] [PubMed]

83. Zhang, B.; Radisic, M. Organ-on-a-chip devices advance to market. Lab Chip 2017, 17, 2395–2420. [CrossRef]

http://doi.org/10.1016/j.carbpol.2007.04.002
http://doi.org/10.1039/C7LC00815E
http://doi.org/10.3390/bioengineering8080113
http://doi.org/10.1073/pnas.1210580109
http://doi.org/10.1007/s40204-020-00141-4
http://www.ncbi.nlm.nih.gov/pubmed/33156481
http://doi.org/10.1088/1757-899X/31/1/012007
http://doi.org/10.1016/j.progpolymsci.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/22125349
http://doi.org/10.1097/00002371-199108000-00007
http://doi.org/10.1016/j.ijbiomac.2016.01.080
http://doi.org/10.1186/1754-1611-7-9
http://doi.org/10.1021/acsomega.9b04096
http://doi.org/10.1002/jbm.b.33070
http://doi.org/10.1021/acsbiomaterials.0c00806
http://doi.org/10.1039/b917763a
http://doi.org/10.1038/bjc.2014.166
https://www.thermofisher.com/ca/en/home/references/gibco-cell-culture-basics/cell-culture-environment.html
https://www.thermofisher.com/ca/en/home/references/gibco-cell-culture-basics/cell-culture-environment.html
http://doi.org/10.1016/B978-0-12-811710-1.00012-4
http://doi.org/10.1016/j.biomaterials.2004.01.066
http://www.ncbi.nlm.nih.gov/pubmed/15147819
http://doi.org/10.1002/jab.770050208
http://www.ncbi.nlm.nih.gov/pubmed/10147175
http://doi.org/10.1016/j.biomaterials.2006.01.039
http://www.ncbi.nlm.nih.gov/pubmed/16504284
http://doi.org/10.1002/polb.22259
http://doi.org/10.1186/s12938-020-0752-0
http://www.ncbi.nlm.nih.gov/pubmed/32050989
http://doi.org/10.3389/fbioe.2020.00823
http://www.ncbi.nlm.nih.gov/pubmed/32793573
http://doi.org/10.1016/B978-0-12-816137-1.00037-4
http://doi.org/10.1101/pdb.prot5255
http://doi.org/10.1016/0925-4005(90)80209-I
http://doi.org/10.1039/c2lc40074j
http://www.ncbi.nlm.nih.gov/pubmed/22434367
http://doi.org/10.1021/acsbiomaterials.1c00831
http://www.ncbi.nlm.nih.gov/pubmed/34275298
http://doi.org/10.1039/C6LC01554A


Int. J. Mol. Sci. 2023, 24, 3232 18 of 22

84. Bhise, N.S.; Manoharan, V.; Massa, S.; Tamayol, A.; Ghaderi, M.; Miscuglio, M.; Lang, Q.; Shrike Zhang, Y.; Shin, S.R.; Calzone, G.;
et al. A liver-on-a-chip platform with bioprinted hepatic spheroids. Biofabrication 2016, 8, 014101. [CrossRef]

85. Toepke, M.W.; Beebe, D.J. PDMS absorption of small molecules and consequences in microfluidic applications. Lab Chip 2006, 6,
1484–1486. [CrossRef]

86. Thompson, B.L.; Ouyang, Y.; Duarte, G.R.M.; Carrilho, E.; Krauss, S.T.; Landers, J.P. Inexpensive, rapid prototyping of microfluidic
devices using overhead transparencies and a laser print, cut and laminate fabrication method. Nat. Protoc. 2015, 10, 875–886.
[CrossRef]

87. Urbaczek, A.C.; Leão, P.A.G.C.; Souza, F.Z.R.d.; Afonso, A.; Vieira Alberice, J.; Cappelini, L.T.D.; Carlos, I.Z.; Carrilho, E.
Endothelial Cell Culture Under Perfusion On A Polyester-Toner Microfluidic Device. Sci. Rep. 2017, 7, 10466. [CrossRef]
[PubMed]

88. Yang, X.; Li, K.; Zhang, X.; Liu, C.; Guo, B.; Wen, W.; Gao, X. Nanofiber membrane supported lung-on-a-chip microdevice for
anti-cancer drug testing. Lab Chip 2018, 18, 486–495. [CrossRef] [PubMed]

89. Tran, R.T.; Thevenot, P.; Gyawali, D.; Chiao, J.-C.; Tang, L.; Yang, J. Synthesis and characterization of a biodegradable elastomer
featuring a dual crosslinking mechanism. Soft Matter 2010, 6, 2449–2461. [CrossRef]

90. Abdel-Wahab, A.A.; Ataya, S.; Silberschmidt, V.V. Temperature-dependent mechanical behaviour of PMMA: Experimental
analysis and modelling. Polym. Test. 2017, 58, 86–95. [CrossRef]

91. Wan, A.M.D.; Devadas, D.; Young, E.W.K. Recycled polymethylmethacrylate (PMMA) microfluidic devices. Sens. Actuators B
Chem. 2017, 253, 738–744. [CrossRef]

92. Nguyen, T.; Jung, S.H.; Lee, M.S.; Park, T.-E.; Ahn, S.-k.; Kang, J.H. Robust chemical bonding of PMMA microfluidic devices to
porous PETE membranes for reliable cytotoxicity testing of drugs. Lab Chip 2019, 19, 3706–3713. [CrossRef] [PubMed]

93. Nahak, B.K.; Mishra, A.; Preetam, S.; Tiwari, A. Advances in Organ-on-a-Chip Materials and Devices. ACS Appl. Bio Mater. 2022,
5, 3576–3607. [CrossRef] [PubMed]

94. Díez-Pascual, A.M.; Naffakh, M.; Marco, C.; Ellis, G.; Gómez-Fatou, M.A. High-performance nanocomposites based on polyether-
ketones. Prog. Mater. Sci. 2012, 57, 1106–1190. [CrossRef]

95. Lehtonen, T.J.; Tuominen, J.U.; Hiekkanen, E. Resorbable composites with bioresorbable glass fibers for load-bearing applications.
In vitro degradation and degradation mechanism. Acta Biomater. 2013, 9, 4868–4877. [CrossRef]

96. Shuai, C.; Wu, P.; Zhong, Y.; Feng, P.; Gao, C.; Huang, W.; Zhou, Z.; Chen, L.; Shuai, C. Polyetheretherketone/poly (glycolic acid)
blend scaffolds with biodegradable properties. J. Biomater. Sci. Polym. Ed. 2016, 27, 1434–1446. [CrossRef]

97. Brovold, M.; Almeida, J.I.; Pla-Palacín, I.; Sainz-Arnal, P.; Sánchez-Romero, N.; Rivas, J.J.; Almeida, H.; Dachary, P.R.; Serrano-
Aulló, T.; Soker, S.; et al. Naturally-Derived Biomaterials for Tissue Engineering Applications. Adv. Exp. Med. Biol. 2018, 1077,
421–449. [CrossRef] [PubMed]

98. Tabata, Y. Biomaterial technology for tissue engineering applications. J. R. Soc. Interface 2009, 6 (Suppl. S3), S311–S324. [CrossRef]
[PubMed]

99. Zamprogno, P.; Wüthrich, S.; Achenbach, S.; Thoma, G.; Stucki, J.D.; Hobi, N.; Schneider-Daum, N.; Lehr, C.-M.; Huwer, H.;
Geiser, T.; et al. Second-generation lung-on-a-chip with an array of stretchable alveoli made with a biological membrane. Commun.
Biol. 2021, 4, 168. [CrossRef] [PubMed]

100. Xiao, Y.; Zhang, B.; Liu, H.; Miklas, J.W.; Gagliardi, M.; Pahnke, A.; Thavandiran, N.; Sun, Y.; Simmons, C.; Keller, G.; et al.
Microfabricated perfusable cardiac biowire: A platform that mimics native cardiac bundle. Lab Chip 2014, 14, 869–882. [CrossRef]

101. Nashimoto, Y.; Hayashi, T.; Kunita, I.; Nakamasu, A.; Torisawa, Y.-S.; Nakayama, M.; Takigawa-Imamura, H.; Kotera, H.;
Nishiyama, K.; Miura, T.; et al. Integrating perfusable vascular networks with a three-dimensional tissue in a microfluidic device.
Integr. Biol. 2017, 9, 506–518. [CrossRef]

102. Yue, K.; Trujillo-de Santiago, G.; Alvarez, M.M.; Tamayol, A.; Annabi, N.; Khademhosseini, A. Synthesis, properties, and
biomedical applications of gelatin methacryloyl (GelMA) hydrogels. Biomaterials 2015, 73, 254–271. [CrossRef]

103. Pepelanova, I.; Kruppa, K.; Scheper, T.; Lavrentieva, A. Gelatin-Methacryloyl (GelMA) Hydrogels with Defined Degree of
Functionalization as a Versatile Toolkit for 3D Cell Culture and Extrusion Bioprinting. Bioengineering 2018, 5, 55. [CrossRef]

104. Sun, M.; Sun, X.; Wang, Z.; Guo, S.; Yu, G.; Yang, H. Synthesis and Properties of Gelatin Methacryloyl (GelMA) Hydrogels and
Their Recent Applications in Load-Bearing Tissue. Polymers 2018, 10, 1290. [CrossRef]

105. Smith, K.A.; Habibi, S.; de Beer, M.P.; Pritchard, Z.D.; Burns, M.A. Dual-wavelength volumetric stereolithography of multilevel
microfluidic devices. Biomicrofluidics 2022, 16, 044106. [CrossRef]

106. Wlodarczyk, K.L.; Hand, D.P.; Maroto-Valer, M.M. Maskless, rapid manufacturing of glass microfluidic devices using a picosecond
pulsed laser. Sci. Rep. 2019, 9, 20215. [CrossRef]

107. Nguyen, T.; Sarkar, T.; Tran, T.; Moinuddin, S.M.; Saha, D.; Ahsan, F. Multilayer Soft Photolithography Fabrication of Microfluidic
Devices Using a Custom-Built Wafer-Scale PDMS Slab Aligner and Cost-Efficient Equipment. Micromachines 2022, 13, 1357.
[CrossRef] [PubMed]

108. Beck, A.; Obst, F.; Busek, M.; Grünzner, S.; Mehner, P.J.; Paschew, G.; Appelhans, D.; Voit, B.; Richter, A. Hydrogel Patterns in
Microfluidic Devices by Do-It-Yourself UV-Photolithography Suitable for Very Large-Scale Integration. Micromachines 2020, 11,
479. [CrossRef] [PubMed]

109. Yamamoto, S.; Hirakawa, S.; Suzuki, S. In situ fabrication of ionic polyacrylamide-based preconcentrator on a simple poly(methyl
methacrylate) microfluidic chip for capillary electrophoresis of anionic compounds. Anal. Chem. 2008, 80, 8224–8230. [CrossRef]

http://doi.org/10.1088/1758-5090/8/1/014101
http://doi.org/10.1039/b612140c
http://doi.org/10.1038/nprot.2015.051
http://doi.org/10.1038/s41598-017-11043-0
http://www.ncbi.nlm.nih.gov/pubmed/28874818
http://doi.org/10.1039/C7LC01224A
http://www.ncbi.nlm.nih.gov/pubmed/29309077
http://doi.org/10.1039/c001605e
http://doi.org/10.1016/j.polymertesting.2016.12.016
http://doi.org/10.1016/j.snb.2017.07.011
http://doi.org/10.1039/C9LC00338J
http://www.ncbi.nlm.nih.gov/pubmed/31577312
http://doi.org/10.1021/acsabm.2c00041
http://www.ncbi.nlm.nih.gov/pubmed/35839513
http://doi.org/10.1016/j.pmatsci.2012.03.003
http://doi.org/10.1016/j.actbio.2012.08.052
http://doi.org/10.1080/09205063.2016.1210420
http://doi.org/10.1007/978-981-13-0947-2_23
http://www.ncbi.nlm.nih.gov/pubmed/30357702
http://doi.org/10.1098/rsif.2008.0448.focus
http://www.ncbi.nlm.nih.gov/pubmed/19324684
http://doi.org/10.1038/s42003-021-01695-0
http://www.ncbi.nlm.nih.gov/pubmed/33547387
http://doi.org/10.1039/C3LC51123E
http://doi.org/10.1039/C7IB00024C
http://doi.org/10.1016/j.biomaterials.2015.08.045
http://doi.org/10.3390/bioengineering5030055
http://doi.org/10.3390/polym10111290
http://doi.org/10.1063/5.0094721
http://doi.org/10.1038/s41598-019-56711-5
http://doi.org/10.3390/mi13081357
http://www.ncbi.nlm.nih.gov/pubmed/36014279
http://doi.org/10.3390/mi11050479
http://www.ncbi.nlm.nih.gov/pubmed/32370256
http://doi.org/10.1021/ac801245n


Int. J. Mol. Sci. 2023, 24, 3232 19 of 22

110. Sahore, V.; Doonan, S.R.; Bailey, R.C. Droplet Microfluidics in Thermoplastics: Device Fabrication, Droplet Generation, and
Content Manipulation using Integrated Electric and Magnetic Fields. Anal. Methods 2018, 10, 4264–4274. [CrossRef] [PubMed]

111. Zhou, S.; Lu, Z.; Yuan, Q.; Wu, G.; Liu, C.; Liu, H. Measurement and compensation of a stitching error in a DMD-based
step-stitching photolithography system. Appl. Opt. 2021, 60, 9074–9081. [CrossRef] [PubMed]

112. Kasi, D.G.; de Graaf, M.N.S.; Motreuil-Ragot, P.A.; Frimat, J.M.S.; Ferrari, M.D.; Sarro, P.M.; Mastrangeli, M.; van den Maag-
denberg, A.; Mummery, C.L.; Orlova, V.V. Rapid Prototyping of Organ-on-a-Chip Devices Using Maskless Photolithography.
Micromachines 2021, 13, 49. [CrossRef] [PubMed]

113. Jindal, V.; Sugunakar, V.; Ghosh, S. Setup for photolithography on microscopic flakes of 2D materials by combining simple-
geometry mask projection with writing. Rev. Sci. Instrum. 2022, 93, 023901. [CrossRef]

114. Kajtez, J.; Buchmann, S.; Vasudevan, S.; Birtele, M.; Rocchetti, S.; Pless, C.J.; Heiskanen, A.; Barker, R.A.; Martínez-Serrano, A.;
Parmar, M.; et al. 3D-Printed Soft Lithography for Complex Compartmentalized Microfluidic Neural Devices. Adv. Sci. 2020, 7,
2001150. [CrossRef]

115. Zhang, Y.; Duan, H.; Li, G.; Peng, M.; Ma, X.; Li, M.; Yan, S. Construction of liquid metal-based soft microfluidic sensors via soft
lithography. J. Nanobiotechnol. 2022, 20, 246. [CrossRef]

116. Nargang, T.M.; Brockmann, L.; Nikolov, P.M.; Schild, D.; Helmer, D.; Keller, N.; Sachsenheimer, K.; Wilhelm, E.; Pires, L.; Dirschka,
M.; et al. Liquid polystyrene: A room-temperature photocurable soft lithography compatible pour-and-cure-type polystyrene.
Lab Chip 2014, 14, 2698–2708. [CrossRef]

117. Ferrari, E.; Nebuloni, F.; Rasponi, M.; Occhetta, P. Photo and Soft Lithography for Organ-on-Chip Applications. In Organ-on-a-Chip;
Methods in Molecular Biology; Humana: New York, NY, USA, 2022; Volume 2373, pp. 1–19. [CrossRef]

118. Qin, D.; Xia, Y.; Whitesides, G.M. Soft lithography for micro- and nanoscale patterning. Nat. Protoc. 2010, 5, 491–502. [CrossRef]
[PubMed]

119. Kim, Y.; Song, J.; Lee, Y.; Cho, S.; Kim, S.; Lee, S.R.; Park, S.; Shin, Y.; Jeon, N.L. High-throughput injection molded microfluidic
device for single-cell analysis of spatiotemporal dynamics. Lab Chip 2021, 21, 3150–3158. [CrossRef] [PubMed]

120. Ko, J.; Lee, Y.; Lee, S.; Lee, S.R.; Jeon, N.L. Human Ocular Angiogenesis-Inspired Vascular Models on an Injection-Molded
Microfluidic Chip. Adv. Healthc. Mater. 2019, 8, e1900328. [CrossRef] [PubMed]

121. Choi, S.Y.; Habimana, O.; Flood, P.; Reynaud, E.G.; Rodriguez, B.J.; Zhang, N.; Casey, E.; Gilchrist, M.D. Material- and feature-
dependent effects on cell adhesion to micro injection moulded medical polymers. Colloids Surf. B Biointerfaces 2016, 145, 46–54.
[CrossRef] [PubMed]

122. Ding, Y.; Hassan, M.H.; Bakker, O.; Hinduja, S.; Bartolo, P. A Review on Microcellular Injection Moulding. Materials 2021, 14, 4209.
[CrossRef] [PubMed]

123. Baruffi, F.; Calaon, M.; Tosello, G. Micro-Injection Moulding In-Line Quality Assurance Based on Product and Process Fingerprints.
Micromachines 2018, 9, 293. [CrossRef]

124. Pezzoli, R.; Hopkins Jnr, M.; Direur, G.; Gately, N.; Lyons, J.G.; Higginbotham, C.L. Micro-Injection Moulding of
Poly(vinylpyrrolidone-vinyl acetate) Binary and Ternary Amorphous Solid Dispersions. Pharmaceutics 2019, 11, 240. [CrossRef]

125. Dolza, C.; Fages, E.; Gonga, E.; Gomez-Caturla, J.; Balart, R.; Quiles-Carrillo, L. Development and Characterization of Envi-
ronmentally Friendly Wood Plastic Composites from Biobased Polyethylene and Short Natural Fibers Processed by Injection
Moulding. Polymers 2021, 13, 1692. [CrossRef]

126. Yang, S.; Devoe, D.L. Microfluidic device fabrication by thermoplastic hot-embossing. Methods Mol. Biol. 2013, 949, 115–123.
[CrossRef]

127. Lin, T.Y.; Do, T.; Kwon, P.; Lillehoj, P.B. 3D printed metal molds for hot embossing plastic microfluidic devices. Lab Chip 2017, 17,
241–247. [CrossRef]

128. Jeon, J.S.; Chung, S.; Kamm, R.D.; Charest, J.L. Hot embossing for fabrication of a microfluidic 3D cell culture platform. Biomed.
Microdevices 2011, 13, 325–333. [CrossRef]

129. Locascio, L.E.; Ross, D.J.; Howell, P.B.; Gaitan, M. Fabrication of polymer microfluidic systems by hot embossing and laser
ablation. Methods Mol. Biol. 2006, 339, 37–46. [CrossRef] [PubMed]

130. Barata, D.; Provaggi, E.; van Blitterswijk, C.; Habibovic, P. Development of a microfluidic platform integrating high-resolution
microstructured biomaterials to study cell-material interactions. Lab Chip 2017, 17, 4134–4147. [CrossRef] [PubMed]

131. Cameron, N.S.; Roberge, H.; Veres, T.; Jakeway, S.C.; John Crabtree, H. High fidelity, high yield production of microfluidic devices
by hot embossing lithography: Rheology and stiction. Lab Chip 2006, 6, 936–941. [CrossRef] [PubMed]
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