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ABSTRACT

The maintenance of body homeostasis relies heavily on physiological barriers. Dysfunction of these
barriers can lead to various pathological processes, including increased exposure to toxic materials
and microorganisms. Various methods exist to investigate barrier function in vivo and in vitro. To
investigate barrier function in a highly reproducible manner, ethically, and high throughput,
researchers have turned to non-animal techniques and micro-scale technologies. In this compre-
hensive review, the authors summarize the current applications of organ-on-a-chip microfluidic
devices in the study of physiological barriers. The review covers the blood-brain barrier, ocular
barriers, dermal barrier, respiratory barriers, intestinal, hepatobiliary, and renal/bladder barriers
under both healthy and pathological conditions. The article then briefly presents placental/vaginal,
and tumour/multi-organ barriers in organ-on-a-chip devices. Finally, the review discusses
Computational Fluid Dynamics in microfluidic systems that integrate biological barriers. This article
provides a concise yet informative overview of the current state-of-the-art in barrier studies using
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Introduction

The analysis of body fluids has a rich history dating
back to ancient times. Bedside diagnosis tools, such
as matching the color and appearance of urine with
physiological states, were commonly used.
However, with advancements in science, more pre-
cise and standardized equipment was developed,
which led to diagnosis moving away from the
patient and into laboratories. Fortunately, with the
emergence of microfluidic devices, the possibility of
point-of-care testing has become a reality.
Microfluidic devices were first fabricated in the
late 1960s by key players such as the Finnigan
Instrument Corporation, Stanford and Purdue
University, Siemens, and IBM'. These devices
have made it possible to revisit the bedside diagno-
sis, allowing for efficient and accurate testing at the
patient’s side.

In 1993, Harrison and his colleagues designed
glass chips measuring 1 by 2 centimeters for elec-
trophoresis-based chemical analysis, marking
a significant milestone in the field’. Another
major breakthrough occurred in 1998, with the

tumor barriers

invention of rapid prototyping of microfluidic sys-
tems using polydimethylsiloxane, which allowed
for the fabrication of microfluidic chips in less
than a day’. Meanwhile, the technology of 3D
printing has continued to evolve, making it easier
to create large-scale, integrated, and multi-layered
microfluidic devices. This advancement has greatly
enhanced the study of cell- and organ-on-a-chip
constructs, allowing for more realistic modeling of
physiological and pathological conditions'.

According to a PubMed search, the number of
annual publications on Lab-on-a-Chip has been stea-
dily increasing since exceeding 100 in 2003, reaching
over 1000 in 2015 (see Figure 1). Notably, the first
publication in the database regarding “organ-on
-a-chip” was in 2010, describing a chip that reconsti-
tutes the alveolar-capillary interface of the human
lung®. In the past decade, there has been a significant
increase in the number of papers published on organ-
on-a-chip technology, and the proportion of “organ-
on-a-chip” publications relative to all “lab-on-a-chip”
publications has been steadily increasing as well, as
shown in Figure 1C-D, respectively.
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Figure 1. (a) the number of publications in the PubMed database as a function of year with the search term “lab-on-a-chip”, showing all
hits (orange) and exclusively review articles (green). (b) the total number of publications on lab-on-a-chip studies testing different
barriers. (Search term: “(lab-on-a-chip) and (xx barrier)”.) (c) the number of publications with the search term “organ-on-a-chip”. (d)
Changes in the proportion of “organ-on-a-chip” studies over all “lab-on-a-chip” articles over time. (The PubMed search was completed

by April 17, 2023.).

The purpose of this review article is threefold:
firstly, to provide a comprehensive overview of the
applications of microfluidic chips in studying nor-
mal and pathological biological barriers; secondly,
to showcase the diverse methodological approaches
employed in this research area; and thirdly, to high-
light the various parameters that can be monitored
in these dynamic, physiologically relevant in vitro
or ex vivo systems. By analyzing the studies dis-
cussed in this review, scientists working in this field
can enhance their own models and achieve more
predictive and informative results. Ultimately, this
can facilitate the translation of findings from
microscale models to human conditions, thereby
advancing the development of novel treatments
and therapies

Organ-on-a-chips: fabrication technologies,
materials, and cell sources

Throughout the evolution of technology, numer-
ous fabrication methods and materials have been

employed in the production of microscale micro-
fluidic devices, such as organ-on-a-chips (as
detailed Table 1). However, each fabrication
method has its advantages and limitations, which
are also summarized in Table 1. When compared
to traditional 2D and 3D in vitro cell culture assays
in culture dishes or in vivo animal models, the use
of new organ-on-a-chip devices has several pros
and cons (outlined in Table 2 and Table 3). Organ-
on-a-chip models must replicate certain tissue and
organ structures and functions; hence, appropriate
cell types and sources must be prepared and pro-
vided. Primary cells isolated from specific organs
without any gene modification are considered
ideal cell sources for organ-on-a-chips, as they
exhibit comparable functions to in vivo
environments''. However, in vitro culture of pri-
mary cells can be challenging for certain types,
such as neurons and cardiomyocytes, and they
may only be stably available for a limited time'”.
The emergence of human-induced pluripotent
stem cells (iPSCs) provides a potential alternative
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Table 1. Techniques and materials for fabrication of microfluidic devices (modified from Cao et al.'?*),

Fabrication
Techniques

Materials used

Advantages

Limitations

Photolithography Resin

Soft lithography

Injection
moulding

Hot embossing
process

Etching
technique

Laser cutting
process

3D printing

Glass

Elastomers (e.g. PDMS,

polyurethane)

Thermoplastic (e.g. PMMA)

Cyclic olefin polymers
PDMS

Liquid metal

Polystyrene

Polystyrene (PS)
PMMA
Cyclic olefin copolymer (COC)

PMMA
Polycarbonate (PC)
coc
Polystyrene (PS)
Polylactic acid (PLA)
Poly (2-hydroxyethyl methacrylate)
P-HEMA
Silk fibroin
PDMS

paper

PDMS
Glass
polyethylene-glycol(PEG)
Natural biopolymers (e.g. collagen,
silk fibroin, gelatin, alginate and
chitosan)

High precision over feature geometry
Comparatively fast
Used on different materials such as glass and
silicon

Capable of mass production of sophisticated
microstructures
Cost effective
Relatively easy setup
High throughput
Cleanroom free operation
High repeatability and reliability once the mould
tool is made
Capable of mass production at a low cost
Relatively short cycle time
Allows for complex geometries with tight
tolerances
Little plastic waste
Cost-effective
High efficiency
Capable on mass replication
High structural precision

Capable of mass production of fine-detailed and
complex microdevices
Rapid prototyping
High precision fabrication
Production of burr-free parts with no stress to
the metal
Non-contact carving method,
Excellent accuracy and precision
A relatively short development time

Flexible designing and modeling
Excellent precision, smooth surface resolution
and watertight tolerances depending on
printing types
Utilize various materials
Rapid prototyping
Minimal waste
Cost-effective

Require a cleanroom for fabrication
High initial tooling and machinery costs
Work only on perfectly flat substrates

Need aid from another lithography method to
fabricate the stamp master

High initial tooling and machinery costs
Long initial lead times
Difficult and expensive for design changes

Difficult to control the optimal process
parameters
Require thermoplastic materials to be used
Great care needed when de-embossing the
products

High initial tooling and machinery costs
Require high expertise to operate
specialized equipment
Require using some corrosive gases

Expensive initial and maintenance costs
Produce harmful pyrolysis by-products
when burning plastics
Require compressed air or water wash after
finishing

Restricted building part sizes
Require post-processing methods such as
water jetting, sanding, chemical soaking
and air-drying

Table 2. Organ-on-a-chip technologies pros and cons.

Pros

References

Cons

References

Cheap manufacturing

In-house fabrication

Many drugs/dosages can be tested at the same time
Do not meet ethic concerns

Physiologically relevant tissue microenvironment
Low variability in replicates

3D structure
Test reliability

User friendly/portable

5 Presence of surface effect

Small volumes, sensitive analysis required
Laminar flow within the microchannels/not proper mixing
Special other instruments needed

[ N N~ - N N~ N~ NV}

Parallelization (saving space, money and time)
Dynamic systems, mimic shear stress

for organ-on-a-chip cell sources'>'*. iPSCs can be
induced to differentiate into various organ-
specific cells, and commercially available organ-
specific cells derived from iPSCs exist'’.
Additionally, iPSCs from patients carry their
genetic information, allowing for the creation of

disease models for these patients. Furthermore,
gene editing technology can be utilized to recreate
and study organ-specific functions affected by
mutations, which has significant applications'®.
Table 4 summarizes the primary cell types
employed in various barrier-on-a-chip systems
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Table 3. Comparison of 2D/3D cell culture, animal models and organ-on-a-chips (modified from Koyilot et al., 2022'% and Yu et al,,

201926,

2D/3D cell culture Animal models

Organ-on-a-chip

High throughput screening (HTS)
system

Limited cell-cell interaction (2D)
Necrotic cells (3D)
Limited physiological relevance
Static condition
Inefficient nutrient and waste
transport

Limited throughput
Ethical and legal issues

with humans

Mimic cellular/tissue environment complexity

Difficulties with the translation and correlation

Replicate physiological/pathophysiological environment
Ability to integrate with various sensors and actuators
HTS is possible with integration of automatization and smart
analysis system
It is not scalable with the human organs
Require external pumps, tubing,
connectors, and valve to operate

Table 4. Cell types frequently used in different organ-on-a-chip barrier models.

Barriers on-a-chip Most frequently used cell types References

Blood-brain barrier  endothelial cells, pericytes, astrocytes 17-23

Neurovascular unit  endothelial cells, pericytes, astrocytes, neurons, microglia cells v
barrier

Visual system endothelial, epithelial cells, fibroblasts, neuroblastoma cells, mesenchymal stem cells 24-32
barrier

Respiratory system  epithelial cells, endothelial cells, fibroblasts, macrophages, 351
barrier

Dermal barrier keratinocytes, fibroblasts, melanocytes, endothelial cells 5259

Intestinal barrier enterocytes, intestinal epithelial cells, colon carcinoma cells, microbiome bacteria 60-68

Liver barrier hepatocytes, endothelial cells, cholangiocytes 69-87

Kidney barrier glomerular endothelial cells, visceral epithelial cells (podocyte), renal carcinoma cells, fibroblasts, macrophages 85.88-97

Vaginal/placental  vaginal epithelial cells, uterine stromal fibroblasts, lactobacilli, other bacteria, placental villous endothelial cells, 98-104
barrier trophoblasts, macrophages

Tumor barrier fibrosarcoma cells, endothelial cells, macrophages, breast ductal carcinoma cells, other tumor cells 105113

Multiorgan barrier  endothelial cells, liver cells, small intestine cells and lung tumour cells, bone cells, neurons, astroglia, muscle, breast cancer 47123

cells, colon cancer cells, connective tissue cells
Table 5. Tumor-on-a-chip models and their applications.
tumour-on-a-chip model cells employed Visualizing method Application References

Tumour Murine macrophage cell RAW 264.7 and
microenvironment on tumour spheroids coculture
a chip

3 D Liver tumour on
a chip model

hepatoma parental and resistant cells

Breast and prostate
tumour on a chip
model

Viable breast and prostate Patient-derived
xenograft tissue slices

confocal laser scanning investigating migration of drug-carrying
microscope

Light microscopy

145

macrophages towards tumor, their tumor
infiltration, and the corresponding drug
responses in tumor spheroids.

Drug resistant evaluation on different
tumour stages and diverse medication
periods

Cisplatin and apalutamide
chemotherapeutic probes sensitivity to
breast and tumour xenograft models.

147

Single breast cancer cell  Michigan Cancer Foundation 7 (MCF-7), total internal Cancer cell extravasation

and its extracellular Sloan Kettering Breast Cancer 3 (SkBr-3) reflection
vesicles cells, and Human Embryonic Kidney fluorescence
(HEK293) were obtained from ATCC microscope

148

Physiological barriers

Physiological barriers are natural defense mechan-
isms that protect organisms, organs, and organ
systems from harmful environmental stimuli.
These barriers can take different forms, such as
physical, chemical, or biological barriers, and their
nature can vary based on the organism’s environ-
ment and lifestyle. For instance, the skin is
a primary physical barrier that shields against dehy-
dration and infection, while mucous membranes
are chemical barriers that produce antibacterial

substances. By providing an initial line of defense
against potentially harmful agents, physiological
barriers play a crucial role in maintaining the health
and integrity of an organism’s internal environ-
ment. Barriers can take different forms, ranging
from a single cell layer (such as monolayers) to
more complex cell cultures (like blood-brain bar-
rier models composed of endothelial cells, peri-
cytes, and astrocytes) or complete tissues (such as
excised skins, epidermis, or full-thickness skins).
These barriers serve as critical interfaces that con-
trol the passage of substances and protect the



underlying structures from damage. In modern
biomedical research, various biological barriers
can be integrated into microfluidic lab-on-a-chip
or organ-on-a-chip devices, enabling precise mod-
eling and analysis of the physiological barriers in
a controlled and realistic setting. This approach can
facilitate the development of novel drug delivery
systems, disease models, and tissue engineering
applications.

Before conducting an organ-on-a-chip experi-
ment using a microfluidic chip that integrates cell
culture, it is essential to assess the barrier function
by measuring the transepithelial/endothelial elec-
trical resistance (TEER). TEER is a widely accepted
quantitative technique used to measure the integ-
rity of tight junction dynamics in cell culture mod-
els of endothelial and epithelial monolayers. High
TEER values indicate strong barrier function and
tight junction integrity, making it a useful tool to
evaluate the barrier properties of cells before the
transport of drugs or chemicals. TEER measure-
ments can be performed in real-time without caus-
ing cell damage and are generally based on
measuring ohmic resistance or impedance across
a wide spectrum of frequencies. The blood-brain
barrier (BBB), gastrointestinal (GI) tract, and pul-
monary models are some examples of barrier mod-
els that have been widely characterized using TEER
measurements. However, it is worth noting that
TEER values can vary depending on certain factors,
such as temperature, medium formulation, and
passage number of cells, leading to high inter- and
intra-laboratory differences in TEER values.
Therefore, it is important to carefully control
these factors to ensure accurate and reproducible
TEER measurements'?”.

Current commercial devices for TEER measure-
ment are limited to static and macroscopic cellular
systems, which are not suitable for use in organ-on
-a-chip devices due to their small cell culture areas
that cannot accommodate electrode placement.
Immobilizing and integrating the electrodes
directly within the chip close to the cellular mono-
layer can reduce electrical resistance and improve
the signal-to-noise ratio. Electrode size should also
be miniaturized to fit organ-on-a-chip systems. To
ensure a uniform current density, the electrode
design for chip applications can be combined with
electrical simulation and modeling. In contrast to
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traditional cell culture systems, organ-on-a-chips
offer the advantage of allowing the study of cells
under physiologically relevant conditions, such as
continuous fluid flow and consequent shear stress
on the cells, and cell-cell interactions. This
approach has the potential to provide more accu-
rate and reproducible results in drug screening and
disease modeling'**'*°. The following section pro-
vides some examples of TEER measurements in
microfluidic environments for in vitro modeling
of the blood-brain barrier, gastrointestinal barrier,
and airway barrier.

Booth et al. (2011) developed a multi-layered
microfluidic device for microscale modeling of the
blood-brain barrier (BBB), which comprised of
four PDMS substrates, two glass layers, and
a porous polycarbonate membrane sandwiched
between PDMS layers'*’. This device also inte-
grated thin-film electrodes that were fabricated by
depositing layers of Cr, Au, and Ag on glass, fol-
lowed by chlorination of the silver surface to gen-
erate an electrochemically active AgCl surface. The
electrodes were connected to a commercial EVOM
system, and the TEER of b.End3 (endothelial) cells
in co-culture with C8D1A cells (astrocytic) was
increased from 20 to 250 Qcm? by exposing the
cells to dynamic conditions that provide shear
stress. Kim et al. developed a cell-based gastroin-
testinal system in a microfluidic system, where
TEER values between 3000 to 4000 Qcm® were
observed, whereas control cultures under static
conditions exhibited TEER values between 700 to
800 Qcm"!. Such systems may allow investigating
the influence of shear stress on the barrier function
of in vitro GI tract tissues'>>'*>. However, it’s
important to note that these high values of TEER
are not physiologic'*.

A functional small airway microfluidic model
was developed by culturing human alveolar epithe-
lial (A549) cells on Transwell inserts with an air-
liquid interface'**. TEER values were measured
over the course of 6days using a MilliCell-ERS
system from Millipore AG. The TEER values con-
tinuously increased and reached a maximum of
128 Qcm” and 152 Qcm? on the liquid and air
interfaces, respectively'>*. This highlights the
potential of microfluidic environments to improve
the barrier function of in vitro systems due to the
effect of shear stress on the cells. Over the past few
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decades, different devices have been developed to
test the barrier function and integrity of normal or
disease-specific models. In the following sections,
we will explore the most important applications of
organ-on-a-chip devices for testing the functional
integrity of various physiological barriers.

Blood-brain barrier and neurovascular units

The microvessels within the central nervous system
play a critical role in not only transporting energy
substrates and waste products but also in tightly
regulating the movement of ions, molecules, and
cells between the bloodstream and the brain. The
blood-brain barrier (BBB) is a compact structure
consisting of capillary endothelial cells surrounded
by pericytes and astrocyte endfeet. This structure is
responsible for protecting the brain from toxins
and pathogens, and the properties of the BBB
greatly influence the development of neurological
disorders. However, this barrier also prevents the
entry of drugs targeting the central nervous system.
The microenvironment plays a significant role in
BBB function, and fluid flow, along with precise
composition, is critical in maintaining barrier
function'*”.

Microphysiological systems aim to replicate the
complex parameters of the BBB. BBB-on-a-chip
devices typically consist of endothelial cells, astro-
cytes, and pericytes, while neurovascular-units-on

\

-a-chip (NVU) devices also include neurons, as
shown in Figure 2. Numerous BBB-on-a-chip sys-
tems have been developed, ranging from planar
structures to various 3D models. 2D chips usually
consist of two chambers separated by a porous
membrane made from polycarbonate, polyester,
or polydimethylsiloxane, which enables interaction
between different types of cells (i.e., endothelial
cells in one compartment and astrocytes with peri-
cytes in the other)'”. However, the major drawback
of this construct is the lack of contact co-culture.
The term "2.5D models’ is used for structures where
a 3D extracellular matrix compartment contains
astrocytes and pericytes, and the endothelial cell
monolayer is inside a predesigned structure such
as a rectangular or square channel (as shown in
Figure 2'®. This model enables a more physiologi-
cally accurate co-culture architecture, although it is
technically challenging, and comparing different
models is not straightforward. In the 3D models,
a cylindrical, perfusable endothelial cell layer that is
100-800 pum wide is embedded into a 3D matrix
containing astrocytes, pericytes, neurons, and
microglia. The construction is even more challen-
ging, and compared to the 2D model, the disadvan-
tage of the 2.5D and 3D devices is the difficulty in
measuring permeability through the barrier, which
is now mostly limited to fluorescent markers'®.
Based on literature data, the physiological TEER
value for brain microvasculature ranges between

Y J 2D
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25D| | [& 3
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Figure 2. Classification of brain-on-a-chip devices (BoC) based on construct geometry and cell types'’.



1500 and 8000 Qcm*'”. However, the TEER values
of BBB-chips vary greatly, ranging between 200 and
24,000 Qcm?*'”. BBB-on-a-chip devices have been
developed to study various neurological disorders
such as Alzheimer’s disease'”, brain cancers includ-
ing glioblastoma®’, ischemic stroke®', as well as
infectious diseases such as meningitis caused by
Cryptococcus neoformans®* and SARS-CoV-2

virus®.”

Barriers in the visual system (retinal and corneal
barriers)

The retina, the innermost and light-sensitive region
of the eye, comprises multiple layers of specialized
neurons, as well as glial cells, endothelial cells, and
epithelial cells. Due to its sensitivity, it is essential to
protect it against harmful agents that may enter the
bloodstream. The retina receives blood supply from
two distinct vascular beds: the retinal vasculature,
which supports the inner retina, and the choroidal
vasculature, which supports the outer retina. As
a result, the blood-retinal barrier (BRB) is com-
posed of two separate barriers. The inner BRB is
formed by specialized retinal vascular endothelial
cells with well-developed tight junctions, while the
outer BRB is composed of the retinal pigmented
epithelium, which regulates the flux from the
choriocapillaris*,

Several devices have been developed to model
the outer BRB, with the simplest planar case
involving the culture of retinal pigment epithe-
lium (e.g., ARPE-19) and endothelial cells (e.g.,
HUVEC) separated by a porous membrane or
a fibrin matrix>*. However, the use of HUVEC
cells in the retina model is actually inadequate.
Devices that better model the physiological spatial
arrangement have also been created, such as cir-
cular structures of microvessels occupied by
HUVEC cells located below an ARPE-19 cell
layer”. To further improve the model, Chen and
coworkers used human lung fibroblasts (NHLF)
as supporting cells in addition to the epithelial
(ARPE) and endothelial (HUVEC) cells®.
Comparison of the ARPE-HUVEC-NHLF cul-
ture’s TEER values to the ARPE monolayer
showed that the outer BRB model had higher
values (although still below 100 Qcm?), possibly
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due to the presence of fibrin gel and the influence
of microvessels®.

Various constructs have been developed to
mimic the inner BRB, such as those made of
tubular human retinal microvascular endothelial
cells (hRMVEC) and extracellular matrix
components'*. In addition, a wider range of ret-
inal layers has been combined on a single chip to
establish the inner BRB (primary human retinal
endothelial cells), middle neuronal layers (SH-
SY5Y human neuroblastoma cells), and outer
BRB (ARPE-19)?”. The created oBRB models
have led to studies on the pathomechanism of
several diseases leading to blindness, such as wet
type age-related macular degeneration, as choroi-
dal neovascularization is the first step in many
disorders®®. On the other hand, iBRB models
have been used to investigate the response of bar-
rier function to leakage mediators'*°.

The cornea is a transparent, avascular part of the
eye that consists of epithelium, Bowman’s layer,
stroma, Descemet’s membrane, and endothelium®.
It maintains the metabolic activities of the ocular
surface and protects the inner part of the eye. Tight
cellular barriers are formed by corneal epithelium
and endothelium in the anterior and posterior parts,
but according to some research, the main barrier
function is played by the epithelial cells”’. Organ-
on-a-chip devices that model the corneal barrier
include a porous membrane embedded into the
microfluidic platform that separates the apical and
basal sides. In some cases, only corneal epithelial
cells (such as HCEpi or HCE-T) are cultured on
the membrane®, while in other investigations,
endothelial cells (such as HCEnd) are also involved,
cultured on the other side of the membrane, as
shown in Figure 3%°.

Yu et al. were able to achieve TEER values of
600-800 Qcm” and ~900 Qcm’ by culturing
HCEpi alone and HCEpi together with HCEnd on
the membrane, respectively”. In vivo conditions
involve shear stress, which is important in several
biological barriers, including the corneal epithe-
lium. To model the constantly changing properties
of the corneal epithelium due to eye blinking,
microfluidic devices that can create dynamic con-
ditions are necessary. For example, bidirectional
and unidirectional flows can be applied above and
below the epithelial cells, respectively’>. These
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Figure 3. Cross-sectional schematic diagram of the cornea-on
-a-chip. Endothelial and epithelial cells are cultured on the
opposite sides of the membrane®.

devices are useful for studies on eye blinking shear
stress and in ophthalmic drug development. The
chamber below the cells is also suitable for sample
analysis, such as detecting biologically relevant
extracellular metabolites and other molecules pene-
trating across the corneal epithelium, as performed
by Abdalkader and Kamei®. In addition, Yu et al.
used the cornea-on-a-chip for epithelial wound
healing studies, where extracellular vesicles derived
from bone marrow-derived mesenchymal stem
cells significantly enhanced corneal epithelial
wound healing®’.

Respiratory barrier

The airway epithelium plays a crucial role in main-
taining the barrier function of the airway tract,
which is composed of three major components:
mucociliary clearance, intercellular apical junc-
tional complexes that regulate paracellular perme-
ability, and antimicrobial peptides secreted by
airway epithelial cells. These components work
together to clear inhaled pathogens, allergens, and
particulate matter without inducing inflammation
and to maintain tissue homeostasis'>’. Recently,
Cohen and colleagues developed a multi-
compartment airways-on-chip model of the
human respiratory tract to demonstrate the feasi-
bility of delivering microspheres for therapeutic
applications®>. This model anatomically mimics
the flows in respiratory zones and includes three
compartments with different inlet channels: nasal
(4 mm diameter), bronchial branches (between 2.2
and 1.25 mm diameter), and alveoli (100 um height
x 170 um width) (Figure 4). The authors used this
system to simulate the intranasal administration of
encapsulated immune cells (epithelial TC-1 cells

and MH-S macrophages) in microspheres in fluid
and to analyze microsphere delivery along the
respiratory tract. This study demonstrates the fea-
sibility of using hydrogel-based topical micro-
spheres in the context of pulmonary damage and
tissue repair.

Exposure to air pollution and particulate matter
(PM) is associated with various respiratory diseases
in humans. However, there are few studies explor-
ing how multicellular networks communicate
within a tissue microenvironment after PM
exposure’®. Byun et al. developed a three-
dimensional (3D) respiratory mucosa-on-a-chip
model in vitro, composed of human nasal epithelial
cells, fibroblasts, and endothelial cells, to investigate
the effects of urban particulate matter (UPM) on
the human respiratory mucosa (Figure 5)**. The
researchers exposed human nasal epithelial cells to
UPM and observed a disruption in the respiratory
mucosa’s integrity. They found that UPM
decreased the expression of zonula occludens-1 in
both the epithelium and endothelium and induced
vascular endothelial cadherin expression in the
endothelium.

Figure 5 shows the respiratory mucosa-on
-a-chip designed by Byun and colleagues™, which
consists of three layers: human nasal epithelial cells
(hNEC), fibroblasts, and endothelial cells. In this
study, nasal cells were exposed to urban particulate
matter (UPM), which resulted in disruption of cell

Human respiratory tracts Airways-On-Chip

-
__— Nasal

\

Bronchial

Figure 4. The Airways-on-a-chip design developed by Cohen and
co-workers®>.
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which consists of three layers: human nasal

epithelial cells (hNEC), fibroblasts, and endothelial cells. In this study, nasal cells were exposed to urban particulate matter (UPM),
which resulted in disruption of cell junctions due to alterations in gene expression. This disruption led to pro-inflammatory responses
in the endothelial cells, further disrupting endothelial junction proteins.

junctions due to alterations in gene expression.
This disruption led to pro-inflammatory responses
in the endothelial cells, further disrupting endothe-
lial junction proteins.

Zhu et al.”> developed a lung-on-a-chip system
that allows for visualization of breathing by inducing
cyclic deformation of pulmonary alveoli through
regular airflow, mimicking the expansion and con-
traction of the lung. The resulting deformation of the
cells was monitored using an array of colors and
compiled into a color atlas that parallels pulmonary
disease symptoms. This lung-on-a-chip system has
the potential to be used for disease monitoring and
drug development against lung disorders.

Over the past decade, several lung-on-a-chip
devices have been developed to model the complex
structure and function of the human lung. In
a review by Francis and colleagues, the utility of
lung-on-a-chip technology in testing various lung

disorders and therapeutic interventions was
summarized®®. The authors demonstrated that
these devices were used to model a wide range of
lung diseases, including COPD (chronic obstructive
pulmonary disease)>’, COPD induced by cigarette
smoking®®,  asthma®®, lung  cancer*®™*,
fibrosis*>**, COVID-19*" 47, tuberculosis*®, 1nﬂu-
enza-induced pneumonia and fungal infections®,

pulmonary toxicity’’, and pulmonary thrombosis”"

Dermal (skin) barrier

The epidermis, which is the uppermost layer of the
skin, serves protective and defensive functions
through a unique differentiation end product of
keratinocytes known as the stratum corneum
(SC)'*®8. One of the most critical functions of the
SC is the creation of a permeability barrier, which
prevents transcutaneous evaporative water loss and
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allows for survival in a potentially dehydrating
external environment. The SC is a multi-layered
tissue made up of flattened, anucleate corneocytes
surrounded by multiple planar lamellae sheets that
are rich in ceramides, cholesterol, and free fatty
acids (FFA)"*'*° Below the epidermis is the der-
mis, which contains various cell types such as fibro-
blasts, hair follicles, stem cells, vascular,
immunological and neuronal elements, and sweat
ducts. In skin-on-a-chip models, either the epider-
mis or full-thickness skin (epidermis plus dermis)
can be tested.

In a recent review, Filaire and colleagues ana-
lyzed the main in vitro models used for safety test-
ing of cosmetic products, focusing on skin
sensitization, skin corrosion, skin irritation, and
skin absorption, as well as their advantages, limita-
tions, and regulatory requirements. The review also
highlighted recent innovative technologies, such as
Organ-on-a-Chip (OoC) models, for toxicology
and efficacy testing™.

Several research groups have analyzed and devel-
oped in vitro skin models on a chip with different
levels of complexity”>>>'*"'*2_ Some studies have
described skin aging models'** and dermatological
disease models on a chip®>'*'. Others have investi-
gated the effect of therapeutics, such as Coenzyme
Q10°°. Here, we present some recent results in
more detail.

The skin undergoes both intrinsic aging, caused
by metabolic processes, and extrinsic aging, caused
by environmental factors. However, replicating the
intrinsic aging process in vitro is challenging due to
its long-term progression. In a recent study, Jeong
and colleagues accelerated aging on a full-thickness
skin equivalent by applying periodic mechanical
stimulation and mimicking the circadian rhythm
for 28 days. They developed a full-thickness, three-
dimensional skin equivalent by culturing human
tibroblasts and keratinocytes and using a flexible
skin-on-a-chip. Periodic compressive stress led to
a reduction in epidermal layer thickness (as shown
in Figure 6), contraction rate, and secretion of Myb,
while increased galactosidase gene expression,
secretion of reactive oxygen species, and transform-
ing growth were observed. This in vitro aging skin
model can be used to accelerate drug development
for skin diseases and cosmetics that cannot be

. . 142
tested in animals ™.

In a recent study, Jones and coworkers described
the development of a novel skin-on-a-chip model
that integrates primary and immortalized human
cells to create a full-thickness skin equivalent™. The
model was housed in a microfluidic device in which
a microvasculature had been previously established.
The study assessed the impact of the chip design on
the quality of the microvascular networks formed
and developed a methodology to harvest tissues
from embedded chips after 14 days of culturing.
This allowed analysis of the impact of culture con-
ditions and vascularization on the morphology and
stratification of the skin equivalents’ epidermis.
The results showed that vascularization enhanced
the stratification and differentiation, including
thickness, architecture, and expression of terminal
differentiation markers such as involucrin and
transglutaminase-1. As a result, the matured skin
substitutes were formed in the microfluidic chips
(Figure 7).

Kim and colleagues demonstrated a pumpless
skin-on-a-chip system in their paper”®. They cul-
tured a human skin equivalent (HSE) composed of
the epidermis and dermis on the chip and
achieved the desired flow rate through gravity
alone, without the need for a pump or external
tube connection. To test the efficacy of Coenzyme
Q10, an anti-aging and antioxidant, it was added
to the culture solutions. The authors measured the
relationship between the contraction rate of the
HSE and the secretion of transforming growth
factor TGF-1 by performing enzyme-linked
immunosorbent assay (ELISA). By increasing the
concentration of coenzyme QI10, the number of
cells per unit area and the thickness of the epider-
mal layer increased proportionally. The level of
filaggrin expression and the contraction rate of
the full-thickness HSE were also found to be pro-
portional to the secretion of TGF-1.

Atopic dermatitis (AD) is a complex and multi-
factorial disorder that is still not well understood,
and there is currently no appropriate disease model
available for its analysis™. To address this issue, Kim
and colleagues stimulated a human skin equivalent
(HSE) in a pumpless skin-on-a-chip system using
interleukins IL-4 and IL-13, which are cytokines that
play a significant role in AD™”. The researchers inves-
tigated the morphological changes, gene expression,
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Figure 6. Changes in epidermal thickness with and without compressive stimulation in a flexible skin-on-a-chip'*2. (a) Hematoxylin-
eosin stained sections as a function of air exposure days. Scale bar = 100 um, n= 5. (b) Average thickness of epidermis with error bars
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Figure 7. Schematic representation of skin-on-a-chip model proposed by Jones et al. The chip is composed of three parallel channels
which are separated by microposts and connected to the media reservoirs. A central well is positioned in the centre of the central
channel. The vascular compartment (red: endothelial elements, green: pericytes, blue: fibroblasts) is formed in the central channel.
Dermal fibroblasts are introduced within the second hydrogel compartment above the vascular compartment. Keratinocytes (pink) are

seeded above the dermal layer, and they are allowed to stratify”

cytokine secretion, and protein expression in the sti-
mulated HSE. Spongy formations similar to those
observed in AD lesions were seen, and the expression
of barrier-related genes and proteins, such as filaggrin,
loricrin, and involucrin, induced by IL-4 R signaling,
decreased. However, carbonic anhydrase II (CAII),

a gene specifically expressed in patients with AD,
was upregulated™. Based on these results, the skin-
on-a-chip model of AD developed by Kim and collea-
gues seems to be a suitable tool for testing markers
of AD pathology and evaluating the efficacy of various
therapeutic interventions.
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Intestinal (gut) barrier

The intestinal barrier, which includes enterocytes
on the gut’s apical surface, is a semipermeable
structure that allows the absorption of vital nutri-
ents and facilitates immune sensing, while prevent-
ing the passage of pathogenic molecules and
bacteria. Both structural and molecular compo-
nents work together to accomplish this complex
yet crucial function of the gastrointestinal tract.
The intestinal microbiome has an impact on several
biological functions in the body. While animal
models are a powerful tool to study the relationship
between the host and microbe, there is still an
unmet need for a physiologically relevant in vitro
human intestinal system®.

De Gregorio and coworkers proposed an
immune-competent gut-microbiota axis to replicate
the architecture and vertical typography of the
microbiota, along with a complex extracellular
microenvironment. This system was developed as
a microbiota-human intestine-on-chip (MihI-oC)
(Figure 8) and proved to be a valuable platform for
studying inflammation, including ileitis, inflamma-
tory bowel disease (IBD), Crohn’s disease, and zonu-
lin-mediated gut disease. A microbiota chamber
(MC) was integrated into the chip for cultivating
the various microbial species of the intestinal micro-
biota (both microaerophilic and anaerobic). The
proposed MihI-oC could be used for testing drugs
or evaluating active food digestion, and it could be
combined with other modules that mimic various
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organs, such as the blood-brain barrier (microbiota
gut-brain axis), adipose tissue for obesity studies, or
the liver for assessing drug toxicity®".

Jing and coworkers®® also developed a novel
human gut-on-a-chip microsystem, but for
a different purpose. They aimed to investigate the
regulatory effects of chitosan oligosaccharides
(COS) on the occurrence and development of
human enteritis. The researchers created an intest-
inal injury model on the chip using dextran sodium
sulfate (DSS) and found that COS was able to
decrease intestinal epithelial injury by promoting
the expression of the mucous layer. Additionally,
an inflammatory bowel disease model was estab-
lished on the chip using E. coli 11,775. It was
demonstrated that COS could protect the intestinal
epithelial and vascular endothelial barriers by inhi-
biting the adhesion and invasion of E. coli 11,775%.

The gastrointestinal tract can potentially be
exposed to inorganic nanomaterials present in
food. In vitro gut-on-chip systems are better suited
for testing compound toxicity than static models
due to the added shear stresses caused by the flow
of the medium. In a recent study, intestinal epithe-
lial Caco-2 cells were exposed to TiO2 (E171) and
ZnO (NM110) nanomaterials, and the cells’
responses were monitored at the gene expression
level under dynamic and static conditions®’. The
gut-on-chip system resulted in higher sensitivity of
the cells and is proposed to be used for toxicological
hazard characterization of nanomaterials.
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Figure 8. (a) Schematic representation of injured intestinal tissue model; (b) experimental setup of Mihl-Oc highlights the microbiota
chamber that seals the Intestine compartment (IC) in which was accommodated the 3D-human intestine®’.



Milani and coworkers investigated the interplay
of Caco2 cells in co-culture with HT29 cells, culti-
vating them in a gut-liver organ-on-a-chip
system®. The intestinal compartment and single-
donor primary hepatocytes in the hepatic compart-
ment were used to analyze intestinal permeability,
metabolism (intestinal and hepatic), and potential
interactions of those processes. The prodrug myco-
phenolate mofetil was tested, and the conversion of
mycophenolate mofetil to the active drug mycophe-
nolic acid, as well as further metabolism to
a glucuronide metabolite, were assessed over time.
This methodology may be applied to other drugs
wherever quantitative knowledge of changing drug
concentration with time enables better understand-
ing of the biological effect.

In a review by Moossavi and coworkers®,
research on the intestinal microbiome was categor-
ized into three main areas: (i) diet-microbiome and
drug-microbiome interactions; (ii) microbiome-
targeted therapeutic pharmacology; and (iii)
mechanistic studies of the gut microbiome and
microbiome-targeted interventions in extraintestinal
pathologies. Gut-on-chips were highlighted as bio-
mimetic systems that can replicate intestinal physiol-
ogy, allowing for in vitro investigation of the
bidirectional effects of the host and microbiome.

Other studies have also shown that microfluidic
devices can provide a biomimetic microenviron-
ment where cells are arranged in specific patterns
and are exposed to fluidic and mechanical forces®®.
Sasaki et al. conducted a study to evaluate drug
transport across Caco-2 cell layers in microfluidic
devices and examined the influence of fluid flow on
drug transport and metabolism®. The microfluidic
device consisted of two blocks of polydimethylsi-
loxane (PDMS) and a polyethylene terephthalate
membrane sandwiched in between with 3.0 um
diameter pores. Under dynamic fluidic conditions,
Caco-2 cells developed microvilli and formed mul-
tilayered structures, in contrast to static conditions.
The basal-to-apical transport of rhodamine 123 (a
P-glycoprotein substrate) was greater than apical-to
-basal transport in both Transwell and microfluidic
cultures, and the presence of tariquidar (a specific
P-glycoprotein inhibitor) completely eliminated
the asymmetrical transport. Additionally, the
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researchers found that the dynamic conditions
had little effect on the gene expression of transpor-
ters and metabolic enzymes. Based on these results,
Sasaki and colleagues suggested the microfluidic
system as a useful tool for drug transport and
metabolism studies.

Shin and coworkers utilized multiple imaging
techniques to characterize a novel microfluidic plat-
form and conventional setups for culturing Caco-2
or intestinal organoid epithelial cells*’. Their study
investigated the regeneration of functional intestinal
microarchitecture and in vitro morphogenesis dur-
ing physiologically relevant shear stress and mechan-
ical motions. This proposed protocol has the
potential to greatly impact biomedical research, as
it provides a method to regenerate in vitro 3D intest-
inal epithelial layers for biomedical, clinical, and
pharmaceutical purposes.

Sontheimer-Phelps and her research team studied
colonic mucus physiology by integrating primary
human colonic epithelial cells in a microfluidic
organ-on-a-chip device®®. The Colon Chip gener-
ated a mucus layer with thickness and bilayered
microstructure similar to that of the human colon
(as shown in Figure 9).

Hepatic and bile-duct barriers

The blood-bile barrier (BBIB) or hepatic barrier is
situated in the liver and is mainly composed of tight
junctions present at the apical membrane domain
of hepatocytes. This restricts the mixing of sinusoi-
dal blood and bile. The development of physiologi-
cally relevant and broadly applicable liver cell
culture platforms is crucial for drug development
and disease modeling. Organ-on-a-chip systems
provide a promising alternative to conventional,
static 2D cultures by offering much-needed cues
such as perfusion, shear stress, and 3D cell-cell
communication. However, these devices vary
greatly in their complexity, both in manufacturing
and implementation (for a review, see Dalsbecker
et al.®). This review article describes a comparison
of different types of liver-on-a-chip devices based
on their culture format: static platforms”®, gravity-
driven platforms”', pump-driven 2D platforms’?,
membrane-based 2D platforms’>, 3D mass culture
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Day 14

Figure 9. Epithelium development in the Colon Chip after 3, 7, and 14 days of culture after monolayer formation. Three-dimensional
confocal microscopic reconstruction of z-stack images of the epithelial cells based on F-actin staining. Images are representative of two

independent experiments. Scale bars: 100 pm®&,

in sinusoid mimetic’*”%, 3D mass culture in lobule
mimetic’’, spheroid chip®"~*2, and liver slice chip®.

Kwon and coworkers have developed a dynamic
liver acinus (LADY) chip that replicates a key func-
tional structure of the liver acinus and hepatic
zonation®. The LADY chip generates a gradual
flow of oxygen and glucose-carrying culture med-
ium into the HepG2 cell chamber, corresponding to
the blood flow from portal triads to the central vein
in vivo in the liver. They have analyzed zonal pro-
tein expression patterns in periportal zone-1 and
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perivenous zone-3, demonstrating liver zonation.
The LADY chip could be valuable in drug develop-
ment studies to examine drug-induced zonal
hepatotoxicity.

Liu and colleagues successfully created bilayered
microspheres from vascularized liver tissue. Their
study focused on reconstructing tissue-tissue inter-
faces and designing a tri-vascular liver-on-a-chip
(TVLOC) with a hepatic artery, portal vein, and
central vein (as shown in Figure 10)*. The team
analyzed the distribution of velocity and

5mm

Liver—Chip

Figure 10. Design and operation of tri-vascular liver on-a-chip proposed by Liu and co-workers®. (a) In vivo hepatic lobulus. (b)
Components of the proposed liver-on-a-chip. (c) Assembled liver-on-a-chip. (d) Photo on the assembled liver-on-a-chip. (e) Schematic
of the liver-on-a-chip operating set up. (f) Early stage of hepatocytes (HCs) and liver sinusoidal endothelial cells (LSEC). (g) Formation of
the vascular liver tissue.



concentration fields in the culture area, providing
valuable insights into the TVLOC’s functionality.

Chronic cholestatic liver diseases, such as pri-
mary biliary cholangitis (PBC) and primary scler-
osing cholangitis (PSC), often lead to damage of the
biliary epithelium’s barrier function. To address
this, Du and coworkers developed a bile duct-on
-a-chip system that mimics both the 3D tubular
structure of the bile duct and its barrier
functions®. This device can be created using pri-
mary murine extrahepatic cholangiocytes, which
are functionally similar to cholangiocytes in vivo,
and stably express biliary markers, junctional mole-
cules, and bile salt transport proteins, as well as
developing cilia on their apical surfaces. The bile
duct-on-a-chip system allows experiments to be
performed using genetically modified cholangio-
cytes, and human cholangiocytes (including those
derived from induced pluripotent stem cells) can
also be studied using this microfluidic device.

The same research group developed a more
advanced system called the bile duct-on-a-chip
(BDOC), which mimics the open-ended 3D tubular
structure of bile ducts when cultivated with either
a cholangiocyte cell line or primary cells. This
device exhibits a barrier function similar to bile
ducts in vivo, making it an ideal in vitro platform
to investigate the pathophysiology of bile ducts
using cholangiocytes®’.

Renal and urinary barriers

The glomerular filtration barrier is a specialized
interface for blood filtration that allows for the
passage of small and mid-sized solutes in plasma
while remaining relatively impermeable to macro-
molecules. Its integrity is maintained through
a physicochemical and signaling interplay among
its three primary components: the glomerular
endothelial cells, the basement membrane, and the
visceral epithelial cells, or podocytes’”. Adverse
drug effects can arise due to direct toxicity, which
may be specific to certain organs such as the kid-
neys, or indirectly through effects such as vascular
damage or the deposition of crystals in the kidneys.
The early prediction and identification of these
potential effects are essential for ensuring the safety
of new drugs entering the market™,
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Human-derived kidney proximal tubule cells
(HRPTECs) maintained their epithelial polariza-
tion characteristics when cultured on a kidney-on
-a-chip device®. This dual-channel device enables
drug administration in a physiologically relevant
compartment. In a study by Nieskens and cowor-
kers, they successfully replicated cell polarization-
dependent cisplatin toxicity in a kidney proximal
tubule-on-a-chip®’. The use of this model in drug
discovery has great potential for identifying safe
and effective novel drugs, ultimately contributing
to the reduction of attrition rates caused by drug-
induced kidney injury.

Human-derived kidney proximal tubule cells
(HRPTECs) maintained their characteristics of
epithelial polarization in vitro when cultured on
a kidney-on-a-chip device. This dual-channel device
enabled drug administration in a physiologically rele-
vant compartment®. In a study reported by Nieskens
and coworkers, cell polarization-dependent cisplatin
toxicity was successfully replicated in a kidney prox-
imal tubule-on-a-chip®®. The use of this model in
drug discovery has the potential to aid in the identi-
fication of safe novel drugs, and to contribute to the
reduction of attrition rates due to drug-induced kid-
ney injury.

Human-derived kidney proximal tubule cells
(HRPTECs) were injected into dual-channel Nortis
chips and perfused for seven days. The expression of
tight junction protein 1 (zona occludens-1), lotus
lectin, and primary cilia at the apical membrane was
observed, indicating an intact proximal tubule brush
border. The gene expression of MATE1 (SLC47A1)
and MATE2-k (SLC47A2), as well as the megalin
endocytosis receptor, increased significantly in chip
cultures compared to classical 2-dimensional cultures.
This system can be utilized to improve preclinical
prediction of drug-induced kidney toxicity and
reduce kidney-related adverse effects.

Nieskens and coworkers reported on the evalua-
tion of a recently developed human-derived kidney
proximal tubule-on-a-chip for replicating SPC5001
antisense oligonucleotide-induced toxicity and
a clinically relevant kidney injury biomarker
response’’. They observed a concentration-
dependent release of kidney injury biomarkers,
including KIM-1, NGAL, clusterin, osteopontin,
and vascular endothelial growth factor (VEGEF),
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into the tubule perfusate, demonstrating the trans-
lational value of this kidney-on-a-chip model.

In a recent study, the renoprotective effect of
adenosine was investigated in a human in vitro
renal ischemia/reperfusion injury model using
a coculture of a proximal tubule and blood vessel
on-a-chip. This innovative platform allows for the
robust and efficient evaluation of pathophysiologi-
cal research and the development of novel thera-
peutic compounds due to its high throughput
capabilities”'. The results from this study show
promise for the potential use of adenosine as
a renoprotective agent and highlight the benefits
of using microphysiological systems to model and
study kidney injury.

Weber and coworkers also utilized a micro
physiological system, the human kidney 3D Single-
channel Nortis system, to investigate the toxicity and
safety properties of a class of nephrotoxic antibiotics
known as polymyxins’>. The use of this system
allowed for the sensitive detection of urinary biomar-
kers, including KIM-1 and miRNAs, which are indi-
cative of acute kidney injury. The implementation of
new technologies, such as the human kidney 3D MPS,
provides a more accurate and efficient means of
detecting and evaluating drug-induced kidney injury.

Kim and coworkers conducted an analysis of
a three-dimensional kidney-on-a-chip model to
assess the physicochemical factors of contrast
media in contrast media-induced nephropathy
(CIN)*. The novel CIN model accurately reflected
in vivo situations under shear-stress conditions.
The authors demonstrated the role of viscosity-
induced nephrotoxicity under high-shear-stress
conditions, which differed from conventional
in vitro studies. They found that low osmolarity
contrast media (iopromide) exhibited higher cyto-
toxicity than iso-osmolar contrast media (iodixa-
nol) under physiological shear-stress conditions.
However, under high-shear-stress conditions,
iodixanol caused renal tubular cell damage compar-
able to iopromide, decreasing the urine flow rate
and exposing cells to high shear-stress for a longer
duration.

The mammalian bladder maintains high electro-
chemical gradients between urine and blood, which
allows the kidney to alter body chemistries through
urinary excretion. The urothelium plays a critical

role in maintaining a strict permeability barrier to
carry out this function. However, when this barrier
is breached, urine components flow into the deeper
bladder layers, leading to symptoms of cystitis.

The urothelium serves as a barrier to ions, solutes,
water flow, and pathogens”. A microfluidic device
made of PDMS and matrigel combined with extra-
cellular matrix (ECM) was used to culture a muscle-
invasive bladder cancer cell line (RT4) and
a superficial human bladder carcinoma cell line, in
order to better understand metastatic bladder can-
cer. After two weeks, observation using a confocal
and fluorescent microscope revealed increased
expression of the cell adhesion molecule CD44 in
the RT4 cell line”.

A PDMS microchannel with versatile capabilities
was developed to facilitate precision medicine. The
microchannel can accommodate four different cell
types (T24 cells, macrophages (Raw 264.7), fibro-
blasts (BJ-5Ta), and HUVECs) in separate cham-
bers to simulate the bladder tumor micro
environment and test their response to clinical che-
motherapeutic drugs (gemcitabine (G), cis-
diammineplatinum dichloride (C), methotrexate
(M)). Fluorescence microscopy was utilized to mea-
sure cancer cell mortality using acridine orange
ethidium bromide after administering individual
medications as controls. Several combinations
(CMV, MVAC, and GC) were also used for com-
parison. The researchers reported that MVAC had
a stronger impact, and that the tumor-mimicking
platform exhibited high expression of the macro-
phage effector molecule Arg-1, which is responsible
for the phenotypic change process of stromal
cells™®.

Vaginal and placental barrier

Lactobacilli and other microorganisms protect the
vagina from reproductive infections, premature
delivery, and other negative health effects caused
by a polymicrobial imbalance. However, there have
been few studies conducted using human epithelial
cells in a microfluidic chip containing both bene-
ficial lactobacilli and harmful pathogens.

Human vaginal epithelial cells and human uterine
stromal fibroblasts were cultured on both sides of
a 50 um thick porous membrane and housed on



a microfluidic substrate to replicate a vagina-on
-a-chip with an in vivo-like microenvironment.
After 72 hours of co-culturing with L. crispatus and
its consortia, the proinflammatory cytokines IL-6,
IL-8, IL-1a, IL-1f, and interferon-inducible pro-
tein-10 (IP-10) were downregulated. This indicates
that even in the absence of immune cells, L. crispatus
directly influenced the epithelium to lower the pro-
duction of inflammatory cytokines. On the other
hand, when co-cultured with G. vaginalis in the
same environment, the vaginal chip revealed epithe-
lial damage, a rise in pH, and elevated expressions of
inflammatory cytokines'®*'**,

Placental barrier dysfunction caused by infec-
tion can result in preterm birth, neonatal morbid-
ity and mortality, fetal inflammatory response
syndrome, sepsis, and other short- and long-term
consequences throughout the phases of fetal
development.

In order to mimic placental inflammation caused
by bacteria, BeWo cells for trophoblasts and
HUVEC: for endothelial cells were cultured inside
a microfluidic device with a membrane separating
them, as illustrated in Figure 11A. Despite the pore
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size of the membrane being 0.4 um, which prevents
E. coli (with dimensions of 2 um in length and 0.5
pum in width) from crossing the membrane, the
bacteria sent to the mother’s side cells caused cell
death in both types of cells (with more HUVECs
found to be dead). Quantitative real-time PCR
revealed high relative mRNA expressions for the
inflammatory molecules IL-1a, IL-1pB, IL-6, IL-8,
and TNF-a (with TNF-a being the highest). To
observe the elevated levels of inflammatory mole-
cules, E. coli was injected into BeWo cells for six
hours and human macrophages (THP-1) were
added and evaluated 30 minutes later using fluor-
escence microscopy. The study found that more
THP-1 attached to the BeWo cells and that co-
culture increased the expression of inflammatory
markers IL-1a, IL-1p (with the highest for co-
culture), IL-6, and IL-8°%. Similar to this study,
Mandt et al. developed a microstructure using two-
photon polymerization, a high-resolution 3D
technique®. They created a semipermeable barrier
that allows small molecules like glucose to pass
through while retaining compounds with a high
molecular weight.
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Figure 11. (a) Schematic of the placental barrier. E. coli causing inflammation of the placenta is shown.”® (b) Sketch of the placental

barrier showing the maternal and foetal side. Glucose diffusion taking place across the barrier is also shown.

100.
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Blundell and his team investigated glucose trans-
port across the membrane in a microphysiological
model of the human placental barrier using mono-
culture cells, co-culture cells, and a membrane
without cells'”. They evaluated glucose transport
by creating a gradient of glucose concentration,
where 10 mM glucose was perfused with the culture
medium on the maternal side and 5.5 mM glucose
was perfused on the fetal side for 2 hours, as shown
in Figure 11B. Glucose transfer rates and glucose
permeability coefficient studies were also con-
ducted using vitrified membrane alone, JEG-3
monoculture (maternal side cells), HUVECs mono-
culture, and co-culture'*".

The complex placental responses to hazardous
nanoparticles (NPs) (TiO2-50 um) exposure were
investigated in a physiological 3D microenviron-
ment with flow between fetal and maternal cells,
and extracellular matrix serving as the membrane.
Oxidative stress, cell apoptosis, barrier permeabil-
ity, and maternal immune cell behavior with
macrophages (THP-1) were examined for both
cell types. The amount of reactive oxygen species
was found to be elevated at a concentration of 200
ug/ml of NPs'®,

In their review, Shojaei et al. present
a comprehensive overview of placenta-on-a-chip
models designed for evaluating nanoparticles to
treat pregnancy-related disorders'®’. The authors
highlight the benefits of these models, including
their dynamic microfluidic chip design with pla-
centa cells, which are ethical, cost-effective, repea-
table, and biomimetic compared to animal models.
The review provides insights into the diverse and
dynamic designs of placenta-on-a-chip models for
evaluating nanoparticles, emphasizing their poten-
tial in advancing research on pregnancy-related

disorders'®?.

Tumour barrier

One of the major challenges in cancer treatment is
the blood-tumor barrier (BTB), which limits the
penetration of many therapeutic agents into
tumors, making it difficult to effectively treat
brain metastases and other types of cancer. The
BTB increases the difficulty of treating brain metas-
tasis by preventing accumulation of chemotherapy
within metastases at therapeutically effective

concentrations. Traditional therapies such as surgi-
cal resection, radiotherapy, and chemotherapy have
shown poor efficacy, with a low median survival
rate of 5-8% after post-diagnosis. Therefore, it is of
primary importance to investigate and enhance the
permeability of the tumor barrier for different
drugs and new drug formulations in order to
improve the effectiveness of anticancer therapy'"”.
There are many developments to test tumors on-a-
chip with different applications. For some examples
see Table 5.

A tumor-on-a-chip is a necessary tool for inves-
tigating key aspects of cancer such as cell prolifera-
tion, migration, intravasation, and angiogenesis.
These activities are influenced by tumor cell inter-
actions with interstitial flow and diffusion of mor-
phogens to the nearby microvascular network.
A wide review is made on the recent developments
with microfluidics to understand the cancer micro-
environemnt undergoing metastatic cascade with
microscopy by Hakim et al., and Del Piccolo
ot g] 143144

To better understand cancer cell intravasation
and the presence of tumor cells in the blood, a 3D
model of the tumor-vascular interface was created.
In this model, endothelial cells and fibrosarcoma
cells (HT1080) were cultured in two parallel chan-
nels, with the ECM matrix in between. The mobility
of cancer cells was compared with and without
macrophages on the endothelium, and it was
observed that cancer cells intravasated the
HUVEC monolayer at a higher rate in the presence
of macrophages. The study also looked at the effect
of TNF-a on cancer cells’ motility and the time it
took them to traverse 60 um in the ECM matrix'®°.

In another study, researchers developed a breast
cancer-on-a-chip model that replicated the micro-
architecture of breast ductal carcinoma in situ
(DCIS). The DCIS was embedded inside the mam-
mary duct, with a stromal layer impregnated with
breast fibroblast on the underside of the ECM
membrane to mimic the vascular compartment of
capillaries in mammary stroma in vivo (Figure 12).
Mammary epithelial cells were cultivated on the
opposite side of the membrane, and five DCIS
spheroids per pl of the corresponding media were
introduced into the upper channel. To test the
effectiveness of paclitaxel, a 20 nM drug concentra-
tion was administered for 24 hours into the lower
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consisting of the mammary epithelium and a basement membrane surrounded by stromal tissue that contains fibroblasts ™.

microchannel. The study found that the spheroids
multiplied more in the absence of an anticancer
medication. This platform allowed for precise para-
metric control of the cell type and drug concentra-
tion and helped visualize biological responses'’.

To develop precision medicine for different
tumors, Carvalho and coworkers developed
a colorectal tumor-on-a-chip to determine the effi-
cacy of onco-nanomedicine. They developed
microfluidic platforms to investigate progression
and drug sensitivity for colorectal, breast, and
lung cancer cells'®”'%,

Tian’s group conducted a review on various
tumor-on-a-chip (TOC) devices that have been
developed to assess the effectiveness of nano-
drugs targeting different types of tumors'””. The
review highlighted the development of improved
TOCs that more accurately mimic the in vivo
environment of the tumor site, making them pro-
mising for preclinical trials. The applications of
TOCs in evaluating nanoparticle (NP) delivery
systems were also explored, including the effects
of flow rate, Polyethylene Glycol (PEG) modifica-
tion, anti-angiogenic effects, enhanced permeabil-
ity and retention (EPR) effects on the endothelial
and ECM barriers, active targeted drug delivery,
and drug resistance. These TOC platforms have
emerged as a means to overcome the limitations of
past preclinical trials with other platforms that
failed in clinical trials'®®. Notable highlights of
the review included a heart-cancer-on-a-chip plat-
form for measuring biomarkers after treatment
with doxorubicin (DOX)''?, and a breast cancer-
on-a-chip for determining the efficiency of

photodynamic therapy'''. Another review on
tumor-on-a-chip reported on the multiplexed
drug screening, transport and delivery of nano-
particles, and analysis of transcription''?.

The tumor microenvironment in the chip helps
for the study of various applications such as testing
drug efficacy to develop patient specific precision
medicine, to visualize the cancer cell proliferation
and intravasation rate, drug diffusion in the cancer
site, cytotoxicity of drugs on the cancer cells as
evident from the following table. The following
table describes the different tumor-on-a-chip
works carried out as alternative to animal experi-
ments. More works related to other types of cancer
is carried out and in the near future.

Multi-organ barrier

Initially, organ-on-a-chip analysis was carried out
using mono-culture of cells. Subsequently, co-
culture techniques were developed to create tumor-
on-a-chip models, followed by multi-organ-on
-a-chip systems to study tumor progression and
test the efficacy of new drugs. This clinically rele-
vant platform is highly versatile and has enabled
researchers to simulate the complex metabolism of
whole-body organs, allowing for a more compre-
hensive understanding of organ function and drug
response. As multi-organ toxicity and decreased
efficacy due to metabolic activity are significant
challenges in drug development, the development
of comprehensive multi-organ barrier models is
essential for testing drug efficacy and toxicity across
multiple organs. As the field continues to advance,
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it is anticipated that these models will become
increasingly sophisticated, enabling researchers to
better simulate and study the complex physiology
of human organs and the body as a whole.

Perestrelo and coworkers have compiled available
literature on body-on-chips and their applications,
such as ADME profiling, drug quantification in dif-
ferent body parts, testing drug/nanoparticle concen-
tration and toxicity, interaction with all organ
barriers, and their side effects''*. A guide to organ-
on-a-chip provides up-to-date information on
mono-cell culture, co-culture, multi-organ culture,
disease modeling, toxicity testing, drug bioactiva-
tion, and device fabrication techniques for all types
of organ-on-a-chip''®. Picollet-D’hahan has pro-
vided an overview of existing multi-organ-on
-a-chip devices, along with integrated body-on
-a-chip devices''®. Systemic and cross-organ com-
munication is crucial for deciphering and emulating
the temporal processes involved in physiological
functions''®. Kimura and colleagues have success-
fully replicated microphysiological circulation and
organ ratio, and evaluated the activity of anticancer
drugs with liver cells (HePG2), small intestine cells
(Caco-2), and lung tumor cells (A549)'". To evalu-
ate cancer growth and metastasis processes in distant
organs, Xu and colleagues tracked lung cancer cell
metastasis to brain, bone, and liver barriers on
a multi-organ-on-a-chip device in 2016''.

Kong and his team developed a multi-organ-on
-a-chip using PDMS to track breast tumor cell pre-
ference for bone, lung, muscle, and liver with che-
mokine stimulation'". They reported that breast
tumor cells showed metastatic potential and pre-
ferred to migrate to lung, liver, bone, and then
muscle'””. Satoh and his team emulated the pro-
cesses of absorption in the intestinal barrier, meta-
bolism on the liver barrier, and cell killing for tumor
cells and connective tissues to evaluate the efficacy of
an anticancer drug'*’. They developed a PDMS
microfluidic platform with a PC membrane to
house Caco-2 cells, HepaRG cells, HCT-116 cells,
and TIG-121 connective tissue cells'*°. Edington
established a multi-organ-on-a-chip platform with
4,7, and 10 organ models, similar to a physiome-on
-a-chip, for quantitative pharmacological studies'*".
Other multi-organ-on-a-chip platforms have been
developed to study reproductive medicine and meta-
bolic multi-organ diseases with a microfluidic

motherboard for the evaluation of ovarian hormone
control of downstream human female reproductive
tract and liver-peripheral tissues'**, and a model for
type II diabetes with high glucose stimulation, which
releases insulin and enhances glucose uptake in the
presence of insulin'>’,

In the event of human organ diseases, drug treat-
ment becomes challenging due to strong barriers
that prevent drugs from passing through and reach-
ing the site of the disease. The effectiveness of
a drug on a diseased organ is determined by its
concentration at the site. To predict the impact of
drugs, it is essential to have quantitative informa-
tion on drug concentration. The blood-brain bar-
rier, for instance, poses a challenge to the treatment
of brain cancer as it is a strong barrier to drug entry.
In the case of blood-brain barrier studies in LOC
devices, injecting drugs of different concentrations
into the microchannels results in physical phenom-
ena such as fluid flow and mass transfer. However,
it is difficult to experimentally measure fluid velo-
cities or drug concentrations across any barrier in
in vitro studies due to small channel sizes and
complex geometries in many cases. Therefore,
a noninvasive technique that can provide all neces-
sary information at the desired location and time
with greater ease is needed.

Computational fluid dynamics in the study of
biological barriers

The use of mathematical models and appropriate
numerical techniques to solve microfluidic flow
models is a widely used method for obtaining
physical variables. Mathematical modeling and
simulations can provide quantitative data on
flow velocities, mass concentration, and other
variables at any point within the microchannel
of a LOC device. Compared to experiments,
mathematical modeling and simulations have sev-
eral advantages, such as faster results, lower costs,
greater understanding of problems, and the ability
to simulate actual conditions. However, mathe-
matical modeling and simulations have their
own disadvantages. Numerical errors are inherent
in numerical solutions, and the accuracy of
numerical solutions depends entirely on the
mathematical model of real-world processes.
One must have a proper mathematical model to



make accurate predictions. For example, suppose
one wants to model and simulate the flow
through porous tissues to obtain flow velocities
at any location. In that case, it is essential to know
the values of porosity and permeability of the
tissues to predict flow velocities accurately.
These values are usually determined through
experiments, and if they are unknown or not
measured accurately, the resulting numerical
solution will not match experimental results.
Despite these drawbacks, mathematical modeling
and simulations have gained popularity due to the
aforementioned advantages.

The following paragraph discusses mathematical
modeling of flow and mass transfer in biological
barriers and computational fluid dynamics (CFD)
techniques for solving governing equations of fluid
flow or mass transfer. We also review related stu-
dies on biological barriers conducted using CFD
techniques.

Mathematical modeling involves the use of dif-
ferential equations to describe physical phenomena
such as fluid flow, heat transfer, mass transfer, or
chemical reactions taking place in any domain of
interest. For example, the continuity and Navier-
Stokes equations govern fluid flow in the region of
the microchannel where clear fluid flows in a LOC
device comprising a porous layer sandwiched

between two layers of channels (refer to
Figure 13)'%.
The governing equations are:
Av=0 (1)

p [% + v.Vv} =-VP+uVv+pg (2

Here, p is the density of the fluids, v is the velocity

vector, t is the time, P is the pressure, y is the fluid

viscosity, and g is the acceleration due to gravity.
For the porous region (such as the porous sub-

strate where cells are placed), the Darcy's law,

which is widely used for flow in porous media is

150

applicable and is given by "

v:—EVP 3)
H

Here, K is the permeability of the porous media and
is related to its porosity as
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where, d,, is the particle diameter, € is the porosity
of the medium. An extension to the Darcy’s equa-
tion is the Brinkman equation that accounts for

transitional flow between boundaries, given by'>":

VP = —%V—I—EVZV. (5)

Here, the coefficient p” is the effective viscosity.

The mass transfer equation for the transport of
drugs, glucose, oxygen, or any other component is
given by'*”:

v, tuVC=DVC, (6)

where, C is the concentration and D is the diffusion
coefficient. In Eqn (1) - (6), p, i, €, K and D are
experimentally obtained quantities.

For simple geometries such as a straight micro-
channel, analytical solutions can be obtained by
simplifying the governing equations. For example,
the Navier-Stokes equations can be simplified for
one-dimensional flow in a channel, allowing for
analytical solutions for flow velocities and concen-
tration to be derived. However, analytical solutions
are not possible for complex, two- or three-
dimensional geometries, such as LOC devices with
channels of varying cross-section. In such cases,
numerical simulations using computer methods
are required. Moreover, the highly non-linear nat-
ure of the above-mentioned equations necessitates
an iterative solution, making manual computations
impractical. In the following section, we will pro-
vide a brief overview of computational fluid
dynamics.

Computational fluid dynamics (CFD) is
a subfield of fluid mechanics that employs compu-
ters to solve problems related to fluid flow, heat and
mass transfer, chemical processes, and more. The
CFD method involves the creation of a CAD model,
the selection of appropriate governing equations,
their solution, and post-processing. To determine
variables such as flow velocity or concentration
distribution in a microfluidic chip, the following
steps are taken:
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e A computer model of the microchannel is
created.

e The geometry is then divided into several cells/
volumes, a process known as meshing.

e A suitable mathematical equation, called the
mathematical model, is selected for each cell/
volume to represent the physical phenomena
of fluid flow.

e The discretized equations are then solved using
a computer.

e The resultant pressure, velocity, temperature,
or concentration measurements are displayed

Microfluidic platform

Geometry modelling

Porous layer Microchannel

\

Creating a replica of the
Microchannels with porous layers

Dividing the microchannel
into small volumes/cells

B Choosing appropriate equation
that govern physical phenomena

Vv=0
ov N
p E+V.Vv =—-Vp+pg+uVv
u:—EVP
ocC 8
— +u.VC = DV?
D +u.VC veC

and evaluated in a technique known as post-
processing.

Figure 13 illustrates the CFD simulation process,
which enables the theoretical simulation of physical
phenomena. CFD simulations are advantageous
compared to experiments because they require
a shorter execution time and enable flow visualiza-
tion in locations where experimental visualization
is impossible. Additionally, CFD simulations are
relatively cost-effective, as they only require com-
puters and software, unlike expensive experimental

Porous layer Microchannel
\

Microchannel

Discretize the equations over the
domain

mTTSS Equation
p === Equation

¥+ Equation

*‘:?'L Equation

~w-~” Discrete equation for
each cell/volume

’

Solve all the equations to get fluid
velocity, pressure inside the channel

n Post-Processing

e

Visualize the outcome and
analyze the results.

Figure 13. Steps involved in a Computational Fluid Dynamics simulation in a microfluidic chip with channels above and below a porous
layer. The top-right figure illustrates the diffusion of glucose or any other substance in a porous layer containing a layer of cells.



setups. In the field of biomedical engineering, CFD
is a powerful technology that is becoming increas-
ingly prevalent, with applications including the
study of drug delivery, nasal airflow, arterial blood
flows, and blood flow in stented blood arteries,
among others. In microfluidic Lab-on-a-Chip
devices, CFD is primarily utilized for microfluidic
device optimization, mixing, and drug diffusion.
Despite numerous experimental investigations on
biological barriers, there is a lack of computational
fluid dynamics studies. In the next paragraph, we
will review studies involving CFD in various biolo-
gical barriers.

Fluid mechanics plays a crucial role in the
endothelial microenvironment, where endothelial
cells are subjected to various flow fields, such as
unsteady, pulsatile, or waveform flow types in the
carotid artery. In vitro models, like microfluidic
chips, can apply these flow types to study the cells’
response to 3D flow fields. Bouhrira et al. per-
formed an experimental and computational study
of fluid flow in a 3D microfluidic model of a blood-
brain barrier to analyze the velocity field and shear
stress caused by flow separation, using Star-CCM+
software for the simulations'®'. They identified the
location of the stagnation point for separated flow
from the calculated shear stress profiles and mea-
sured the velocity field using uPIV experiments,
which closely agreed with the CFD predictions.

Lee et al. developed a bladder cancer model using
a multilayered tissue-on-a-chip device (MToC) for
their study of Bacillus Calmette - Guérin
immunotherapy'>”. The authors conducted both
experimental and computational investigations,
solving the continuity and Navier-Stokes equations
for the 3D steady-state laminar flow in the MToC
device. Nutrient-containing fluids were allowed to
flow through the chip while waste products were
drained. However, excessive flow velocity could
cause physical stress on the cells, so the authors
used CFD simulations to determine the optimal
flow rates that correspond to shear stress in the
device but do not adversely affect the cells in the
MToC device. The calculated results revealed the
optimal flow rates for cell growth.

In the realm of drug transport or the transport of
other substances through a placental barrier,
Mosavati et al. devised a 3D placenta-on-a-chip
model'>. The team created a placental interface
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between fetal and maternal blood within
a microfluidic chip by culturing human umbilical
vein endothelial cells and trophoblast cells on the
top and bottom of a porous polycarbonate mem-
brane with a porosity of € = 0.01 as specified by the
manufacturer. Employing CFD simulations, the
authors computed the flow field and glucose con-
centration distribution. They utilized the Navier-
Stokes equation (Eqn. 1 and 2) for the unobstructed
flow regions and the Darcy model (Eqn. 5) for the
porous membranes.

In the context of treating eye-related diseases,
such as diabetic retinopathy or other illnesses or
infections, Davies et al. conducted a study involving
both experiments and computations to investigate
drug delivery across the retinal barrier'>*. The
authors examined the transport of dextran and
ibuprofen from silicone oil over the retinal barrier
and validated their mathematical flow and mass
transfer model using the Brinkmann model (Eqn.
5) with measured permeability and diffusion coef-
ficients from static experiments. The authors con-
firmed their numerical model with experimental
investigations, where the drug concentration pro-
files were observed to be within 5% and 18% for
acellular and cellular membranes, respectively.
Numerous other studies involving CFD simula-
tions of flow and mass transfer across biological
barriers exist in the literature, but for brevity, they
are not presented here. Table 6 provides an over-
view of the CFD simulations conducted for differ-
ent barriers.

Summary and outlook

The human body is equipped with a range of phy-
siological barriers that act as a defense mechanism
against diverse stimuli. A comprehensive review
has been carried out on the numerous Lab-on
-a-Chip (LOC) devices that are currently available
for investigating biological barriers in both healthy
and pathological states. These devices enable
researchers to acquire valuable micro-scale data
and obtain real-time visualization of various para-
meters related to the barrier function.

The lab-on-a-chip (LOC) technology is versatile
and can address unmet needs without the use of
human or animal models. This review discusses 15
different physiological barriers that can be studied
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Table 6. Overview of CFD analysis carried out for different biological barrier.

Objective Barrier

CFD Analysis Reference

To investigate the effect of disturbed flow on the integrity Blood-brain
of the BBB using a 3D, perfusable bifurcation model
consisting of a co-culture of endothelial cells with mural
and glial cells.

To develop a multilayered Tissue-on-a-Chip (MToC) to Bladder
Simulate Bacillus Calmette-Guérin (BCG)
Immunotherapy for Bladder Cancer Treatment

To develop organ-on-a-chip device to study placental Placental
pathologies

To study the drug transport of silicon oil across outer Blood-Retinal
blood-retinal barrier

To investigate the drug transport across in vitro cornea Corneal

To design biomimetic airway models of the epithelial Lung
barrier

To develop an in vitro 3D liver chip model to study the Hepatic

hepatic-cellular interactions in micro-environment

Flow field in 3D vessels patterned inside microchannels. 1

Helped in choosing the flow rate for different
geometries of microchannel to create a reproducible
flow rate

CFD was used to build a microfluidic device and flow
analysis was performed to determine the optimal flow
rate that creates shear stress levels that do not harm the
cells.

CFD simulations were carried out to calculate flow field and
glucose concentration distribution. The authors used the
Navier-Stokes equation for the clear flow region and the
Darcy model for porous membrane

Continuity, Navier-Stokes, and the species transport
equations were solved in a cell culture chamber. The
Brinkman equations were solved for the porous matrix.
Flow field in the chamber as well as Dextran transport
across the barrier was investigated.

Transcorneal drug permeation in a rabbit cornea model
was studied. The continuity, momentum and energy
equations were solved.

CFD simulations were performed to design microfluidic
channels.

CFD simulations of shear flow past hepatic cells placed
over porous substrate sandwiched between
microchannels were studied. Darcy law is used to model
the flow in porous substrates.
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using LOC microfluidic systems. The review covers
topics such as physiological functions, transport
mechanisms, drug delivery, cancer cell progression,
and toxicity on healthy and diseased cells. The review
also discusses co-culturing multiple cell types in the
same device and the use of various membranes to
simulate multi-organ-on-a-chip systems. As preci-
sion medicine gains traction, there is an increasing
interest in developing human-on-a-chip systems to
study the effects of novel drugs on multiple organs.
This review can guide a multidisciplinary team in
developing such a device by simulating transport
processes between different organ barriers and mon-
itoring drug levels absorbed in different organs.
Mathematical modeling and simulation of fluidic
processes can also contribute to the development of
more sophisticated and relevant microfluidic sys-
tems, which can help in optimizing and expediting
the testing of new drug candidates without in vivo
experiments.

Recent advancements in technology have made
modern microfluidic systems more accessible to
researchers across various fields of biotechnology.
These systems are characterized by high-
throughput analysis, portability, and paralleliza-
tion, providing several advantages over traditional
methods. Microfluidic devices are capable of

reducing chemical and sample consumption,
improving energy and mass transfer, and consider-
ing the dynamic flow and shear stress within tis-
sues. Furthermore, these devices have a relatively
small size, making them versatile and easily inte-
grated into existing lab setups. Consequently,
microfluidic systems have the potential to revolu-
tionize every sub-field of biotechnology, including
healthcare, pharmaceuticals, and industry.
Microfluidic devices are widely utilized in var-
ious sub-fields of biotechnology, which are categor-
ized based on their applications. Red biotechnology
primarily focuses on pharmaceutical and medicinal
use, while green biotechnology is used in agricul-
ture. Yellow biotechnology is applied in food
science, white biotechnology finds industrial use,
and blue biotechnology is utilized in marine and
freshwater applications'>®*"'*®. The physiological
barriers within microfluidic chips belong to the
red biotechnology sub-field, although other sub-
fields can also benefit from the use of microfluidic
systems as organ-on-a-chips. Unfortunately, most
published microfluidic barrier-on-a-chip systems
remain in the proof-of-concept phase and are not
yet established commercial tools. The lack of stan-
dardization and difficulties with sensor miniaturi-
zation pose challenges, along with the complexity of



manufacturing and parallel cell culturing.
Additionally, a lack of appropriate bio-analytical
methods to accompany sample collection and eval-
uate transport and drug delivery studies in real-
time presents further challenges. Overcoming
these obstacles will be critical to realizing the full
potential of microfluidic devices in biotechnology.

Measuring or visualizing transport phenomena
across layers of cells or tissues grown inside LOC
lab-on-a-chip devices can sometimes be imprac-
tical. Computational simulations of transport
phenomena can aid in understanding fluid flow
and mass transfer processes along the tortuous
paths between cells or through tissues. This
review also briefly reviews Computational Fluid
Dynamics (CFD) and outlines the steps involved
in simulating flow and mass transfer in a LOC
device using this methodology. In a barrier-on
-a-chip device, a cell layer grows on the surface
of a substrate, and flow across this substrate
resembles flow in a medium. The Darcy and
Brinkman models are fundamental porous
media models that can be used to calculate flow
velocities and mass transfer, such as drug concen-
tration, across layers. CFD is a versatile metho-
dology that is gaining popularity across various
disciplines. It is anticipated that experimentalists,
such as clinicians and biologists, developing LOC
devices will adopt this method or collaborate with
engineers to gain a deeper understanding of
transport processes in barrier-on-a-chip systems
and optimize their experiments.

While organ-on-a-chip systems have already
provided several important and valuable results,
this review has also revealed several technical
issues that must still be addressed. To ensure
the continued progress of barrier studies on lab-
on-a-chip devices, close collaboration between
experts from different disciplines and research
groups is fundamentally important. Such colla-
boration will facilitate the adaptation and refine-
ment of already published systems, as well as the
development of more physiologically relevant,
easy-to-fabricate, and user-friendly models of tis-
sues, organs, or perhaps even entire bodies in the
future. The success of these efforts will depend on
effective communication and cooperation
between researchers, and on the application of
cutting-edge technologies and techniques in the
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tield. By working together, experts can overcome
the technical challenges facing organ-on-a-chip
systems and unlock the full potential of these
innovative tools for advancing biotechnology
and medical research.
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