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ABSTRACT: The organ-on-a-chip (OoC) paves a way for biomedical
applications ranging from preclinical to clinical translational precision. The
current trends in the in vitro modeling is to reduce the complexity of human
organ anatomy to the fundamental cellular microanatomy as an alternative
of recreating the entire cell milieu that allows systematic analysis of
medicinal absorption of compounds, metabolism, and mechanistic
investigation. The OoC devices accurately represent human physiology in
vitro; however, it is vital to choose the correct chip materials. The potential
chip materials include inorganic, elastomeric, thermoplastic, natural, and
hybrid materials. Despite the fact that polydimethylsiloxane is the most
commonly utilized polymer for OoC and microphysiological systems,
substitute materials have been continuously developed for its advanced
applications. The evaluation of human physiological status can help to
demonstrate using noninvasive OoC materials in real-time procedures.
Therefore, this Review examines the materials used for fabricating OoC devices, the application-oriented pros and cons, possessions
for device fabrication and biocompatibility, as well as their potential for downstream biochemical surface alteration and
commercialization. The convergence of emerging approaches, such as advanced materials, artificial intelligence, machine learning,
three-dimensional (3D) bioprinting, and genomics, have the potential to perform OoC technology at next generation. Thus, OoC
technologies provide easy and precise methodologies in cost-effective clinical monitoring and treatment using standardized
protocols, at even personalized levels. Because of the inherent utilization of the integrated materials, employing the OoC with
biomedical approaches will be a promising methodology in the healthcare industry.
KEYWORDS: Advanced materials, Biomedical engineering, Biodevices, Organ-on-a-chip, Microfluidics

1. INTRODUCTION
Organ-on-a-chip (OoC) materials represent an emerging
research field that has recently attracted substantial attention,
because of their conceivable role in the development of
microfluidic systems for physiological monitoring, precise
diagnosis, drug discovery, etc. The recent research demon-
strates a portable fluorescence resonance energy transfer
(FRET)-based Pb-biosensor for environmental applications
and microfluidic technology-based optical and electrochemical
sensors for disease detection.1−3 The detection of pathogenic
bacteria, with diversified biosensors (such as electrochemical,
optical, microfluidic, etc.) and signal amplification technologies
(such as enzyme catalysis, nucleic acid chain reaction, biotin−
streptavidin, click chemistry, cascade reaction, nanomaterials,
etc.) were important aspects that have been researched
recently.4 Most importantly, the design of aptamer sensors
and mechanisms is based on three signal transduction modes,
i.e., electrochemistry, colorimetry, and fluorescence, which are
helpful in tumor theranostics and post-treatment monitoring.5

Furthermore, cellulose-based flexible bioelectronic devices
and their application in biomedicals have been emerged as
climate neutral approach.6 The advancements of materials play

a significant role in the diagnosis, treatment, and disease
prevention.51 The state-of-the-art multifunctional biomaterials,
such as smart polymers, nanostructures, and interfaces, along
with biodevices, incorporate therapeutic, molecular targeting,
and diagnostic imaging capabilities.51 The emerging biomed-
ical research on biosensor and bioelectronics has conceived
ooportunities for next-generation healthcare devices.316,318,328

The main goal of OoC devices is to work as a holistic platform
of partial human organs for physiological monitoring of
consequences and, subsequently, drug interactions. It is a
physiological organ mimetic materials system that operates
between the tissue interfaces and biosensing-based microfluidic
chips in the microenvironment of the human body. The OoC
device is informative and is involved in diverse fields, such as
medicine, biology, physics, chemistry, and engineering
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approaches, to deliver the fundamental and translational
applications.
The recent development of advanced materials field can

outperform physicochemical-based precise activity and is
guided through techniques to impart huge efficiency and
transforming the healthcare field. Intelligent materials reveal
diverse functionalities and, thus, open the door for specific
experiments, functional therapeutics, quality interface syn-
thesis, bioengineering devices, and intelligence identification
for translational healthcare research.303 Prior to the clinical
evaluation, considerable preclinical research and verification of
prospective medicinal substances is highly essential. This
procedure is time-consuming, very expensive, and has low
efficacy. Some of the medicines have demonstrated preclinical
efficacy; however, in the clinic, they have failed and sometimes
caused fatalities. For instance, encainide and flecainide, even
though Class One antiarrhythmic agents, looked very
promising in preclinical studies in 1980 for suppressing
abnormal cardiac pacing, and yet a later cardiac arrhythmia
suppression trial revealed the possibility that the threat of
catastrophic heart attack was coparively more than twice in
people having encainide and flecainide.1,7 Over the course of
time, the amount of investments made for pharmaceutical
research and development has surged to over 2.5 billion
dollars.8 However, over the last few decades, the number of
medicines approved by the U.S. Food and Drug Admin-
istration (FDA) has decreased.9 The lack of physiologically
realistic preclinical models that anticipate human responses to
novel drugs has been one of the key factors that lead to the
high expensive and low efficacy of standard drug research.
Unfortunately, the use of animal models has ethical issues,
performance issues, and cost effectiveness problems.10 Thus,
better human tissue models for drug screening in preclinical
studies are required in order to enhance the speed and success
rate of clinical trials.
To address this issue, microfluidic-chip-based devices, or so-

called organ-on-a-chip (OoC) platforms, can be employed.
These devices imitate in vitro physiological functions at the
organ level through a seamless integration of 3D biomimetic-
tissue structures and dynamic microenvironment into chip-
based devices. Some of these commonly used OoCs include
lung-on-a-chip,11,12 brain-on-a-chip,13,14 heart-on-a-chip,15,16

kidney-on-a-chip,17,18 liver-on-a-chip,19,20 and gut-on-a-chip.21

Based on particular applications such as lab-on-a-chip,
pathogen detection, electrophoresis, DNA analysis, etc. the
structure of the microchannels in a system should be modified
to suit the criteria in order to achieve the required result. An
important element of these OoC devices is that the materials
that comprise the device determine how well the functions can
be implemented. A variety of advanced materials have been
explored in microfluidics over the past two decades in order to
advance its physiological characteristics.22 The design of OoC-
based microfluidic devices that has led to the incorporation of
novel materials and new methodologies for integrating and
arranging existing materials has produced an abundance of
diverse OoC-based microfluidic systems. The most frequent
substance for laboratory study was polydimethylsiloxane
(PDMS). However, there are also many limitations to
PDMS that encourage the move to alternate OoC materials.
Some new materials, including hydrogel, paper, and hybrids,
are being created to imitate drug interactions in vivo.
Moreover, although there is much good literature that is

focused on specific organ development technology, there is not

enough that can provide an overview or direction for
developing OoC devices, although choosing the proper
material is the first step of fabrication. The most recent
advances in intelligent nanomaterials are helpful in the shaping
and development of the bioelectronics field.304,305,318,323−325 It
is imperative to understanding sustainable chemical and
technology reproductions for emerging healthier healthcare
management.326,327 The paper-, cellulose-, and graphene-based
materials were involved in the RNA sensing, antigenic
determination and immune response detection with sustain-
able application.
The initiation of evidence-based personalized practice in

clinical research plays a key role in the healthcare industry.
Clinical complications related to human adaptation, drug
response, and emerging pathogens for the correct clinical
decision, which is further dependent on a better understanding
of the mechanism with standardized and precision-based
clinical protocols. This is a literature review that includes
important findings, conceptual analysis, and thematic overview.
This Review provides a systematic examination of recent
literature and describes a wide range of OoC materials and
methods at various levels of completeness and comprehensive-
ness. This Review defines bioinspired OoC technology,
materials utilization, device fabrication, preparation of
interfaces, bioassays mechanism, data validation, and transla-
tional potential to understand the trending research and
development. Most importantly, policy and adoptation of OoC
protocols for clinical research will reduce the burden of clinical
trials by removing harmful complications and assisting to
develop commercial clinical research products rapidly. In this
Review, OoC materials and devices have been systematically
illustrated to understand the developments of biomedical
microfluidics. The first section discusses the evolution of
different materials and design parameters for the fabrication of
OoC devices. The second part addresses various materials
ranging from elastomeric, thermoplastic, inorganic, and
synthetic materials, with regard to their properties for organ
remaking applications. The last part summarizes the
commercialization of OoC devices and their future outlook
for use as advance materials, such as bioinspired design, which
have the potential to become a next generation of microfluidic
devices.

2. ORGAN-ON-A-CHIP DEVICES
Microfluidic devices gained prominence in the late 1990s with
the emergence of the polymer material poly(dimethylsiloxane)
(PDMS), which is a soft, optically transparent elastomer that is
mostly employed in small-scale bioapplications. Andre Kleber
and colleagues used a spherical glass substrate to construct a
ventricular myocardium in vitro via a patterned growth of
cells.23 This established the very first physiological model for
explaining conduction blockage in the heart. In 1998, George
and co-workers reported a method for drug screening and
clinical diagnostics.24 The system enables simultaneous
execution of several trials, which minimizes variability and
creates a physiologically more realistic tissue culture
chamber.25 Since then microfluidic systems have been
designed to solve real-world problems mimicking the human
organ level functioning such as the liver,26 lungs,27 intestine,28

and kidney-on-a-chip. In 2010, Donald E. Ingber reported a
microfluidic device to demonstrate organ level functioning of
human lungs using a thin flexible PDMS membrane.27 Later in
the year, Wang reported on poly(ester amide), which is a
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biodegradable elastomeric polymer used for microfluidic
scaffolds formation.29

Polyurethanes are flexible, biocompatible, have the ability to
be molded, and are resistant toward the absorption of small
hydrophobic molecules; these features make it a more suitable
and promising material that can replace traditional PDMS-
based devices.30 Other than polymer materials, paper has
attracted consideration as a substrate for various biomedical
claims. Because of its cost efficiency, eco-friendliness,
biocompatibility, and large-scale fabrication, these can applied
in studying various in vitro disease models, drug screening, and
cell cryopreservation applications.31,32 Nguyen et al. reported a
simple and reliable process for developing lung adenocarcino-
ma cells cultured on PMMA-bonded PETE chips.32 Recently,
Ongaro et al. demonstrated polylactic-acid-based OoC devices
that can overcome the shortcoming of PDMS.33 Figure 1
shows the evolution of different microfluidic OoC devices
using various chip materials from the last 30 years.
2.1. OoC Device Fabrication. The fabrication methods,

techniques, and design are primarily utilized for the perform-
ance of OoC devices.34,35,44 An ideal chip material must be
biocompatible, since it comes direct contact with living cells; it
also should not cause any inflammation or any allergic
symptoms when comes in contact with tissue. Also, they
must have good mechanical strength; such characteristics
improve the production of tissue structures with high
mechanical strength and robustness and maintain tissue
matching mechanics.35 These factors become more important
when developing scaffolds, so that they will not collapse toward
regular wear-tear applications. Moreover, the material should
be easily sterilizable to prevent infection. For instance, for bone
tissue-regeneration, there is seek for biomaterials that can
provide vascularization in developed tissue. While choosing
material to be considered for mechanical applications, it
becomes essential to check some of these crucial parameters:
Young’s modulus, ductility, durability, elasticity, and fatigue.
Importantly, existing knowledge for the best design, fabrication
requirements, and challenges is imperative for understanding
high-performance OoC devices.43 With regard to designing
microphysiological systems, the choice of materials is highly
dependent on the targeted organ part. Since the cell structure
and properties vary for different organs of human body, and in
order to mimic them, a unique choice of biomaterial and
design is required.
2.1.1. OoC Design Principles. Once all the ADME

parameters are identified, it can be further implemented to
the model proposed by the Michael Shuler group. Using the

previously developed design criteria, the group devised a
simple set of design requirements that could be utilized to
construct an OoC platform. A holistic model describes
absorption and metabolism to study the effect of chemicals
as an ADME tool.45 Relevant tissue study and drug discovery
occurred based on ADME optimization.46 Importantly, ADME
parameters can be used to calculate parameters relevant to the
OoC platform. These separate criteria governed the develop-
ment of the equations. They concluded that steady-state
nutrient concentrations in the OoC are similar to those in the
human body. Also, the desired drug concentration is similar to
that in the human body. The final part states that inside each
organ, the unbound drug concentration released in the body in
a time-dependent manner should be equivalent to that found
in the organ. The basic parametric equation was further
condensed into a set of five equations that deal with OoC
development; three of them concern general OoC design, and
two are used for targeted drugs. Table 1 presents the equations
and parameter definitions in an abbreviated fashion.38

2.2. OoC Device Parameters. The OoC model is often
employed as a human replica model for validating
mathematical physiologically based pharmacokinetic (PBPK)
models. Furthermore, pharmacodynamic (PD) models can be
coupled with PBPK models to accurately expect drug
usefulness, dosing, and toxicity. Certain parameters that are
involved in drug characteristics can be easily evaluated from

Figure 1. Key milestones of organ-on-a-chip (OoC) materials innovations during the period 1991−2021.

Table 1. Parametric Criteria for Organ-on-a-Chip
Developmentsa

parametric criteria
parameters
to be find

known
parameters description

Øchip = Øhuman Øchip Øhuman cardiac output from
targeted organ

Q

R n

Q

R n

chip

chip chip

human

human human=

Qchip Qhuman blood-flow rate in
targeted organ

Rchip Rhuman intrinsic-reaction rate
in the tissue cells in
targeted organ

nchip nhuman

τorganchip = τorganhuman τorganchip τorganhuman residence time of each
organ

τbodychip = τbodyhuman τbodychip τbodyhuman residence time of the
body

K K

B:P B:P

chip

chip

human

human=
Kchip Khuman drug partitioning
B:Pchip B:Phuman

Fchip = f human fchip f human unbound fraction of
the drug

aEquations were taken from ref 38.
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drug studies that have been done previously, using a single-
tissue construct. Once all the paramters are identified, they can
be used in a PBPK model, which can be cross-verified with
OoC devices containing various organs. Furthermore, PBPK
models are additionally capable of examining spatial and
temporal responses of an organ to a medication, and its
interaction with other organs.
2.2.1. ADME Parameters. OoC models are generally used to

determine the drug absorption, distribution, metabolism, and
excretion (ADME) factors in human beings. To successfully
complete OoC development, a variety of design parameters are
significant. Features such as cardiac output (CO), blood flow
rate (Q), number of cells (n), and the residence duration (τ)
are among the metrics of widely accessible desired organ in the
reported literature. In addition, there are certain other
parameters that have a significant impact on designing a
specific OoC-based platform. The parameters can be calculated
from in vitro tests and consist of the distribution of a drug
between various organs (K), the portion of a drug that is
unused ( f), the intrinsic reaction rate per cell and per drug
concentration in tissue (R), the intrinsic clearance rate (C),
and the blood-to-plasma distribution (B:P). Morover,
techniques such as in-vitro-to-in-vivo extrapolation (IVIVE)
can be utilized to validate the obtained experimental results
with in vivo physiology.36,37 Since these in vitro values
represent the entire body, they can be used as a general
approximation for in vivo measurements. This signifies that in
vitro parameters can be used to represent the entire human
physiology. The developing PBPK models become highly
essential before designing an OoC device. The OoC model can
be designed based on a single model molecule or with a mean
of manifold ADME parameters.

(a) Absorption: It can occur through many physiological
barriers, including the gastrointestinal tract, skin, and
lungs. The solubility (S) and permeability (P) of a drug
are assessed through individual OoC platforms, such as
gut-on-a-chip, skin-on-a-chip, and lungs-on-a-chip,
rather than using conventional cultures of human/
animal cells or animal cadavers.36−38

(b) Distribution: After absorption, the drug is delivered to all
of the body’s various organs. Unused drug portions, the
B:P ratio, and the drug distribution among the organs
plays a vital role in this stage. Experimentally, the first

two parameters can be measured using an OoC
platform. Furthermore, the drug distribution coefficient
is primarily dependent on the concentration of lip-
oproteins, especially that of lipoprotein complexes. Thus,
it becomes easy to find these parameters once we have
the proper molecular configuration of individual OoC.

(c) Metabolism: Here, the liver does play a primary role in
metabolizing most of the drugs, although there may be
some involvement of other organs in this process. In
vitro, it is possible to calculate the intrinsic clearance rate
of a drug for each hepatocyte or microsome. Using the
IVIVE approach, these data can be extended to the liver-
on-a-chip system.39

(d) Excretion: Renal or biliary excretion are the primary
routes of excretion in the human body. Using the
kidney-on-a-chip or renal proximal tubule-on-a-chip, we
can calculate these values. The IVIVE method is used to
extrapolate these in vivo total renal clearance values to
the values seen in vivo.40,47

2.3. Common OoC Design. Understanding design from
functionality, biomechatronic methodology as well as efficient
guidelines can make new fabrication, theoretical, and
experimental knowledge for device development.41,42 It
important to note that, similar to device rule, cell source,
and culture media also play key roles in the development of
new OoC devices. This also includes the combination of
multiple OoC devices, or simply known as body-on-a-chip. A
simple model by single section helps to investigate them
implicitly. It is also results in a reduction in manufacturing
costs and materials required. The final design parameters
include controlling the flow rate and shear rates in the organ
model. By adjusting the diameter of the tubes going to the
tissue, the flow rate can be scaled and modified, and these
values can be found the literature available. Once these
comparisons have been completed, the OoC platform should
be put through its paces and the outcomes compared to the
PBPK platform. It is important to validate the OoC platform
and continue to iterate the design to achieve a proper model.

3. OOC MATERIALS
The fundamental issue that remains as an obstacle to the development
of OoC devices is the material utilized in chip production, as well as
the weak enforcement of rules that regulate feasible commercial

Figure 2. Classification of materials used for OoC developments.
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production of OoCs, similar to the well-established semiconductor
sector.
3.1. Classification of OoC Materials. Polydimethylsiloxane

(PDMS) is generally used to construct the majority of LOC and
OoC devices utilizing soft lithography. Having advantageous proper-
ties such as simple fabrication, molding, elasticity, permeability, and
biocompatibility activities, PDMS is an excellent rapid device with
wide range of claims. Studies suggest that photo PDMS permits
processing under normal ambient light and makes fabrication fast,
simple, and cost-effective indisposable lab-on-a-chip applications. On
the other hand, PDMS absorbs tiny molecules or other organic
substances and medicines, limiting its applicability as an OoC
material. Furthermore, despite its simplicity of PDMS manufacturing,
it lacks industrial standards.48,49 Several alternative natural and
synthetic materials have recently been used in the creation of
microfluidic/LOC/OoC devices to solve the shortcomings of PDMS.
Furthermore, various hybrid materials have been introduced as a
blend of synthetic and natural materials for the manufacture of
microfluidic OoC devices with a wide range of properties; Figure 2
depicts a summary of these materials.49

Natural polymers do mainly exist in animals, plants, and microbial
tissues in form of extracellular matrices (ECMs) or decellularized
extracellular matrices (dECMs). These consist of protein materials
such as collagen, elastin, keratin, and myosin; polysaccharides;
glycoproteins; and proteoglycans.49 These natural polymers are
typically flexible and have good biocompatibility and gas permeability.
Thus, they are highly suitable for drug delivery systems, tissue
engineering, biosensor development, and organ-on-chip devices.50,51

However, these natural polymers have few disadvantages. For
example, these materials must be sterilized and purified before their
use, which adds more complexity to the process. Also, the properties
of these materials cannot be altered.
Synthetic biomaterials could solve some of limitations of naturally

derived biomaterials. The physical and chemical properties of these
materials seem to be more adjustable than natural materials, which is
one of their key advantages. The strength and degradation rates of
these materials can be modified based on particular applications. And
these properties can be varied by changing the molecular weight,
concentration, and cross-linking. Another favorable property of
synthetic biomaterials is their reproducibility.52,53 Furthermore, in
case of natural materials, the batch-to-batch variability can be kept to
a minimum by controlling the fabrication process.
3.1.1. Elastomeric Synthetic OoC Materials. Elastomeric polymer-

based materials have had an essential role in the growth of organ-on-
chip platforms and flexible microfluidic devices.59−61 Compared to

inorganic materials, elastomers have become a more renowned
material in microchip development, because of the ease of fabrication
and their low cost.61 These are composed of cross-linked polymeric
chains and are usually entangled; they can be easily stretched or
compressed when an external force is applied, and gain its original
shape when force released. Recently, the development of an
elastomeric polymer-based microfluidic chip with excellent elasticity
and stability was stated by ref 54. Of all the elastomeric materials
available, PDMS has been widely used as chip material because it can
be easily obtained from a commercial source, it is inexpensive, has
optical transparency, high elasticity, and high gas permeability, and is
biocompatible for longer periods in cell culture devices.62,63 PDMS is
a synthetic elastomeric polymer with Si−O bonds. It can be utilized
for flexible membranes, has native tissue elasticity, and can induce cell
orientation through topological cues.
The transparent nature of it also helps in creating multilayer

microfluidic devices. It is available as an uncross linked gel with a
cross-linking solution. The mixture of these fluids triggers the
material, to undergoes cross-linking and forms a solid chip device.
After that, the poured solution is hardened at high temperatures and
then peeled away from the mold.64 Using plasma oxidation processes
or pressure application, the resultant mold can be capped with a glass
slide to form noncovalent bonding. In this phase, PDMS models can
be used as on-chip devices or as a mold for a secondary material type,
enabling further production.65 The elasticity of PDMS may be
adjusted, allowing the material qualities to be tailored to the specific
tissue application within the device.66

Despite its many advantages, PDMS has severe drawbacks,
particularly when it comes to the integration of biological components
into the OoC systems shown in Figure 3. One of the most important
issues facing PDMS structures is “the absorption of small
molecules”.67 This becomes a more important problem to be
addressed for applications having cell culture, because its presence
can create an impact on the concentration of soluble factors in the
media, which can lead to improper cell signaling and functioning.68,69

The second most important issue is the “leaching of the un-cross-
linked oligomers from PDMS”. Cured PDMS have remained un-
cross-linked polymer chains that get easily diffused into the bulk
material. Furthermore, whenever they come into contact with a
solution, these un-cross-linked oligomers can leach out into solution
via the bulk. Such oligomers were discovered to be capable of
penetrating into the membranes of grown cells.69 The unstable surface
property of PDMS facilitate better chip bonding between similar or
dissimilar materials, where its polymer chains can cause hydrophobic
recovery70 and raises concerns related to practicality and accessibility.

Figure 3. Disadvantages of PDMS-based microfluidic chips: (a) absorption of small hydrophobic molecules into bulk of PDMS, (b) leaching is
caused by uncross-linked oligomers, (c) PDMS devices would be rendered hydrophilic by using oxygen plasma for further operation, and (d) the
dissolution of PDMS in an organic solvent would cause swelling, which changes the cross-sectional area of the channel.
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Because of this uncertainty, it can bring dynamic change in cell-
cultured devices, which limits its application. It is also slightly
autofluorescent, which causes Raman scattering, and is incompatible
with some organic solvents. This causes swelling in microchannels and
lead to changes in the dimensions, integration, and surface properties
of the channels.71 This makes the development of OoC with
substitute material for PDMS a crucial component. In this section, we
describe alternative elastomeric materials, which includes SU-8,
polyesters, polyurethane, tetrafluoroethylene propylene, poly(polyol
sebacate), and poly(octamethylene maleate (anhydride) citrate),
which can be potentially unitized for OoC device fabrications. A
summary of the properties of these materials including its advantages,
disadvantages and its bio specific applications is illustrated in Table 2.
3.1.1.1. SU-8 Polymers. SU-8 polymers include eight epoxy groups

that form a strong crosslink when exposed to ultraviolet (UV)
radiation. It is a thick, epoxy-photoplastic, high-aspect-ratio photo-
resist negative. Such a composition and technique results in the
formation of chemically, mechanically, thermally stable materials.
Because of its high internal stress, it has brittle qualities, which make it
challenging to handle and transport. Nanometer- to millimeter-thick
films can be deposited and patterned using these polymers by utilizing
UV or electron beam lithography. SU-8’s resins processing and other
steps take a long time to complete. For instance, SU-8 adheres well to
materials such as silicon and gold, but it has poor adherence to other
materials such as glass nitrides or oxides; in addition, the resist
delaminates quickly from the substrates during fabrication. While the
SU-8 design modifies both mass and mechanical characteristics, such
as the resonance frequency of the structure, the silicon will dictate the
mechanical properties of the structure.72 A unique SU-8 microfluidic
system for the application of sensitive dielectrophoresis to budding
yeast cells was reported in ref 73. This report revealed information
about misalignment in the microchannel, in relation to electrode
topologies on living cells. SU-8 has several other applications outside
its use in microfluidic device production, because it has excellent
mechanical strength and the ability to form complicated 3D networks
and simple high-aspect-ratio structures makes it suitable for mold
master making.74 The SU-8 mold has seen significant application as a
hot embossing technique for thermoplastic equipment, as well as
being a first step in the injection molding process. In the case of SU-8
photoresist, adhesion selectivity, stress, and resist stripping are
commonly found to be the most significant disadvantages.
3.1.1.2. Polyesters. The search alternative chip materials with easy

fabrication processes have been extensively studied for many years. It
was found that polyester-toner microfabrication can be a favorable
process to create microfluidic chips with simple fabrication steps at
affordable prices.75 These elastomers feature low-absorption, soft-
elastic, and biocompatible characteristics, which are appealing for
developing organ-on-chip devices. The process employs a toner layer
that is applied on a polyester film for designing the microfluidic
channels, and this layer also serves as an adhesive to seal the device, as
shown in Figure 4a. This makes polyesters a promising candidate for
organ-on-chip applications. Urbaczek et al. demonstrated polyester-
based microfluidic chips to mimic human blood vessels, and further
studied its application in inflammatory response.76 The developed
microchip showed better cell growth and survival with less toxicity
and good optical transparency. On the other hand, polyester materials
offer desirable mechanical strength for soft applications; at the same
time, they lack thermoplastic properties that require prolonged
heating and reduced pressure to generate a branched elastomeric
structure.
3.1.1.3. Polyurethane. Polyurethanes (PU) are a class of polymers

that have been utilized successively in many biomedical applications.
In microfluidics, they can be integrated with other materials, such as
PDMS, for cell culture applications.77,78 These polymers share some
similar properties with PDMSs, including optical transparency,
biocompatibility, and flexibility. However, they resist the absorption
of small hydrophobic molecules, as well as degradation from water
and UV light. Ingber demonstrated the excellent properties of PU
made from GS polymer and procedures for creating strong bonds to
itself. PDMS was found to have a greater transmittance than PU for T
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wavelengths of <300 nm, while the material transmittances remained
equivalent at higher wavelengths (>350 nm).30 This is essential as in
fluorescence spectroscopy, where higher wavelengths are more
sensitive for assays, which is crucial in the drug-development stage.
Furthermore, it can be concluded that, while polyurethane elongation
varies in certain ways from PDMS, there are no substantial
differences. While polyurethane has many advantages over PDMS;
there are also demerits. It is difficult to degas and mold, abd its
components must be stored in sealed containers with dry gas.
3.1.1.4. Tetrafluoroethylene Propylene. Recently, the concern for

high temperature and chemical resistance toward elastomer material
has been growing and FEMP, having excellent chemical resistance
toward inorganic and organic acids, has gained considerable attention.
Torisawa reported a two-channel microfluidic-cell-culture device
made using tetrafluoroethylene propylene (FEMP), as shown in
Figure 4b. Furthermore, the drug absorption by the FEMP was
compared to that of a standard polystyrene-based cell culture
system.79 However, the FEMP has some disadvantages, which limits

its applicability. These include having extremely low gas permeability
and hydrophobicity compared to PDMS, which causes generation of
air bubbles inside the microchannels when solutions are introduced.80

These air bubbles can be removed by incubating the devices within a
culture medium in an incubator before seeding. Another major
limitation for these elastomers is that they require huge vacuum-
compression molding machines and pressure control molds for
channel fabrication. This makes them less user-friendly and are only
suitable for mass production.
3.1.1.5. Poly(polyol sebacate). A new class of cross-linked

elastomer, called poly(polyol sebacate) (PPS), was created in Langer’s
laboratory at MIT.81,82 These are biocompatible, inexpensive, and
have potential applications in nerves and vascular tissue engineering.
Similarly, another elastomer�poly(glycerol sebacate) (PGS)�has
been consistently reported, because of its nontoxicity and
biocompatibility in vivo. It primarily gets degraded through surface
erosion.83 Both its mechanical strength and mass decreases linearly
with the passage of polymer degradation time. This causes

Figure 4. Development of SU-8 pillars on SOI cantilevers, polyester toner microfluidic device, optical transparency and mechanical strength of
polyurethane, and compartmentalized microfluidic device fabricated from tetrafluoroethylene-propylene (FEPM) elastomer. (a) Design,
dimensions, and microchip assembly structure. The inner side of the bottom layer (BL) was produced printing the polyester film with one layer of
toner creating a channel of 2.0 cm long and 0.2 cm wide and two circles of 0.3 cm of diameter at each end. The top layer (TL) has the same layout
printed in the inner layer, but with the circles punched, BL and TL were treated with oxygen plasma, and the three layers were laminated together.
[Reproduced with permission from ref 76. Copyright 2017, Springer Nature.] (b) Schematic illustration. [Reproduced with permission from ref 79.
Copyright 2019, MDPI Journals.] Panel (i) shows the microfluidic device and panel (ii) shows a demonstration of the device and channel layer. A
cross-sectional view shows the dimensions of width and height (1 mm with a collagen membrane 10 μm thick). Cells are cultured in the central
channel with mechanical strain to all the side vacuum chambers. Scale bars = 10, 1, and 0.2 mm for low-, medium-, and high-magnification views,
respectively.
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cytotoxicity, because of its excessive carboxylic groups, which lowers
pH to below physiological levels (7.2−7.4).84 Also, because of its
rapid degradation, it limits its usage as a scaffold material in tissue
engineering.
3.1.1.6. Other Polymers. Elastomeric polyesters based on citric

acid have been studied as biological scaffolds.86−88 Bacause of their
optimal biocompatibility, scaffolds generated by these shows effective
remaking of various types of tissues.89−93 These polymers are
providing the basic bioresponsive characteristics such as mechanical
strength, hydration, and surface chemistry, which can be varied by
reaction parameters during polyesterification. Also, polymers such as
poly(octanediol-co-(citric acid)-co-sebacic acid) (P(OCS)) have huge
applicability for tissue engineering applications.94 Recently, poly-
(lactic-co-glycolic acid) (PLGA)-based biomedical devices for drug
delivery have received much attention. The main advantages of
PLGA-based microfluidic devices are that it allows one to maintain
continuous reactions and, therefore, it provides a way to overcome the
problem of reduced reproducibility. Gao and colleagues devised a
simple lung-on-a-chip with PLGA electrospinning nanofiber as the cell
scaffold and utilized it to mimic the human alveolar microenviron-
ment.94−96 Davenport Huyer et al. studied the synthesis of polyester
elastomer which includes citric acid, 1,8-octanediol, and ITA for the
formation of poly(itaconate-co-citrate-co-octanediol) (PICO) with
tunable soft elasticity. Furthermore, they demonstrated PICO-based
scaffold cardiac tissue.173 PICO could be easily shaped into controlled
networks that contribute in the creation of cardiomyocyte tissue in
therapeutic applications. On this chip, the 3D cell culture was
evaluated and gefitinib, which is an EGFR-targeted antitumor drug, is
present.96 In contrast to existing lung-on-a-chip devices, the reported
microchip provides a 3D cultured environment closer to the actual in
vivo environment. In addition, the width of the PLGA membrane may
be adjusted, making the membrane more ideal as a model for the
alveolar respiratory membrane, which has a mean thickness of few
micrometers. However, at higher elongations, these polymers either
get fractured or undergo deformation, which restricts its usage in soft
tissue engineering. Figure 5 demonstrates the functionality of SNUP,
NFM-PDMS chip fabrication, where the SEM image shows the
elctrospun nanofiber membrane deposited on the microfluidic
channel area of the SNUP-PDMS substrate.
3.1.1.7. Poly(octamethylene Maleate (Anhydride) Citrate). In the

fields of tissue engineering, scaffolds serve a crucial role in supporting
and fostering the formation of functional tissues. Researchers have
designed biomaterials to study scaffold designs and to develop
improved medical devices. To meet the chosen biomedical
application, certain scaffold design requirements must be optimized:

mechanical characteristics, biocompatibility, geometries, surface
energy, degradation, porosity and chemical composition. Tran and
co-workers created an elastomer poly(octamethylene maleate
(anhydride) citrate) (POMaC) to fulfill required functional qualities
in order to satisfy all of the design considerations.85 Zhao et al.
denoted the Biowire II framework, which involves elastomeric wires
made of POMaC polymer.344 The elastic wire inside inert microwells
of a microfabricated polystyrene surface enabled hydrogel encapsu-
lated cardiomyocytes to directly attach to form atrial and ventricular
tissues. Zhang and his colleagues exhibited vascular hepatic and
cardiac tissues by manufacturing a POMaC Angio Chip device, which
are marketed by the TARA Biosystems.87

3.1.2. Thermoplastic Synthetic OoC Materials. Thermoplastics are
a class of materials that can be remolded after deformation. They have
a property that allows them to maintain their shape, and they have
potential applications in microfabrication and microelectromechanical
systems (MEMS) applications. These materials are optically trans-
parent, inexpensive, rigid, less prone to monomer leaching,
biocompatible, and show resistance toward the absorption of small
hydrophobic molecules. Furthermore, they can be surface-function-
alized, depending on their applications, by means of dynamic coating
and surface grafting techniques.136,137 Table 3 discusses the properties
and organ specific applications of thermoplastic materials in details.
For instance, after oxygen plasma treatment, thermoplastic surface can
maintain their hydrophobicity up to a few years. Some of the most
common thermoplastic materials and their applications are shown in
Figure 6.
3.1.2.1. Poly(methyl methacrylate). Poly(methyl methacrylate)

(PMMA) offers thermal stability and insulation properties. It has
strength, rigidity, and hardness, which makes it suitable for chip
fabrication, replacing the traditional PDMS-based microfluidic
chip.134−137 Also, it possesses good resistance toward water and can
be reused up to several rounds.135 It is a biocompatible polymer,
except when it is treated with ozone or plasma oxygen. For instance,
study demonstrated a high-throughput three-layered PMMA open
microfluidic device developed using computer numerical control
micromilling and solvent-bonding method for mimicking the human
respiratory microenvironment.138 (See Figure 7.) PMMA microfluidic
devices with low permeability to small molecules were also
demonstrated by Nguyen.32 The PMMA devices showed a significant
and reliable cytoxicity to the drug vincristine.32 Using a liver-on-chip
model, Bhise et al. created a hepatocyte-spheroid-laden hydrogel that
could be bioprinted directly inside the growth chamber of a
bioreactor.352 The developed bioreactor includes multiple layers of

Figure 5. Schematic diagram of SNUP, NFM-PDMS chip fabrication, showing an SEM image and a representative stained cells image. (a)
Schematic diagram of the composition of SNUP. (b) (i) NFM-PDMS chip fabricated with help of SNUP, which was filled with yellow- and blue-
dyed solutions in the top and bottom microfluidic channels, respectively (schematic illustration indicates the composition of SNUP); (ii) SEM
image of the elctrospun nanofiber membrane deposited on the microfluidic channel area of SNUP-PDMS substrate; and (iii) free standing
configuration. All scale bars in panel (b) = 400 μm. (c) HaCaT cells stained with DAP1 (blue) and Phalloidin (red), covering the entire membrane.
All scale bars in panel (c) = 500 μm. [Figure reproduced with permission from ref 355. Copyright 2021, American Chemical Society, Washington,
DC.]
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PDMS and PMMA and has three chambers connected with
microchannels shown in systems.19,342

The design of OoC model was selected in such a manner that
introduced bubbles that would shift without being trapped in
chambers. There are different types of bonding used for sealing
PMMA−PMMA, such as chemical bonding, solvent bonding,
adhesive bonding, and thermal bonding.116,117 Although thermal
bonding is the most-used method to obtain a uniform surface in
PMMA-based devices, the dependency on heavy machineries and
heaters can cause deformations in microchannels.139,140 Although
adhesive bonding uses low temperature and pressure, it involves the
risk of clogging in microfluidic channels. Similarly, chemical bonding
involves surface modifications, which are time-consuming, because of
the involvement of a multiple number of steps.141 To validate the
bonding performance, several tests were performed and results
showed that PMMA microchannels demonstrate viability and
adhesion.142

3.1.2.2. Cyclic Olefin Polymers. Cyclic olefin polymers and
copolymers (COCs/COPs) are amorphous thermoplastic copolymers
and bear extremely low impurities and also other beneficiary
properties, compared to other thermoplastics; it is a potential
platform for LOC devices that are intended for biosensing
applications.143,144 It is found that research involving drugs and
pharmaceuticals are not optimal with COC devices, because of their
hydrophobic surface, which allows proteins to get and adsorb cells to
adhere to when they come into contact with living tissue or fluid.145 It
is essential to treat the COC surface with different chemicals to
minimize its the adsorption of proteins and also to decrease the
overall adherence of cells.146−148 The majority of the work on COC
surface modifications has been done through the use of photografting
techniques.153,154 Most of the medical testing parameters have been
measured in blood samples. Ahn et al. demonstrated COP-based lab-
on-chip devices for point-of-care diagnosis of oxygen, glucose, and
lactate in blood. COC-based microfluidic chips have shown toxicity,
biotransformation, and codrug treatment of aflatoxin B1 and
benzo[a]pyrene on an interconnected liver and kidney.155

Furthermore, COC-based devices are also used to study illicit drug
analysis and DNA amplification by performing a chip multiple
displacement amplification reaction.156 Similarly, Wen et al.
demonstrated the use of COP for modeling a nonalcoholic fatty
liver disease microphysiological system.157 The majority of micro-
fluidic devices fabricated in laboratories required expensive equip-
ment, which becomes difficult for all institutions to afford. COC-
based microfluidic devices can be fabricated easily on a wide scale for
commercial purposes. COCs can be used to build robust, cost-
effective microfluidic devices using COC pallets. It includes two
pieces of COCs and they were sealed by solvent treatment followed
by heat and pressure to close the lid to the pieces containing
microfluidic features.158 A variety of drawbacks, such as fragility and
low-heat diffusivity, limits the applicability of COC in several
applications. Nonpolar organic substances, such as hexane and
toluene, can easily degrade the material. Also, because of the
material’s hydrophobic interactions, COC devices require surface
modifications to separate hydrophobic compounds.159 This hydro-
phobicity of COPs can be problematic in some situations. To
minimize adsorption of proteins and other compounds, the COC chip
surface can be coated with a UV-initiated grafting of polyacrylamide,
and then can be treated with oxygen plasma.160 For example, when
the inside of the microchannel walls are coated, electro-osmotic
mobility is reduced and the walls become more hydrophilic.
3.1.2.3. Polystyrene. Polystyrene (PS) is a transparent, nontoxic,

stable, rigid polymer with a readily functionalized surface. Various
physicochemical methods, such as gas-plasma, and irradiation are
generally used to make its hydrophobic surface become hydro-
philic.161 Moreover, the high cost of equipment that is needed to
make intricate chip designs for such polymers could be a deterrent to
widespread implementation. Some PS microfluidic chips take
advantage of the thermoplastic sheets.162,163 PS is, by far, the most
widely used substance in culturing, because of its widespread
commercial availability and low cost. A heart-on-chip system involvesT
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pluripotent cells, for functional and structural purposes. In order to
understand the biological process involved, one must develop an
electrical sensing system without affecting the mechanical function-
ality of its membrane. This requires a material with low stiffness and
good electrical conductivity. The main steps of the patterning process

of the PEDOT:PSS microstructure in OoC have been defined in
study.164 Quiros et al. demonstrated the integration of a PEDOT:PSS-
based microstructure into a thick PDMS membrane representing the
flexible substrate in a heart-on-chip system.165 Figure 8 defines the
design and microfabrication of the molecular devices extensively.356

Figure 6. Different thermoplastic materials that can be used for OoC development.

Figure 7. Design and implementation strategy for the three-tissue representative OoC system, using a variety of biofabrication approaches.
[Reproduced with permission from ref 356. Copyright 2017, Nature.] (a) Demonstration of the modular multitissue organ-on-a-chip hardware
system setup for maintenance of the three-tissue model. Individual microfluidic microreactor units house each organoid or tissue model, and are
connected via a central fluid routing breadboard, allowing for straightforward “plug-and-play” system preparation initialization. (b) Liver and
cardiac modules are created by bioprinting spherical organoids within customized bioinks, resulting in 3D hydrogel constructs that are placed into
the microreactor devices. (c) Lung modules are formed by creating layers of cells over porous membranes within microfluidic devices. Introduction
of trans-endothelial [or epithelial] electrical resistance (TEER) sensors allows monitoring of the tissue barrier function integrity over time.
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All these organs on chip-based technologies require an external pump
that is connected to the device through tubing to enable the perfusion
of cell culture medium and buffer within the microfluidic channels.
Ultimately, these external supplies increase the cost to establish the

organ-on-chip device. To address this issue, Delon et al. reported a
simple robust approach to build a pumpless organ on chip devices.165

It is based on gravity-induced bidirectional flow and application of a
hydrostatic pressure and resistance circuit. The surface of the PS can

Figure 8. Design and microfabrication of the molecular devices. [Reproduced with permission from ref 357. Copyright 2022, Nature Publications.)
(a) Formation of rolled-up soft contacts. The finger-shaped mesa structure provides a platform for the bottom electrode, onto which molecular
layers are grown. Here, Au/Ti/Cr nanomembranes rolled-up and bonds to top electrode, forming a sandwich structure. (b) Micrograph of the
molecular device array. (c) Typical single device based on a rolled-up soft contact. Panel (d) shows that the width of the bottom electrode and the
diameter of the rolled-up metallic tube are ∼40 μm and ∼10 μm, respectively, and panel (e) shows the corresponding height profile AFM images of
the spin-coated PEDOT:PSS:AgNWs film before wet etching (panel (f)) and after 30 s of wet etching (panel (g)).

Figure 9. PEEK-based lab-on-chip, bone-on-a-chip, and principles and design of integrated dynamic cell cultures in microsystems, and multilayer
microfluidic PEGDA hydrogel. Panel (a) shows (i) the PEEK−PS lab-on-a-chip devices and (ii) the technical design drawing of the chip including
the microchannels and the reservoirs. [Reproduced with permission from ref 189. Copyright 2018, Springer Nature.] Panel (b) shows (i) digital
and (ii) SEM images of the PTFE nanofibrous membranes before and after sintering at 350 °C for 30 min with different heating rates. [Reproduced
with permission from ref 345. Copyright 2018, Royal School of Chemistry, London.]
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be functionalized by oxygen plasma to promote better cell adhesion
and development while inhibiting bubble formation. To avoid this, a
masking layer might be used to protect the top surface. Another
option could be to wrap microchannels with extracellular matrix
components such as proteins prior to cell seeding to improve cell
adhesion.166 Other drawbacks of using PS microfluidic chips include
difficulty with thermal bonding. In addition, channels collapse due to
high width-to-height aspect ratios.
3.1.2.4. Polycarbonate. Polycarbonate (PC) is a robust polymer

synthesized by polymerizing Bisphenol A and phosgene to form
repeated carbonate groups. Its transparency in the visible range and
extremely high glass-transition temperature (145 °C) makes PC
suitable for DNA thermal cycling applications.167 In addition, it is
inexpensive, has excellent resistance, and exhibits low moisture
absorption.168 However, PC has a low resistance to some organic
solvents and UV absorption. PC is considered to be the best option
for a variety of microfluidic applications in biomedical research and
bioanalyses, including polymerase chain reaction applications. In
addition, this polymer offers a practical substitute to well-established
techniques for multilayer device fabrication based on lithography and
molding in PDMS. A microfluidic electrochemical biosensor chip has
been constructed for the amperometric measurement of glucose by
microflow injection.169−171 The photodirected electroless deposition
process is then used to create a micro gold film electrode base on a
PC cover sheet. Finally, a micro flow-injection biosensor system with
PC was developed and utilized in determining glucose concentration
in with pharmaceutical injections. PC is a hard material that many
devices use as a tissue-bearing porous membrane component and
inexpensive alternative to all other materials that are used for organ-
on-chip device fabrication.172−174 An PC-based human-microbial
crosstalk (HuMiX) model was reported made by sandwiching two
micromilled PC microfluidic channels enclosed between silicon
rubber gaskets.175 In many cases it was seen that aliphatic polymers
shows a demerit of creating an acidic environment which limits its
application in biological sector. To overcome this, a tyrosine-derived
polycarbonate tetrapolymer is introduced as a new class of
biodegradable potential alternative.176 Furthermore, a detailed study
was done to demonstrate the fabrication of tissue scaffolds and in
vitro cytoxicity and biocompatibility on a rabbit model. The results
showed that the tyrosine-derived polycarbonate tetrapolymer exhibits
minimal cytotoxicity and wound healing response with minimal tissue
inflammation.
3.1.2.5. Polyether Ether Ketone (PEEK). Inorganic materials such as

glass and silicon, which possess a brittle nature and a complicated
sealing process, make the fabrication process expensive and
inconvenient, to which polyether ether ketone (PEEK) can act as a
substitute, because of its inexpensive, high-quality fabrication
technology. Using these techniques, microchannels with dimensions
of ∼15−30 μm could be created. Because of all of the advantages of
PEEK, it has replaced PDMS as the preferred material. This makes it
suitable for OoC device applications, which will provide outstanding
chemical and hydrolysis resistance, as well as mechanical and thermal
stability, compared to others.184,185 A PEEK device cannot be
manufactured using traditional polymer manufacturing techniques,
because of the high melting point, while conventional sealing
approaches in miniature devices avoids adhesives and temperature
supply to maintain the normal fluid flow.186−188 In order to
accomplish autohesion, which is a potential thermoplastic sealing
technology, adequate activation processes involving pressure and mild
temperature are required. In Figure 9a, Awaja et al. have shown that
the autohesion of PEEK and PS at a temperature near the glass-
transition temperature can be used to produce LOC devices at a cost-
effective rate.189 Because of the advantage of toxic-free adhesive
technology, it has several potential applications where microfluidic
channels must be clean, as well as enclosed entirely and firmly.
The breakdown rate of PEEK is exceptionally low, making it

difficult for the extracellular matrix to proliferate after implanta-
tion.190,191 In order to overcome this amalgamation of biomaterials
with diverse degradation rates, an operative path is followed to
overcome the restriction of a solitary material.191−193 Biomaterials

such as polyglycolic acid (PGA) have attracted much interest, because
of its easy ability for degradation and biocompatibility. To overcome
the low degradation rate and enhance the strength of PEEK, it can be
blended with PGA.194−196 Later, a simulated body fluid immersion
test was used to evaluate their deterioration behavior. And it was
found that the amount of PGA in scaffolds could be changed to alter
their degradation rates. In addition, the scaffolds could aid in cell
adhesion and proliferation; overall, PEEK/PGA blend scaffolds have
showed promise for tissue engineering.
3.1.2.6. Poly(tetrafluoroethylene). Poly(tetrafluoroethylene)

(PTFE) is another polymeric material with reasonably high oxygen
permeability (DuPont Co.). Because of its chemical and physical
inertness, it is highly used in microfluidic applications.197,198

Fluorinated polymers have refractive indices ranging from 1.32 to
1.38 and can be adjusted, which makes it quite exclusive, comparaed
to other polymers that have refractive indexes on the order of 1.4−
1.6.199,200 To overcome some of the problems associated with PDMS
chips, including nonspecific protein adsorption, PTFE was offered as
an alternate material. According to the cellular interactions in the
kidney and liver, PTFE and PDMS microchips showed similar results.
Particularly in its hydrophilic form, PTFE is a common material for
porous membranes. It is mostly used as a thin porous membrane that
is optically transparent (does not scatter light due to porosity) when it
is wet, because PTFE and water have similar refractive indices (pure
water has a refractive index of 1.33). For microfluidic systems
developed for microscopic imaging, membranes with this feature can
be very beneficial. PTFE and related fluorocarbons have a low surface
energy, making them appropriate for antifouling and antistick
coatings.201 PTFE can also be utilized in microdevices as a gas-
permeable liquid barrier. PEEK has a poor affinity toward absorption
of small molecules and has relatively low oxygen permeability,
compared to PDMS and PTFE, but it does have high resistance
toward different solvents and is mechanically strong.202−204 However,
the high cost, poor bonding, and lack of transparency make it
impossible to use this polymer in the building of microdevices,
because of its low transparency.205,206 Therefore, the production of
microdevices is more typically performed using various thermoplastic
polymers, such as polystyrene, COCs and COPs, PMMA, and
polycarbonate. Materials with somewhat higher oxygen permeability
than PEEK, easier processability, and visible light transparency have
emerged as promising alternatives. In addition, optical transparency of
COCs extends into the UV range. It is possible to produce
microdevices on a large scale by using thermoplastic polymers and
fabrication techniques such as injection molding.207

The slight superficial energy, the solid carbon−carbon and carbon−
fluorine interactions, and the high degree of crystallinity make PTFE a
good choice for medical claims such as a vascular graft and a bone
regeneration membrane, among others.208−210 Generally, PTFE
membranes are produced by thermomechanical stretching.211 Because
of PTFE mixing with a lubricant, billet production, and extrusion
phases in this approach that result in significant lubricant
contamination of the environment, this method is not recommen-
ded.212 By sintering the electrospun PTFE/poly(ethylene oxide)
(PEO) nanofibrous membranes, PTFE nanofibrous membranes were
created.213 A porous morphology was created in the membranes by
interlacing nanofibers. Because of the differences in chemical and
mechanical possessions of the PTFE nanofiber membranes due to the
sintering temperature, these membranes were shown to be much less
hazardous. Last but not least, the nanofiber membrane created was
used for tissue engineering and bone regeneration, as shown in Figure
9b.
3.1.2.7. Perfluoropolyethers. In contrast to PDMS, various other

materials have been explored, and of those, the predominant usage of
fluorinated polymers has been widely reported. Because of the
inertness of these perfluorinated compounds, the materials are
promising for various applications. Desimone and his colleagues
have created a photocurable perfluoropolyether (PFPE) that can be
used in medical applications.177 It is nontoxic, has low-surface energy,
and shows resistance to many solvents. For a multiphasic microfluidic
environment, the primary reasons for its selection are both its
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oleophobic and hydrophobic capabilities. Lately, through photolitho-
graphic processing, high-aspect-ratio (up to 6.5) PFPE microfluidic
devices have been developed. By means of mask-assisted photo-
polymerization, it was possible to construct a process that could be
completed within <5 min, while also demonstrating significant sealing
capabilities.178 Finally, the devices have been tested with several
model reactions involving organic solvents in order to determine how
well they perform. Furthermore, a microfluidic device based on PFPE
for the analysis and growth of liver and kidney cells has been
developed.346 It was constructed by photocuring polyfluoropolyethers
(PFPEs) to create two patterned layers with regular and precise
microchannels. Jellali et al. have reported on a culture of liver HepG2/
C3A and kidney MDCK cells and here, PFPE and PDMS biochips
connected under the IDCCM bottom layer.346 As a result of this, both
PFPE and PDMS-based devices were determined to have identical
biological performance.179

3.1.2.8. Poly(ethylene glycol) Diacrylate. Poly(ethylene glycol)
diacrylate (PEGDA) is a polymer with similar possessions to PDMS,
in terms of permanency, transparency, and little fluorescence.
However, on the other hand, it has less nonspecific adsorption and
is more resistant to the penetration of tiny hydrophobic compounds
than PDMS.180 This polymer could be considered a practical material,
because it polymerizes quickly at room temperature and requires
minimal energy. This biologically inert polymer possess excellent and
variable mechanical characteristics, which may explain its widespread
application as scaffolds in tissue engineering. PEGDA microfluidic
devices devices are typically manufactured in the same way as PDMS
devices.181 Mass transfer and cellular migratory characteristics have
been improved using a variety of scaffold building techniques.
Multilayer microfluidic devices integrating PDMS and hydrogel
microarchitectures have recently been designed to explore cell
migration and spatially manipulate microenvironment features within
perfused channels.181,182 One study has referred to a simple, reliable
multilayer replica molding approach in which PDMS and PEGDA are
serially replica molded to form microfluidic PEGDA hydrogel
networks contained within separately produced PDMS housing.183

Another study shows the isometric view of PDMS/PEGDA
microchannel device perfused with Toluidine Blue, where the
diffusion of Toluidine Blue into a PEGDA diffusion chamber has
been demonstrated.347 When compared to static controls, cellular
viability was observed to be improved within the perfused microfluidic
hydrogel. Furthermore, since PEGDA is a biocompatible polymer, it

can be used in small volume analysis and biomedical research, because
of its resistance to nonspecific adsorption. This substance is also
nonimmunogenic and resistant to protein adsorption, but it does not
allow cell attachment.
3.1.2.9. Poly(ethylene terephthalate) (PET). Another common

polymer used in commercial membranes and microfluidic devices is
poly(ethylene terephthalate) (PET). PET membranes have been used
in many OoCs and microfluidic cell-culture platforms; they are
frequently extracted straight from porous filter membranes. It is a
nonbiodegradable and transparent material, also to increase its cell
adherence, it must be treated with plasma. With a melting
temperature of 70 °C and a Young’s modulus within 2−3 GPa,
similar to PC, PET is also not suitable for OoC applications.
However, it has been used for OoCs that demonstrate the gut-on-chip
and liver-on-chip models and studies on endothelial cells.
For drug toxicity screening platforms, bioartificial liver support

systems, and models for studying liver physiology and disease, steady
flow cultures of hepatocytes are greatly desired. Hegde et al. described
an easy process for culturing hepatocytes in a microfluidic device
using a sandwich configuration.214 The fabricated device consists of a
two-layer PDMS chip with a porous PET membrane that separates
the channels, with collagen and fibronectin-sanded rat primary
hepatocytes continuously perfused into the lower channel through
the top chamber. Over a two-week period, hepatocytes in flow
cultures performed better than those in static cultures. Shim and his
fellow researchers reproduced the gut’s three-dimensional villi
structure and fluidic shear using a microfluidic device.215 The device
consists of a PET membrane, PDMS, and slide glass, which was
manually removed from the transcellular inserts; these make up the
three layers of the chip. They also examined the effects of 3D culture
and perfusion culture on cell physiological activities, such as
differentiation, drug absorption, and metabolism, alone and in
combination.
3.1.3. Hybrid OoC Materials. A distinct advantage of hybrid

biomaterials provides the best of both natural and synthetic
biomaterials. The development of hybrid biomaterials offers
substantial value for the novel products and provides the desired
properties. The degradation rate of materials produces natural
components and supports better cell affinity. The promising interest
in developing degradable and controlled hybrid polymer biomaterials
mimics the extracellular protein structure for biomedical applica-
tions.278 Functionalization for improved cellular interaction, signaling,

Figure 10. Different natural materials used for OoC development.
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and regulate cellular behavior is directed toward the direction of
future research. PEG−fibrinogen is used in tissue engineering as
hybrid biomaterials,55 including PLA−chitosan−gelatin and chito-
san−siloxane.56−58
3.1.4. Natural OoC Materials. Manufacturing demands for

bioartificial organs for replacement and drug testing analysis are
continuously growing. With regard to organ regeneration, natural
polymers are better suited to provide a stable environment for stem
cells to develop, migrate, and proliferate, as opposed to silicon and
glass and other synthetic polymeric materials. Many organic
compounds are found in Nature; similarly, polymers that occur in
Nature may be extracted via the physical or chemical processes
mentioned in Figure 10. Some polymers, such as chitosan, gelatin,
fibrin, hyaluronic acid, and collagen, can be easily degraded in water
and other cell culture solutions, such as phosphate buffer saline. The
polysaccharides and proteins could be potential candidates for
diversified applications in OoC technology.311−319 The natural
biomaterials are crucial to consider with certain properties to be
followed. In order to rebuild tissue properly, the degradation period of
the natural material should sync with the regeneration process.
Second, the material must be highly gas-permeable and easy to
process. Furthermore, the material properties must mimic the daily
functionality of human activities.
3.1.4.1. Collagen. Collagen is the most ubiquitous protein in the

human body, and because of this, it provides physical support to
tissues by inhabiting the intercellular space, as well as participating in
cell behavior and tissue function.233 It has emerged as a possible
viable option for several pharmaceutical applications, because of its
enzymatic degradation, mechanical strength, and physicochemical
features, as well as its nontoxicity.234−236 Chemical cross-linking, such
as glutaraldehyde, has been utilized to improvise its mechanical
characteristics and stability.236 One of the beneficial functions of
collagen are its cell-adhesive domains which makes it more suitable
for OoC platforms and other adhesion sites for cells.
Ank reported a microfluidic device made of collagen-I hydrogel as a

membrane and a method for injection molding the resulting material.
This combined approach was used to encapsulate the created

membrane within an organ-on-chip platform and then study the cell
adhesion, structure, and gas permeability. Proteases can also be used
as membranes in order to modify their thickness and permeability.237

The Biowire-II platform allows for the formation of cylindrical cardiac
microtissues and has open access liquid dispersal. Furthermore,
investigations were performed for cell seeding density, nonmyocyte
populations, hydrogel scaffolds, and electrical stimulation proto-
cols.238 Zamprogno demonstrated a lung-on-chip model that was
comprised of biodegradable collagen and an elastin membrane that
replicates an array of alveoli in vivo, as illustrated in Figure 11a.239

This membrane has several distinct advantages: it is biodegradable, it
can be easily fabricated, it does not absorb Rhodamine B, and its
thickness can be easily changed using its composition. There are many
simulations using microchip models of the gastrointestinal tract.
However, they do not have a completely accurate representation of
the multicomponent nature of the intestinal wall. Figure 11b shows a
unique gut-on-chip model in which epithelial and stromal cells can be
co-cultured. The device is built on a 3D Type 1 collagen scaffold that
has topography and a small stomach. The scaffold was stabilized by
threose-based post-polymerization treatment to maintain its cyto-
compatibility while keeping the scaffold structure.240 A micro-
fabricated bioreactor has been designed to replicate the form and
function of natural cardiac bundles in vitro, utilizing cardiac biowires.
The ECM was based on Type I collagen, which is one of the primary
components of native myocardium. Perfusion within a cardiac bundle
model better replicates myocardial mass transport features and was
utilized to test the medication effects on cardiomyocytes.241

The antigenic sites in central helix and the nature of the terminal
area limits the applicability of collagen-based natural materials.242,243

On the other hand, animal-derived collagen has drawbacks, such as
varying physical and chemical properties and allogeneic or xenogeneic
sources, which increases the risk of infectious disease transmission.
3.1.4.2. Gelatin. Gelatin is naturally occurring polymer obtained

through controlled alkaline, acid, or enzymatic hydrolysis of collagen.
Because of its biological source, it is highly biocompatible and
biodegradable, and given its widespread availability, it is a
comparatively inexpensive polymer.244 Gelatin has been utilized as a

Figure 11. Lung-on-a-chip, gut-on-a-chip, and BLSS integrated with a DLM/GelMA-based bioengineered liver. Panel (a) has the following
components: (i) a schematic of the respiratory treelike structure, ending with alveolar sacs; (ii) an SEM image of a slice of human lung parenchyma
with tiny lung alveoli and their ultrathin air−blood barrier; (iii, iv) a schematic of the production of the CE membrane used in the second-
generation lung-on-a-chip (here, a thin gold mesh with an array of hexagonal pores ∼260 μm in size is used as a scaffold, upon which a drop of
collagen−elastin solution is pipetted); (v−vii) the collagen−elastin gel forms a suspended thin membrane that can be stretched at the alveolar level
by applying a negative pressure on the basolateral side of the membrane (components (vi) and (vii) show Type I (ATI) and type II (ATII) primary
human lung alveolar epithelial cells that are co-cultured with lung endothelial cells on the thin collagen−elastin membrane); and (viii) a schematic
of the force balance during the drying of the membrane. (Legend: FST, surface tension force; FG, gravity; and σo, residual stress.) [Reproduced with
permission from ref 239. Copyright 2021, Springer−Nature.] Panel (b) shows scaffold microfabrication: PDMS (mold 2) replica of the
micromilled brass mold is microfabricated. This PDMS replica is then noncovalently sealed with a second PDMS mold (mold 1) that consists of an
open chamber (previously treated with APTES and glutaraldehyde). [Reproduced with permission from ref 348. Copyright 2021, Royal Society of
Chemistry, London.] Panel (c) shows a graphical representation of a liver support system that defines the biotransform ammonia processes under
various conditions and generates the risk of hepaticencephalopathy.
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matrix for implants and also as a stabilizer in vaccines against measles,
mumps, and rubella in the pharmaceutical industry.245 In addition,
gelatin is water-permeable and has ability to dissolve in it, making it a
versatile drug delivery vehicle.246 The mechanical and physical
properties, swelling actions, heat resistance, and a variety of other
physiochemical properties of gelatin are highly variable, depending on
the collagen source, method of extraction, and degree of cross-linking,
which makes it an incredibly versatile polymer.247

Moreover, gelatin’s capacity to form a thermally reversible gel
makes it an excellent choice for drug-delivery systems. Gevaert et al.
explored the impact of galactosylated gelatin on HepG2 cells that had
been encapsulated. The study indicates that additional alterations to
methacrylamide-modified gelatin are feasible without damaging the
viability of the encapsulated cells.248 The development of an
anisotropic cardiac tissue on micromolded gelatin hydrogel cantilevers
was done for use as muscular thin films (MTFs) for assessing
contractile tissue stresses. It facilitated the long-term growth of
synthetic rat and human cardiac tissues, it is likely that they more
closely resemble the heart’s chemical and mechanical milieu.249

The inability to re-create the structure and function of vascular
networks and blood vessels is a significant unresolved obstacle in
tissue engineering. Yang and colleagues described the development of
a multicellular vascular channel utilizing the 3D printed designs
implanted in a gelatin methacrylate (GelMA) hydrogel structure. This
technique resulted in the formation of a two-cellular channel, with
murine 10T1/2 cells contained within the GelMA matrix and human
endothelial cells lining the lumen surface.250 GelMA hydrogels can
also be used as raw material in the development of artificial organs.251

The discipline has made a significant contribution in liver-on-chip
materials, which may be used to replicate the native liver milieu and
assist in drug screening, clinical diagnostics, and tissue regeneration in
vitro. Wu et al. recently introduced a liver support system in which
GelMA and hepatocytes were integrated into a decellularized liver
matrix.252 In patients with liver failure, hepatocytes cannot biotrans-
form ammonia from the intestine, and excessive ammonia passes
through the blood−brain barrier and enters the brain, which can cause
hepatic encephalopathy.252 The device provides a bioinspired
microenvironment for hepatic functions, as well as mechanical
support. GelMA’s biomechanical support promotes cell engraftment,

which is critical for converting ammonia to urea and preventing
hepatic encephalopathy. In addition, certain OoC models can be used
to examine the development of tumor diseases.252 Lu et al. established
artificial tumor-on-chip devices using a microfluidics-based 3D
dynamic culture system to simulate the tumor microenvironment
(TME). The raw biomaterials used were GelMA decellularized liver
matrix (DLM). It was discovered that when cells are exposed to flow
environments, their viability is preserved and their hepatocyte
activities are boosted. These findings demonstrate the potential of
this TME biomimetic tumor-on-a-chip for pathological and
pharmacological research.253

Gelatin’s key benefits include its biodegradability, accessibility, and
low cost. In addition, there are concerns about the spread of disease
vectors, such as prions.254 Recombinant gelatins can be used to
address some of the difficulties associated with products derived from
animal tissue. However, the use of gelatin in medical applications is
often hindered, because of its weak mechanical characteristics.
Because of the enormous number of functional side groups found
in gelatin, these mechanical qualities can be improved through
physical as well as chemical cross-linking; however, the compounds
employed to stabilize cross-linked gelatin have frequently been rather
hazardous to the human body.255

3.1.4.3. Fibrin. Fibrin is highly biocompatible and biodegradable,
with a high degree of elasticity and viscosity.256,257 Because of its
injectability and biodegradability, it has been utilized to assist in the
regeneration of variety of tissues, including adipose tissue, bone,
cardiac, cartilage, muscle, neural, ophthalmic, respiratory, skin,
tendons, and ligaments.258−261 Numerous studies have demonstrated
that using fibrin in the treatment of chronic periodontitis has resulted
in increased healing of intrabody abnormalities.262,263 Because of its
versatility, this material has been utilized to construct scaffold-like
cells, delivery matrices, and several tissues.264,265 In OoCs, fibrin is
often used as a artificial ECM component. Huh et al. introduced a
lung-on-a-chip model using fibrinogen and prothrombin to explore
fibrin clot formation in fluidic channels. Nagamine and colleagues
demonstrated the skeletal muscle cell-based bioassay device on a
microelectrode array chip for maximum durability, and to enhance
muscle tissue for an extended period of time, the electrodes were
coated with PEDOT.266 Studies have shown that myotube/fibrin gel

Figure 12. The myotube/fibrin gel sheet combined with the PEDOT microelectrode array chip, microfluidic biopolymer membranes, and
fabrication of sacrificial template and casting of patterned vascular networks. Panel (a) has three sketches. The upper sketch shows the device
principle and printing procedure demonstrated from step 1; the outer feedlines are printed with a silver nanoparticle ink on a 12 mm × 12 mm
substrate. In step 2, the inner feedlines and microelectrode arrays (MEAs) are printed with carbon nanoparticle ink. In step 3, a 9 mm × 9 mm
passivation layer is printed with polyimide ink (PI). The middle sketch shows microscopic images of the successive printing process of a carbon
MEA on PDMS, subsequently depositing silver ink, carbon ink, and PI ink. Scale bars = 200 μm. The lower sketch depicts the principle of recording
action potentials from electrogenic cells using the printed soft MEA. [Reproduced with permission from ref 358. Copyright 2018, Nature
Publications.] Panel (b) depicts single-sided fabrication and bonding process flow. In the upper scheme, a 3D-printed mold is printed from a CAD
file, including integrated inlet/outlet ports and guideposts to assist with the removal of PDMS. Here, the mold is filled with PDMS, degassed,
baked, and cured PDMS is demolded. In lower scheme, cured PDMS is bonded to glass using the PDMS−glass PDMS spin-bonding technique to
compensate for surface roughness. The final conceptual image is shown with the enclosed channel and 20-gauge connector pins attached. The last
image is a glass-bonded device with colored fluid. [Reproduced with permission from ref 359. Copyright 2016, Nature Publications.]
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sheet combined with the PEDOT microelectrode array chip, cell
transfer from a glass substrate to a fibrin gel, and further attachment of
the myotube/fibrin gel onto the microelectrode arrays.266 This
technology may be utilized to focus on a specific tissue construct, such
as a neuromuscular junction.
Fibrin scaffold systems are effective for cell adhesion, proliferation,

differentiation, and growth factor release.262 Fibrin-based scaffolds
have certain limitations; for example, they are highly fragile and decay
rapidly. However, the mechanical strength and degradation rates of
these materials have been improved by using stronger natural and
synthetic polymers, various cross-linking processes, and micro/
nanospheres.267 The myotube/fibrin, PEDOT microelectrode array
chip, microfluidic biopolymer membranes, fabrication, vascular
networks, and 3D-printed mold are demonstrated in Figure 12.358,359

3.1.4.4. Hyaluronic Acid. As an essential part of tissue
regeneration, as well as for 3D cell culture and 3D tissue engineering,
hyaluronic acid (HA) has gained prominence in recent years.268−270

The significant involvement of HA in wound healing makes it suitable
for wound dressing purposes.271,272 HA plays a crucial role in tissue
repair by promoting epithelial and mesenchymal cell migration and
differentiation.273 The use of HA in OoC models is quite limited,
although the use of HA in the form of thiolated gelatin, together with
thiolated gelatin and PEG diacrylate, can be found in an OoC
metastasis-on-a-chip platform that employs the gelatin as the hydrogel
for tissue constructs.274 There have been many research endeavors
focusing on HA-based materials in biomedical engineering for
applications such as tissue regeneration scaffolds. Because of the
viscous nature of HA, scaffold preparation via this methodology
becomes difficult. In order to overcome this problem, poly(ethylene
glycol) (PEG) and polylactic acid (PLA) are cross-linked with HA to
boost the gel forming abilities and mechanical strength, while offering
a tunable degradation rate to the polymer.275 However, various cross-
linking modalities are not well-represented in the literature, and it is
unclear how the different scaffold properties vary based on the chosen
cross-linking technique. Based on the findings of Spearman, it is
possible to apply two distinct methacrylation procedures (MAHA and
GMHA) for the methacrylation of HA; these properties can also be
varied by adjusting the degree of methacrylation.275 It is possible for
metastatic breast cancer cells (BCCs) to remain dormant in the
location of the metastasis for many years following the treatment of
the initial tumor. The urgent need to find a solution to this problem
led Narkhede to develop an in vitro HA hydrogel platform that could
accurately simulate brain metastatic cancer dormancy by providing in
vitro physical cues in addition to providing a biological construct that
exists in the range of normal brain and brain metastatic malignancy
stiffness.276,277

3.1.4.5. Chitin and Chitosan. Chitosan is an another naturally
existing polysaccharide that is typically applied in tissue engineering.
The substance is derived from chitin, the second most abundant
natural polymer found in crustacean and insect exoskeletons, as well
as fungal cell walls.278,279 Chitin/chitosan-based biomaterials have a
wide range of uses, including synthetic biology, wound healing, and
drug delivery. In addition, it has been claimed to have excellent
biodegradability and biocompatibility, as well as anti-neoplastic, anti-
ulcer, and hypocholesterolemic properties.280−282 Its physical and
chemical characteristics enable them to be molded into porous
structures, contributing to the formation of polyelectrolyte complexes
including anionic GAGs and cationic chitin or chitosan. This enables
the chitin/chitosan complexes to make a significant contribution in
tissue engineering by modulating the action of different growth factors
and cytokines.283 Rosella investigated the characteristics of collagen,
chitosan, and collagen-chitosan hybrid biomembranes under a variety
of hydrodynamic circumstances.284

Another work described the fabrication of a porous structure: a
biodegradable chitosan sponge that was coupled with lithium
chloride. The sponge had been prepared to aid in the healing
process. The repaired skin exhibited normal thickness of the
epidermis and hair follicle development.
In addition, mRNA expression analysis demonstrated that sponge-

treated tissues maintained high levels of β-catenin, which is a critical
factor in wound repair and dermis development.283,284 The healing
potential of a chitosan hydrogel synthesized with oxygenated
fluorinated methacrylamide was investigated. Histological examina-
tion of diabetic rat skin treated with hydrogel revealed increased
collagen fiber content, better re-epithelialization, and neovasculariza-
tion.285 Chitosan materials also possess few demerits. It is not soluble
in organic solvents, which causes difficulty in the delivery of
hydrophobic drugs. Moreover, the various processes that have been
adapted for the solubilization of chitosan come with certain
drawbacks and limitations.286,287

3.1.4.6. Alginate. Alginate is a commonly used natural material,
primarily in tissue regeneration engineering, because of its non-
toxicity, gentle, physical, and chemical cross-linking properties, and
nonthrombogenic nature.288 Furthermore, alginate can be integrated
with other natural materials to create, enhance, and improvise existing
properties.289 Alginate is one of the most abundant natural materials
on the planet, making it a very inexpensive and viable biomaterial to
use.290 Introducing cell-interactive qualities to alginate is becoming
important in the future for the effective development of replacement
tissues and organs.291 Alginate-based gels must be more active in
wound healing applications, containing one or more bioactive agents
to assist wound healing, as opposed to the rather passive function that
they now serve in therapeutic trials.291

Figure 13. Advantages and disadvantages of silicon-, glass-, paper-based microfluidic devices.

ACS Applied Bio Materials www.acsabm.org Review

https://doi.org/10.1021/acsabm.2c00041
ACS Appl. Bio Mater. 2022, 5, 3576−3607

3591

https://pubs.acs.org/doi/10.1021/acsabm.2c00041?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00041?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00041?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00041?fig=fig13&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The development of advanced in vitro models of the human heart
occurs through cardiac spheroids (CSs). CSs were obtained using
human cardiac myocytes, fibroblasts, and endothelial-cells and then
bioprinted on a multielectrode plate for drug screening.292 Alginate
microgels based on microchips have revealed good prospects for
encapsulating cells in a high throughput and controllable manner.
However, cell development and bioactivities are significantly reduced
as a result of severe gelation circumstances, which remain a significant
barrier to cell encapsulation. An effective and biocompatible approach
to develop microchip alginate microgels for single-cell encapsulation
involves the use of chip-induced gelation. Two calcium complexes�
calcium ethylenediaminetetraacetic acid (Ca-EDTA) and calcium
nitrilotriacetic acid (Ca-NTA)�were compared and studied for tissue
engineering and cell therapy applications as cross-linkers for inducing
the gelation of alginate.293 Alginate has also been used in other OoC
platforms; for example, 3D alginate hydrogels used to encapsulate
cells are employed to fabricate various patterns that use an
electrodeposition method that uses visible light and has various
other applications, including a sacrificial material for quickly
fabricating patterned vascular networks.294 Studies have demonstrated
a multilayered microfluidic system comprised of a structure-patterned
PDMS layer (sodium alginate layer) and another PDMS layer (CaCl2
layer) sandwiching a porous polycarbonate membrane and other
characteristic features, such as encapsulation, for diverse function-
ality.349

3.1.5. Inorganic OoC Materials. Initially, inorganic substrates were
favored for microfluidic systems, because of their greater surface
stability, variable heat conductivity, and solvent compatibility. Even
before the notion of microfluidics was defined, microchannels in the
glass capillaries were used in gas chromatography. Early, microfluidic
devices were developed using silica or glass. At the time, silicon
increasingly became the predominant chip material; even so, silicon is
optically opaque, creating a difficulty for applications that involve
optical measurements. In contrast, glass exhibits exceptional optical
clarity, a well-defined surface chemistry, and greater resilience to high
pressure, making it ideal for use in microfluidics. The primary issue is
in fabricating high-aspect-ratio anisotropic structures from amorphous
glass. Interestingly, little literature has demonstrated liquid glass in the
form of a photocurable amorphous silica nanocomposite. A summary

of silicon-, glass-, and paper-based microfluidic devices is illustrated in
Figure 13.
3.1.5.1. Paper. Prior to the discovery of paper-based microfluidics,

most of the devices were developed in closed channels. However,
these microfluidic devices do not always need to be sealed, for which
paper-based devices are a good example.295 These papers are
cellulose-based materials that have recently emerged as a viable
microfluidic substrate for OoC and other biomedical usage, because
of a variety of factors, including its high flexibility, low cost,
biocompatibility, and ease of commercial availibility.126 Furthermore,
it can be easily modified via a variety of chemical processes, such as
changing the composition. It can be degraded easily through natural
processes and does not release any harmful byproducts. Its white
background provides contrast for colormetric-based detection
approaches.127,128 By using capillary action, aqueous solution applied
to the paper will be carefully guided via a hydrophilic zone while some
portions of a paper are transformed hydrophobically. It is possible to
find a variety of methods for patterning paper microfluidic channels.
Meanwhile, each of them possesses their own sets of pros and cons.
Example, inkjet and solid wax printing make design and development
easy to functionalize and straightforward.
Paper is also suitable for biochemical, pharmaceutical, and forensic

analysis and analyte detection (colorimetric, electrochemical,
chemiluminescence, and electro-chemiluminescence). Dungchai et
al. used electrochemical sensing in paper-based microfluidic devices to
measure glucose, lactate, and uric acid in human serum samples.129

Liu and Crooks presented a single-origami paper-based microfluidic
system that could detect glucose and bovine serum albumin using
fluorescence as well as colorimetry.130 Derda and colleagues
demonstrated a technique for seeding cells on stacking layers of
sheets for 3D operations and culture.131 As illustrated in Figure 14a,
the cell-loaded sheets were arranged in a 3D hierarchy. Because of
nutrition and oxygen consumption, cells on various paper layers were
exposed to nutrient and oxygen concentrations that varied. Then,
without optical or histological sectioning, the sheets were destacked
and cell activities were observed. This approach was used to examine
cancer cell chemotaxis with different oxygen concentrations.132

Moreover, a 3D tumor culture by tissue roll for analyzing the cellular
environment and response (TRACER) has been proposed.133

Different cell types were seeded on the paper in designated areas,

Figure 14. Paper and glass-based microfluidics for OoC. In panel (a), paper-based microfluidics have been investigated using a stacking method.
[Reproduced with permission from ref 350. Copyright 2009, National Academy of Sciences, USA.] Panel (b) shows (i) an image of SiNW device
array chip, integrated with microfluidic system for fluid exchange, used in the experiments (fluids are deposited into the acrylic well through the
inflow tube on the left (red arrow) and removed from the outflow tube on the right (blue arrow)), (ii) a schematic showing the layout of the SiNW
device array on the chip (a total of 36 clusters of 5 nanowires each are available for use, potentially allowing for simultaneous, multiplexed detection
of assorted proteins), and (iii) an SEM image of a cluster of nanowires. Each nanowire is individually addressable by oxide passivated metal contact
lines running out to the external edge of the chip. [Reproduced from ref 118. Copyright 2009, American Chemical Society, Washington, DC.]
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and the biocomposite strips were subsequently rolled using a custom-
built aluminum mandrel.
The oxygen and culture medium concentration gradients were

simulated inside this setup. After unrolling and dismantling the strip,
the bioactivities of cells that were exposed to hypoxic gradients were
examined. Concentration gradients of nutrients and metabolic wastes
can be simply created by stacking or rolling the sheets, and assessment
can be quickly performed via destacking or unwrapping. Microfluidic
device creation with paper has many advantages:

• It can act as a pumpless microfluidic device, since the
microchannel operates as a passive pump dispenser

• It can have a high surface-to-volume ratio
• It is easy to create multilayer microfluidic devices
• These technologies, however, come with some drawbacks
• The fabric matrix of the channel can block internal signals and
dilute the sample during transportation; sensitivity is generally
insufficient

• As a result of hydrophobicity, liquid surface tension may not be
good in the channels

• Small-sized valves can be integrated
• Vaporization can also be an issue in these devices
3.1.5.2. Silicon. Silicon was the very first material used in

microfluidics, although that was shortly supplanted by glasses and,
subsequently, polymers.111,112 Silicon was initially chosen for its
resistance toward various solvents, its convenient deposition process,
excellent thermoconductive properties, relatively higher elastic
modulus (130−180 GPa), and steady electro-osmotic mobility. In a
typical fabrication process, subtractive methods (wet and dry etching)
or additive methods (metal/dielectric/insulating deposition) are used
to fabricate microfluidic devices.113 The surface chemistry of Si is
defined by the silanol group (−Si−OH); hence, a possible approach
for reducing nonspecific adsorption or promoting cellular develop-
ment would be chemical modification of the silicon substrate.114−116

Droplet-based polymerase chain reaction,116,117 cell culture, and
nanowires for label-free cardiac biomarker detection118 are some of
the silicon-based biomed applications that have been studied, as
shown in Figure 14b. Although this technology is difficult to work

with, because of its stiffness and hard-to-design components, like
valves and pumps in microfluidic devices. It involves the use of
harmful chemicals during its fabrication process. It is an opaque
material and while transparent to infrared light, this makes it difficult
for use in devices for optical measurement. Silicon’s many drawbacks,
especially its expensiveness, further reduce its desirability for
constructing microfluidic OoC devices. The initial silicon-based
organ-on-chip devices were reported by Shuler and co-workers in
2004.25 Their study demonstrated a cell culture analog system
(μCCA), utilized for mammalian cell cultured in interconnected
chambers to represent physiologically based pharmacokinetic
models.343 It involves three chambers (lung-liver-other) μCCA device
fabricated on 2.54 cm square silicon chip shown in literature.25

Furthermore, they implemented an oxygen sensor onto the μCCA
device, which showed the ability of integrating sensors in the μCCA
device.
3.1.5.3. Glass. Following an early focus on silica, glass was chosen

as medium manufacturing microfluidic organ on chip devices. It is an
amorphous substance that is optically transparent and shows
resistance toward electricity. Usually, these are processed using
conventional photolithography or wet/dry etching techniques.133 It
has a low background fluorescence and high resistance toward
chemicals. On the other hand, it is less expensive and it easy to
construct organ-on-chip devices on a glass substrate instead of
creating molds for replication using polymer-based technologies.119 In
addition, it is absolutely suitable for biological specimens; it is a
substance that is impermeable to gas and has a low nonspecific
adsorption capacity. Because of the fact that oxygen cannot enter via
glass chips, often channels and chambers are closed; this makes it
incompatible for long-term cell-culture usage. Capillary electro-
phoresis (CE) is a significant application of glass chips.120,121 This
less-expensive technology is much more efficient to conventional CE
because it allows for faster parallel analysis setup and electro-osmotic
flow. Glass has a dependent elastic modulus that is used in the valves
and pumps.122,123 For applications that demand high pressure, glass is
preferred. Finally, glass microchannels deliver improved action, in
comparison to other materials, because of their thermoconductivity
and electro-osmotic mobility. Glass-based devices are used for precise

Figure 15. Properties of chip materials for OoC developments.
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cell-based assays to assess hydrophobic molecules. A study revealed
that glass devices have high cell adhesiveness and low absorption, and
therefore, should be useful in the cell-based assay for small
hydrophobic molecules.124 Because of hardness and the fabrication
costs, the use of glass in microfluidics is limited,125 which gives further
opportunity for the development other low-cost chip materials.
3.2. Properties of OoC Materials. Various materials are reported

for the development of OoC devices. Some of the most essential
properties that the materials should possess are shown in Figure 15.48

Furthermore, these materials must sustain their functional character-
istics over a longer period. Several materials bear specific character-
istics, including optical transparency, elasticity, gas permeability,
biocompatibility, etc. for devices.49−52 Animal models are costly, time-
consuming, analytical but not correct for human conclusions, and are
troubled with ethical burdens from society. Therefore, because of the
resemblance of OoC performance with the physiology of the human
body, the properties of OoC materials provide a way to examine
biochemical gradients, active mechanical services, and tissue
interfaces. The potential properties in physiological and pharmaco-
logical investigations are inclusive in cost-effective approach. The
organ-on-a-chip can be relevant to micro(patho)physiological
processes for immune system. To date, most of inflammation-on-a-
chip devices have used a gradient of proinflammatory cytokines to
study migration patterns and mostly been studied to evaluate drugs or
for immunotherapy.149 The interaction of the chip system with the
human immune system or their compatibility have not been studied
extensively.149 Study shows that immunomodulatory OoCs use
inflammatory biomolecules, i.e., pro- and anti-inflammatory cytokines,
to modulate the cells to obtain the desired immune response and
focus shifted toward the purpose of new generations of biomaterials
(for example, synthetic peptide structures and cell-responsive
polymers).150 The tumor-on-a-chip is helpful to comprehend the
physiological function of the goal organ, in terms of the cell types,
structures, etc. Ex vivo platforms are effective to study the influence of
the tumor microenvironment on immune cell recruitment.151,152

4. BIOINSPIRED ORGAN-ON-A-CHIP
(OOC)TECHNOLOGY

The new pledges of healthcare technology have resulted in the
growing demand for alternative physiological procedures. The
global needs push the translational research and related
market, different dynamics of the healthcare industry, digital
and engineering technologies, manufacturer strategies, bio-
markers research, nanomaterials compatibility, and aspects that
are playing a substantial role in the upcoming marketplace. The
breakthrough biomedical research and materials progress will
help the key players to shape a roadmap of key segments,
understand the trends, and drive the focus to develop holistic
organ-specific application devices for global demands. How-
ever, understanding the limitations of technology, trends of
bioinspired technology, and their utilization is must to frame
the potential prospect.

5. TRANSLATIONAL AND MARKET POTENTIAL
Noteworthy, OoC technology requires multidisciplinary trans-
lational research and trials to become commercially accessible
and applicable. In the past few years, several firms and startups
have released OoC-based products for tissue/organ modeling
(see Table 4). Mimetas OrganoPlate has demonstrated many
different applications in this industry. Vulto and Joore
improved the microfluidic channels by creating hydrogel−
liquid interfaces.361−363 The system involves meniscus pinning
barriers, which utilize the Phaseguides technology, and is used
to get precise, barrier-free defined cultured matrices and 3D
cells.296 Culturing of biological cells (neurons, hepatocytes,
endothelial, kidney, cancer, etc.) has been accomplished in the T
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Mimetas system. Marx and colleagues (from the Technische
Universitaẗ Berlin) developed a multiorgan platform known as
“TissUse”. TissUse introduced gravity-driven media flow
facilitated to achieve a pumpless fluid flow system.
Furthermore, the company produced some products, such as
HUMIMIC Chips for various in vitro modeling objectives. In
this, microfluidic channel connects the organ models, which
are sealed with human-dermal-microvascular-endothelial-
cells.297 With the main goal being a better understanding of
diseases/drug models and the effect of food on our health, a
new U.S.-based startup called Emulate devised the first
commercialized organ-on-chip models. Ingber’s group at the
Wyss Institute for Biologically Inspired Engineering in
Harvard, which designed a lung on a chip system in 2010,
that reproduces the functionality of the lung-alveolus, such as
the breathing mechanism. AIM Biotech has provided another
fascinating OoC chip, which consists of a gel region with
adjacent media platforms isolated from gel channels by
trapezoidal posts.
The chip is used to cultivate cells in 3D, and to support the

circulation of immune cells, e.g., T-cells in the channels that
are immediately close to the gel channel. The primary
objective of OoC devices is to replicate human organs and,
subsequently, the modeling of drug interactions with the
human physiology. The biomedical industry involves numer-
ous procedures, several of which are demanding, and compose
a highly competitive market. Thus, switching to a modern
innovation may lead to potential losses in the production of
drugs. Another way to view OoC is to examine it as a new
technology with much of the related research still in the early
stages of exploration and, thus, not mature enough to be
incorporated into ongoing drug development projects. Even
though several start-ups throughout the world have invested
considerable effort in developing OoC device prototypes,
despite all this effort, introducing OoC technology into the
industrial scale is encountering numerous scientific, technical,
and industrial obstacles. The manufacturer must ensure that
OoC devices are consistent, cost-effective, ascendable, and
produced at large scale. Quality OoC systems require skilled
scientific personnel, equipment and model characterization
during the cell culture process. The production of OoC devices
for commercial processes is a key challenge to the OoC
technology as it originates and extends from university
laboratories with the established manufacturing procedures.
OoC manufacturing calls for a multidisciplinary approach for
engineers, manufacturing experts, materials researchers, and
biologists.
Many firms are building OoC devices, such as those

included in Table 4. These companies are making considerable
strides toward offering exploratory platforms for feasibility
studies with intriguing developments at a rising rate. As a
result, many big pharmaceutical firms are engaged in OoC
R&D feasibility studies (for instance, Emulate, Inc.’s
medication candidate screening partnership with Johnson &
Johnson (NJ, USA)). To study the potential of OoC models in
drug screening, TissUse GmbH is partnering with Bayer AG
(Leverkusen, Germany) with AstraZeneca.298 Several other
firms have also announced similar collaborations with
unannounced partners in the industry.

6. TRENDING RESEARCH, FOCUSED TECHNOLOGY,
AND LIMITATIONS

The concept of organ-on-chip is still in its early stages, and it
has gained a significant amount of interest among researchers
in academia. Yet, to transfer this technology from the
laboratories to an industrial scale, a massive effort is required.
Although remarkable progress have been made in materials
field over recent decades, some clinical limitations restrict
them from being widely adopted in the human body. A road
map study shows that tuning of the following components may
require special focus before the successful adaptation of OoCs
technologies for users and developers:299,300

• Materials utilization�substrates, cells, and perfusion
media

• Devices�size, footprint, functionality, and accessibility
• Interfaces�cross-compatibility, with laboratory instru-
mentation and workflows

• Bioassays�cell culture study, phenotypic and genotypic
characterization, etc.

• Data validation�formatting, analysis, archiving, and
sharing

The engineering of advanced biomaterials has found striking
applications, such as biosensors, point-of-care diagnostics,
cellular differentiation, stem-cell, resonance imaging, drug
delivery, etc.303−311 The extensive biocompatibility research
and clinical trials may be helpful for adopting technology
widely. However, tangible support from government funding
and business partners, particularly, the pharmaceutical
companies, has provided an immense boost in the develop-
ment of OoCs. OoC materials are considered to be the top
emerging technologies delivering services for precision
medicine. Studies show that the structural and functional
characteristics of human tissue are mimicked by OoCs and are
responsible for the construction of physiological models, drug
development, and toxicology from the viewpoint of different
organs.300

Identification of suitable biomarkers, their sensitivity and
specificity for the physiological consequences, and clinical
validity through trials is challenging. Same way identification of
suitable alternative materials, their cost of manufacturing and
experimental implementation, reusability, suitable sensors are
required for the technology.301 Emerging materials play a
diverse role, because of their architecture, design, and
constituents, and deliver functionality of bioactivity with
compatibility.312−314

Trending translational research shows that OoCs technology
offers an excellent platform for disease modeling for various
issues and organs such as pulmonary edema, protein-induced
lung inflammation, central nervous system disease, type 2
diabetes, chronic obstructive pulmonary disease, inflammation
sensing, etc.302 Potential usage in a range of healthcare
applications, advanced biomaterials, and nanomaterials play
role in functional therapeutics, diagnostic device, DNA
extraction, gene targeting, translational materials, engineering
devices, tissue engineering, and organ regeneration.311

The bioprinting technology suitable for lung cancer research
under a controlled microenvironment in a 3D tumor model,
while therapeutical in anticancer drug screens in a breast ductal
carcinoma and blood−brain barrier (BBB)-on-chip systems, is
studied for a better understanding of disease progression.303

CRISPR-Associated microfluidic channels and chips provide
services in a cost-effective and high-throughput manner.351

ACS Applied Bio Materials www.acsabm.org Review

https://doi.org/10.1021/acsabm.2c00041
ACS Appl. Bio Mater. 2022, 5, 3576−3607

3595

www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Digital technology such as deep learning for image digitization,
data analysis, and automation contribute in OoC exten-
sively.352 The digital organ-on-a-chip platform provides high-
parallelism and a low-variability analytical tool for toxicity
assessment to combat cancer.353 High-tech technologies such
as biofabrication, artificial intelligence (AI), robotics, and
automation benefits the OoC technology regularly.354

Edington et al. defined the interconnected microphysiological
systems for quantitative biology and pharmacology studies.360

This study illustrates several generalizable design and opera-
tional principles for implementing multi-MPS “physiome-on-a-
chip” and potentially providing better prediction of human
responses at lower financial and ethical costs as compared to
current methods of drug development. Schematic overview of
Physiome-on-a-chip approach is demonstrated in Figure 16,
where bio-engineered devices that nurture many intercon-
nected organ of interest for specific functional behaviors is
illustrated. This kind of models is useful for drug fate or disease
modeling.
Although OoC technology has excellent potential to adopt

and implement the functionality; however, data analysis,
clinical mechanisms, and medicine strategy still need to be
optimized for specific biological conditions. Therefore, for the

expansion of an automatic OoC structure to require a reliable,
clinical platform for medical professionals, it should be adopted
through medical policy, ethical guidelines, and a standard
clinical practice model to avoid complex clinical challenges.

7. FUTURE PROSPECTS AND UTILIZATION
A revolution in scientific approaches to studying various
diseases, ranging from pathophysiology to drug discovery, has
taken place with the development of organ-on-a-chip (OoC)
devices. More importantly, recent studies utilize human-
induced pluripotent stem cells (hiPSCs) to develop personal-
ized tissue or organ models. These integrated multiple organs
on the single chip produce the best options for absorption,
distribution, metabolism, excretion, and toxicity (ADMET)
processes to predict drug efficacy and safety.330 Applications
for the neurodegenerative diseases and their relevance in
translational personalized medicine lie in the study of the
brain-on-a-chip, blood−brain barrier (BBB)-on-a-chip, and
neurovascular unit (NVU)-on-a-chip, which provide testing
platforms for high-throughput pharmacological screening.331 A
perspective on the future clinical applications lies in the feto-
maternal interface OOC (FM−OOC) models, in obstetrics
research, or in integrated multiple organ systems to make our

Figure 16. Schematic overview of Physiome-on-a-chip approach. The Physiome-on-a-Chip consists of bioengineered devices that nurture many
interconnected 3D MPSs, representing specified functional behaviors of each organ of interest, designed to capture essential features of in vivo
physiology based on quantitative systems models tailored for individual applications such as drug fate or disease modeling. (Illustration by Victor
O. Leshyk.) [Reproduced with permission from ref 360. Copyright 2018. Nature Publications.]
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understanding for toxicity and therapeutic strategies.332

Application of the clinical research, for patient benefit, lies in
the functional testing for precision medicine.333

Choosing the proper type of chips is the first and most
critical step to the successful application of OoC devices.
Nanomaterials-based immunosensors and biosensor research
are extensively used for biomedical application of diagnosis and
therapeutics and can be used to transform the information at
technology readiness levels (TRLs) to facilitate the device
formulation for various diseases.317−321 A stimuli-responsive
interface based on responsive material is helpful to generate
controlled and programmable bioelectronics.322

Many materials have been modified to build micro-
physiological processes capable of emulating the function of
human tissues and organs to a large extent over the past many
years.34,334−341 These ideas are useful for clinical trials because
they are inexpensive, easy to perform, and relevant to the
human body. OoC technology, which focuses on microscopic
research and inexpensive, portable tests, has helped drive the
rapid advancement of chip materials. In general, choosing
materials for laboratory research should allow for a good
balance between the simplicity of the prototype and the overall
performance of the device, whereas for commercial applica-
tions, the biggest challenges are the cost of production and
how easy and reliable the product is to use. It seems that the
current trends are to use glass, silicon, and PDMS in research
laboratories, and plastic and paper in commercial products.
Many materials have benefits and drawbacks. Teflon, glass, and
silicon are the most inert materials when it comes to chemicals
and solvents; PDMS is a good candidate for complex
microfluidic circuits, while thermoplastic materials are good
for commercialization and mass production of standard
microfluidic devices.
Furthermore, numerous types of biocompatible materials

suitable for 3D bioprinting have been developed, making 3D
bioprinting a practical approach for creating complex chip
structures. OoCs have benefited from these advancements in
materials and construction techniques. However, these OoC
devices are able to handle only a few obstacles. Even while
simulated microenvironments are highly developed, they do
not quite mimic the natural ECM microenvironments. In
addition, the natural microenvironment is dynamic and ever-
changing. Finally, constituents of integrated system, such as
suitable materials for chip, sensitive biomarkers, and important
fabrication techniques, are important for future organ-on-chip
research to develop compatible microfluidic skills which
precisely report and mimic the in vivo niche of the human
body.

8. CONCLUSIONS
Imperative utilization of OoC materials has attained
dominance in the translational biomedical field of physiology,
diagnosis, and healthcare monitoring. The precise analytical
device uses biocompatible materials for biological sensing.
Thus, it can be said that the recent advances in the
development of cell-encapsulating materials have provided
significant understandings in microphysiological systems that,
earlier, were challenging to achieve in the OoC. The current
understanding of disease progression is based on structural
engineering, sensor technology, biomarker research, clinical
validation and softwares used on OoC materials, which offers
deeper insights about human health and disease. In the
foreseeable future, integration of technological inputs at

various extents, such as emerging materials, digitalization, AI,
ML and advanced genomics, make it possible to spread and
adopt massively at an affordable cost. Moreover, the adoption
of such systems is revealed, through policies and protocols, to
be more effective (for example, cheaper healthcare system
more specifically for emerging infectious and challenges of
chronical disease. Remarkable advances have widespread
application of materials with advanced technologies to led to
future transformation of biomedical field through wearable,
implantable and automated devices for healthcare monitoring
with preprognosis strategies.
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