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Lab-on-a-chip (LOC) and organ-on-a-chip (OOC) devices are highly versatile platforms that enable miniaturization and

advanced controlled laboratory functions (i.e., microfluidics, advanced optical or electrical recordings, high-throughput

screening). The manufacturing advancements of LOCs/OOCs for biomedical applications and their current limitations are

briefly discussed. Multiple studies have exploited the advantages of mimicking organs or tissues on a chip. Among these,

we focused our attention on the brain-on-a-chip, blood–brain barrier (BBB)-on-a-chip, and neurovascular unit (NVU)-on-a-

chip applications.
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1. Introduction

Lab-on-a-chip (LOC) devices are promising microfluidic platforms that allow miniaturization and the integration of multiple

laboratory functions. They may accommodate specific components and functions, such as electronics, optics, fluidics, or

biosensing structures, at a centimeter/millimeter down to micro- and nanoscale .

These microdevices are used in different types of laboratory analyses, biochemical operations, DNA sequencing, or

chemical synthesis. Among the applications in which LOC platforms can play important roles, one may outline the analysis

of ions from different compositions used in fields such as forensics, the identification of explosives, evaluation of water

quality, study of body fluids, in agricultural domain or detection of pollution levels .

In the last years, the LOC platforms used for biological purposes have been intensely developed, with a special focus on

three-dimensional (3D) configurations. While decreasing device sizes, small volumes have significant benefits, which

include reduced reagent costs and increased accuracy of analysis. Such biochips, made of glass or polymers, allow

biological investigations at the cellular level, including single cell analysis. These 3D in vitro models may represent

alternatives for animal sacrifices and in vivo experiments, due to the quasi-realistic reproduction of the physiological

systems .

Thus, LOCs can be used in different studies targeting organ/tissue models, including the blood–brain barrier, blood

vessels, kidney, heart, lung, liver, intestine, muscle, or even tumors . The advantages of this technology rely on

increased spatial resolution for interrogation, automated measurements, robustness, low costs, and user-friendly

properties .

2. LOC Materials and Manufacturing Advancements for Biomedical
Research

During the last few decades, microfluidics has triggered various developments in different scientific and technological

fields such as disease diagnostics, drugs screening, single-cell analyses, biosensing, analytical chemistry, and micro- and

nanofabrication . LOC materials are processed by various techniques to develop 3D hollow structures of small

dimensions down to the micro- and nanoscale in different complex shapes including channels, chambers, or valves .

At the same time asthe broad spectrum of applications diversification, strong advances were achieved in the development

of appropriate materials and microfabrication technologies. Briefly, there are six main types of materials currently used for

the manufacturing of microchips: silicon/glass, poly(dimethylsiloxane) (PDMS), thermoplastics, thermosets, paper, and

more recently, hydrogels .

Although the fabrication costs could be high (clean room conditions and/or sophisticated processing equipment are

needed), inorganic materials may allow accurate processing with high spatial resolution for microfluidic devices. Organic
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materials are good alternatives, although they involve multiple technological processing steps, including, casting, molding,

replication, bonding, and sometimes limiting usage. Lately, paper microfluidics is focusing on a limited number of

applications only, while hydrogels are considered as relevant biomimetic materials for microfluidic assays, which are also

suitable for 3D bioprinting. The main physical–chemical properties of these materials and current processing technologies

employed for device fabrication are summarized in Table 1.

Table 1. Properties of materials and processing technologies typically used for the fabrication of microfluidic devices

(adapted from ).

Silicon and glass were the first materials used to develop LOC platforms . The technologies used in the fabrication of

microfluidic biochips have expanded during the last few years . Since silicon is expensive and optically opaque in the

visible spectrum, there are some limitations for its biological use. Polymers appeared as a relevant alternative and

contributed to a rapid advancement of the microfluidics field. Then, the non-photolithographic micro- and nanofabrication

of micro-systems was possible in regular laboratory rooms, without the need for clean room equipment. This involved

using elastomeric stamps to create patterns with feature sizes down to a few tens of nanometers . Microfluidic systems

made of PDMS, an optically transparent soft elastomer, were then the most employed structures with characteristics

exploited to control various patterns and microchannels relevant to biology for cellular studies . We further present

PDMS and glass-based LOCs as they may offer a good trade-off between flexibility to be processed, transparency,

biocompatibility, range of applications, and costs.

2.1. PDMS LOCs

PDMS is the most used material in microfluidics for LOC applications due to its relative facile fabrication and relevant

properties such as resistance at chemical, physical, or biological agents . The PDMS material confers a number of

advantages: it is biocompatible, cheap, easy to model, transparent, and facilitates biological studies on cell cultures due to

its properties regarding gas and water permeability .

PDMS surfaces are rather hydrophobic, but they may become hydrophilic by oxygen plasma treatment , modification

using oxygen and C2F6, using oxygen plasma polymerization of 2-hydroxyethyl methacrylate (HEMA) , using

atmospheric RF plasma , by oxygen plasma treatment, followed by treatment in deionized water , corona/air plasma

, or even surface treatment with NaOH, especially when it comes to microchannels . Indeed, the main drawback of

PDMS, in particular for biomedical applications, resides in its hydrophobic properties (poor surface wetting and

heterogeneous charge), which may further induce the undesired adsorption of organic molecules. On the other hand,

there are several approaches that addressed hydrophilicity conservation by combining UV irradiation and oxygen plasma

 or chemical grafting treatments ; that may increase surface wetting stability from tens of minutes up to six

months. Simple alternatives for surface hydrophilicity conservation also include the storing of PDMS under water  or at
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Material/Property Silicon/Glass Elastomers Thermosets Thermoplastics Hydrogel Paper

optical transparency no/high high high medium to
high low to medium low

hydrophobicity hydrophilic hydrophobic hydrophobic hydrophobic hydrophilic amphiphilic

thermostability very high medium high medium to
high low medium

resistance to oxidizer excellent moderate good moderate to
good low low

solvent compatibility very high low high medium to
high low medium

permeability to oxygen
(Barrer ) <0.01 ≈500 0.03–1 0.05–5 >1 >1

surface charge very stable not stable stable stable N/A N/A

common technique for
microfabrication/features

photolithography,
laser-assisted

etching
casting casting,

photopolymerization
thermo-
molding

casting,
photopolymerization,

3D bioprinting

photolithography,
printing

smallest channel
dimension <100 nm <1 μm <100 nm ≈100 nm ≈10 μm ≈200 μm

channel profile limited 3D/3D 3D arbitrary 3D 3D 3D 2D

multilayer channels hard/easy easy easy easy Medium easy

throughput medium to high high high high low to medium high

a
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very low temperatures  after oxygen-based plasma treatment. All these aspects must be carefully addressed in

correlation with the required channel geometry for the envisaged application.

The PDMS LOCs are intensively used in either 2D or 3D configurations . They are relatively easy to be manufactured

by lithographic techniques in rather short times and at minimal costs . Specifically, the process of a chip production

by photolithography consists of a mold fabrication with a desired geometrical configuration chosen for a specific

application. The mold can be obtained by the direct light irradiation of a photoresist followed by chemical development of

the material to obtain the desired design and subsequent PDMS casting to create the microfluidic chips  (schematic

example shown in Figure 1).Although the process is rather laborious and time consuming due to several technological

steps, the mold could be reused for the replication of several biochips with high accuracy. Two-photon polymerization

(TPP) is a laser lithographic technology that employs ultrashort pulsed lasers to fabricate polymeric structures with

nanoscale resolution. The polymerization is initiated by a laser beam focused through an objective onto a photoresist

material. When applied to negative-tone photoresists, TPP is considered an additive processing technique because the

polymerization occurs throughout the scanning trajectory of the focused laser beam while non-exposed areas are washed

away by solvents. Theoretically, there is no limitation of resolution due to the material threshold effect correlated with the

precision control of the high peak laser intensity, so that sub-100 nm features can be obtained . However, this

technique may not be appropriate for large area processing but rather for downsizing dimensions in microfluidic platforms.

Figure 1. Schematic representation of a droplet generator microchip based on the technology used in our laboratory:

ultrashort pulsed laser lithography applied for the mold fabrication (steps 1 and 2) followed by PDMS casting (steps 3–5).

A limitation in the manufacture of these microdevices arises when true 3D structures are desired, since more than one

mold is needed. Therefore, several attempts have been employed to obtain chips with 3D microenvironments . One

approach is to create individual 2D structures that are further interconnected and bonded together using air plasma  or

oxygen plasma . Although successful, this method is time consuming and requires high precision in the

construction and alignment of the parts, which could be a strong drawback. Another approach is to use the new 3D

printing technologies for direct writing of the structures without requiring too much intervention of the users. However, the

equipment is still expensive, and the dyes used in the printing may render the polymer opaque, thus limiting the optical

interrogation .

2.2. Glass LOCs

Due to high chemical and temperature resistance, inertness to many substances, and low nonspecific adsorption, glass

materials are of great interest for microfluidic applications in biology . Glass exhibits a high degree of transparency and

can be rather easy to be processed either by chemical or physical methods.The use of glass in the manufacturing

processes of microfluidic devices offers some important advantages over polymeric materials, such as robustness, higher

optical quality, or low adsorption of organic compounds. Wet or dry chemical etching techniques or mechanical processes

can be applied for the fabrication of glass micro-scale devices but with low precision and productivity as compared to

lithographic processes . The use of lasers in combination with a liquid environment allows glass machining with better

control over heat and crack. Depending on the final application, glasses such as quartz, borosilicate glass (Pyrex) ,

soda lime glass , or photosensitive glass can be used to manufacture both 2D and 3D free-form microfluidic devices,

usually through a laser irradiation process, followed by wet or dry etching, in which the exposed region is removed with

high selectivity. Glasses can be also bonded with PDMS to form complex 3D structures or microfluidic connections. This

bonding is achieved by various methods such as oxygen plasma treatment , oxygen plasma followed by heat treatment

, air plasma/corona , or using chemical crosslinking agents . These glass–polymer hybrid structures can be used

for specific biology studies, with increased capabilities of reproducing physiological environments . Photosensitive
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glasses are a category of glasses that allow microfabrication by UV or laser irradiation followed by etching for microfluidic

applications. Femtosecond and picosecond laser-assisted etching are subtractive 3D processing methods that use laser

direct writing, thermal treatment, and subsequent chemical wet etching to fabricate true 3D hollow channels inside glass

(Figure 2) .

Figure 2. Schematic of photosensitive glass processing based on the technology used in our laboratory: (a) picosecond

laser direct writing (LDW); (b) thermal annealing and (c) selective glass etching.

Thus, it is then possible to fabricate complex, 3D channels in glass for specific biomicrofluidic applications . By laser

technologies, one may create microfluidic circuits even on large areas, without supplementary steps of stacking or

bonding while specific properties of glass such as robustness, portability, and transparency are preserved. Such glasses

are biocompatible, easy to clean, and consequently reusable as 3D biochips or even molding systems . A heat

treatment can be applied to these materials to obtain a very smooth surface necessary to create relevant cellular

environments .

On the other hand, hybrid subtractive and additive processing can be combined to develop functional polymeric structures

inside robust, highly transparent glass microchannels. Specifically, subtractive laser etching of glass followed by the

additive polymerization of negative photoresists can be applied to fabricate polymeric 3D microstructures inside

embedded glass microfluidic channels . Thus, one may downsize, below 1 μm, dimensions of various 3D complex

objects while improving the structure stability . This process allows users to customize complex designs to obtain

reliable 3D biochips for concrete applications.

2.3. Biomedical Applications of LOCs

It is common knowledge that 2D cell culture and animal models exhibit limited predictability for drug discovery, and

therefore, there is an urgent need to find better models for efficient and reproducible drug screening. On the other hand,

the ethical rules governing the experiments involving laboratory animals became more and more restrictive, limiting the in

vivo preclinical analysis extent. In this context, LOC platforms seem to be a robust technology with extended

customization possibilities that can replace the standard cell cultures and animal models in biomedical approaches. Organ

on-a-chip (OOC) is a well-established transdisciplinary technology that is facing challenges at aiming to develop

microfluidic-based perfusion devices able to mimic the keyfunctions of a specific organ/tissue in both normal and

pathological microphysiology .

To date, several organs and tissues have been mimicked on a chip (see Table 2), including alveolus , bone marrow ,

gut , heart , lung , pancreas , skin , or complex interactions between tissues have been integrated on a

chip, such as lung–liver–heart  or intestine–liver–brain–kidney . Such OOC applications are targeting the analysis of

the cellular behavior in physiological conditions, the development of screening platforms to test the cellular response to

various drugs or stimuli, or the in vitro modeling of a pathological condition (e.g., inflammation, edema etc.).

Table 2. Organ-on-a-chip applications.

Organ/Tissue Type Chip
Material

Membrane
Material Application Reference

Alveolus-on-a-chip PDMS PDMS Interface alveolar epithelium/endothelium for the study of
inflammation-induced thrombosis

Bone marrow-on-a-
chip PDMS PDMS Analysis of the cellular response to drugs and radiation

Gut-on-a-chip PDMS Polyester Development of a platform for drug screening and
substance toxicity testing

Heart-on-a-chip

PDMS No
membrane

Testing the inotropic effect of isoproterenol on cardiac
contractility

PMMA and
PDMS

No
membrane

Evaluation of cardiovascular toxicity of some
pharmaceutical products
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Organ/Tissue Type Chip
Material

Membrane
Material Application Reference

Intestine–liver–brain–
kidney-on-a-chip PDMS PDMS

Production and testing of an autologous iPSC derived
four-organ-on-a-chip in long-term cocultivation

conditions (i.e., 14 days)

Kidney-on-a-chip PDMS Polyester Analysis in conditions close to the physiological ones of
renal tubule cells

Lung-on-a-chip PDMS PDMS Mimicking and analyzing the long alveolar barrier

Lung–liver–heart-on-
a-chip

PMMA and
PDMS Polyester Assessment of the importance of interactions between

organs in response to drugs

Pancreas-on-a-chip PDMS Polyester
Investigating the role of CFTR (Cystic Fibrosis

Transmembrane Conductance Regulator) in insulin
production

Skin-on-a-chip PDMS Polyester Mimicking edema and inflammation of the skin and
testing dexamethasone effects

A comprehensive review devoted to recent advances in the field of organ-on-a-chip engineering was reported by Zhang et

al. . The authors discuss how OOC technology can mimic the keyfunctions of organs, in close relation with human

physiology, by focusing on tissue barrier properties, parenchymal tissue function, and multi-organ interactions. In a

different study, Maschmeyer et al. developed a four-organ-chip for interconnected long-term co-culture of human intestine,

liver, skin, and kidney equivalents , and they showed the preservation of the microphysiological functionality of the

system over 28 days. In a critical review, Junaid et al. advanced an end-user perspective on the latestOOC developments

and highlighted how the validated academic proof-of-concept studies could be translated to real-world societal solutions

. The challenges for bridging the gap between lab and industry in the field of OOC technologies were recently

addressed by Ramadan and Zourob . OOC is a well-recognized multidisciplinary approach that is expected to change

many aspects of preclinical-to-clinical translation in the biomedical field. However, there are still many scientific and

technical challenges, as well as standardization and regulatory endorsement that should be overcome before

technological transfer and commercialization of OOC microdevices.

In the last years, several studies have focused their attention on employing the OOC technology to obtain brain-on-a-chip

devices. An integrative review describes the strategies of fabrication for brain-on-a-chip devices and their

relevance/compliance as testing platforms for pharmacological screening and disease monitoring . Miccoli et al.

emphasized the impact of exploiting OOC platforms, instead of animal models, to perform preclinical pharmacological

tests and highlighted the importance of using patient-derived neurons for a strong model reliability . Indeed, the best

way to achieve a good 2D or 3D microfluidic brain-on-a-chip model is to combine the use human stem cells (e.g., neural

stem cells, induced pluripotent stem cells or embryonic stem cells) with advantages of such a device, including the use of

a small amount of fluid, the possibility of creating shear stress conditions, and the low costs of production . Further

technological developments employed in brain-on-a-chip devices, such as optogenetics, brain organoids, and 3D

bioprinting, are also essential, taking into account the challenge of integrating the complexity of neuronal architectures

and connectivity (i.e., 52 regions with distinct cellular organization in human brain) on a chip mimicking brain physiology

and pathology .

A collection of studies devoted to brain-on-a-chip models is presented in Table 3. The majority of the brain-on-a-chip

models are based on organoids/neurospheroids obtained either from human stem cells or primary rodent neuronal

cultures . In detail, brain-on-a-chip devices have been used to model neurodevelopmental disorders due to prenatal

nicotine exposure , neurodegenerative disorders , neural transplantation therapy in severe degenerative brain

diseases , amyloid-β induced axonopathy , etc. More insights on BBB- and NVU-on-a-chip are presented in the next

section of this review.

Table 3. PDMS microfluidicbrain-on-a-chip platforms.

Organ/Tissue Type Type of Cells Application Reference

Brain organoid-on-
a-chip

3D brain organoids derived from
human-induced pluripotent stem cells

(hiPSCs)

Modeling the neurodevelopmental disorders
under environmental exposure (e.g., nicotine)
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Organ/Tissue Type Type of Cells Application Reference

3D brain-on-a-chip Neurospheroids obtained from
prenatal E16 rat cortical neurons

In vitro brain model for neurodegenerative
disease (e.g., Alzheimers’ disease) and high-

throughput drug screening

Brain-on-a-chip
Neurospheroids obtained from human

neural progenitor and human iPSC-
derived neural progenitor cells

Investigating the development of Alzheimer’s
disease and testing drugs against this

neuropathology

Neurospheroid
network-on-a-chip

Neurospheroids obtained from
primary culture obtained from the

cerebral cortex of Wistar rats

Studying neural transplantation therapy for
treating severe degenerative brain disease

3D brain-on-a-chip Neurospheroids obtained from
prenatal rat (E18) cortical neurons

Modulation of cell–ECM interactions at the
neuronal level by analyzing neurospheroids and

their study in pathological conditions

3. BBB andNVU on a Chip

The brain is an organ with an extremely sophisticated structure, which requires a large amount of energy that is mainly

supplied by blood with the necessary energy substrates (e.g., glucose and oxygen) . In addition, blood transports

multiple substances, among which are also waste products (i.e., neurotoxins), whose access inside brain parenchyma

should be prevented. In this context, the brain capillaries’ walls form an interface, called the BBB, with a set of structural

and functional features that regulate the transport of substances from the blood to the brain and the other way around .

This barrier is largely composed of specialized brain microvascular endothelial cells that separate blood from the

interstitial fluids of the brain and, together with the choroid plexus and the arachnoid, help maintain brain homeostasis.

The BBB also mediates the passive and active transport of the elements, and it plays an important role as an

immunological and metabolic barrier .

The BBB is part of the NVU, along with neurons, astrocytes, pericytes, microglia, and the extracellular matrix . To

define, the NVU is considered a set of structures that allow the coordinated response between brain parenchyma and

cerebral vascular endothelium to be maintained . Neurons are responsible for using/detecting oxygen and nutrient

changes and transforming this information into electrical or chemical signals, which they send to astrocytes either directly

or through interneurons creating communication networks . Astrocytes, which are five times more abundant than

neurons, are important actors of NVU that regulate cerebral blood flow and brain energy metabolism, or are partners in

gliotransmission . Pericytes also play an important role in the NVU, being in direct contact with the brain

endothelial cells, offering them support and actively participating in their development and maturation . Microglia are

immunocompetent cells of the NVU, acting as pathological sensors, whose activity is to constantly investigate the

intracranial environment, and to remove the damaged cells from dysfunctional synapses or any other debris from brain

parenchyma .

LOC technology has been intensively applied in recent years as BBB-on-a-chip or NVU-on-a-chip technologies (Figure
3).

Figure 3. BBB-on-a-chip (a) and NVU-on-a-chip (b) technologies (created with BioRender.com ).

These technologies have been employed for studying the following (Table 4): the role of BBB in neuroinflammatory,

neurodegenerative (e.g., Alzheimer’s, Parkinson’s), or in schizophrenia pathologies , the interactions

between BBB and combinations of cytokines and lipopolysaccharides, leading to loss of function , the permeability
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of BBB for drugs or endogenous molecules , the biochemical modulation of BBB , the antibody interaction with

BBB , the neuronal–endothelial metabolic coupling , or the interaction between cancer cells and astrocytes in a

BBB microenvironment .

Table 4. BBB-on-a-chip and NVU-on-a-chip applications.

Model Chip Material Membrane Material Culture
Type Cells Application Reference

BBB PDMS and glass Polycarbonate Co-culture

Endothelial cells
(b.End3) and
astrocytes
(C8D1A)

BBB permeability

BBB PDMS Polyethylene
terephthalate Co-culture

Endothelial cells
(BMEC from
hiPCS) and

astrocytes (from
IMR90-4 iPSCs)

BBB permeability
due to TNF-α in

liver
failure/melanoma

BBB OrganoPlate No membrane Tri-culture

Endothelial cells
(TY10),

astrocytes (hAst)
and pericytes

(hBPCT)

BBB permeability
for different types

of molecules
(antibodies)

BBB
Objet Vero Clear,

silicone, and
PDMS

Polycarbonate Co-culture

Endothelial cells
(BMEC from
iPSC) and

astrocytes (Rat
primary culture)

BBB permeability
for drugs

BBB PDMS Polycarbonate Co-culture

Primary mouse
brain

microvascular
endothelial cells

and primary
mouse

astrocytes

Cellular
interactions in the

BBB under
physiological or

shear stress
conditions

BBB PDMS Polyester and
polytetrafluoroethylene Co-culture

Endothelial cells
(b.End3) and
astrocytes
(C8D1A)

Analysis of cell
cultures on porous

membranes

BBB PMMA Polyester Monoculture Endothelial cells
(b.End3)

Transport of
nanoparticles

across the BBB

BBB
PDMS and

polyvinylidene
fluoride (PVDF)

Polyvinylidene fluoride
(PVDF) Co-culture

Human cerebral
microvascular

endothelial cells
(hCMEC/D3) and
normal human

astrocytes

Reproducible
platform for the

BBB study under
static or

continuous flow
conditions

BBB PDMS Polycarbonate Tri-culture

Human cerebral
microvascular

endothelial cells
(HBMEC),

pericytes, and
astrocytes

BBB model for the
investigation of

neuroinflammation

BBB PDMS No membrane Multi-
Culture

Endothelial cells
(HBMEC and

HUVEC),
pericytes (HhPC-
PL), astrocytes

(NHA), and
primary normal

human lung
fibroblasts (LF)

In vitro
reproduction of

angiogenesis in the
central nervous

system

[16][22][95] [96]

[22][97] [17]

[98]

[99]

[100]

[97]

[101]

[102]

[103]

[104]

[105]

[106]

[107]



Model Chip Material Membrane Material Culture
Type Cells Application Reference

BBB PDMS, PMMA,
and PC N/A Co-culture

Endothelial cells
(HUVEC) and

human
astrocytes

Testing the
biocompatibility of
the APTES-coated
PDMS surface, on

which different
types of coating

were applied

NVU PDMS No membrane Tri-culture

Human iPSC-
derived blood–

brain barrier cells
Human primary

astrocytes
Human primary

pericytes

Complex platform
for the study of

neurological
diseases

NVU PDMS PDMS Co-culture
(×2)

Human
teratocarcinoma
NTERA-2 cl. D1
(hNT2) cells and

human
endothelial cells

(hBMEC)
Human

teratocarcinoma
NTERA-2 cl. D1
(hNT2) cells and

Human fetal
neural progenitor

cells (hNPCs)

Differentiation of
cells on the chip

and analysis of the
importance of cell

interactions in
neurodevelopment

NVU PDMS No membrane Multi-
Culture

Endothelial cells
(HUVEC and
hCMEC/D3),

neurons (primary
culture), and
astrocytes

(primary culture)

Neurovascular unit
development

NVU PDMS
andpolycarbonate

Polyethylene
terephthalate

andpolycarbonate

Multi-
Culture

Human
hippocampal

neural stem cells
HIP-009 cells,

cortical human
brain

microvascular
endothelial cells

(hBMVECs),
human

astrocytes, and
human brain
pericytes of

cortical origin

Effect of
intravascular

administration of
methamphetamine

Some of the recent LOC studies devoted to blood–brain barrier summarizing cell sources, functional hallmarks, disease

models, and drug tests were reviewed by . Booth and Kim , developed a microfluidic blood–brain barrier (µBBB) in

order to mimic the dynamic in vivo microenvironment and a comparatively thin culture membrane of 10 µm. The authors

proved the validity of the model using co-cultures of bEnd.3 endothelial cells and C8-D1A astrocytes, and they concluded

that such system can be used to predict the rate of delivery of new drugs across the BBB, being a valid option for

preclinical studies. The research team of Prabhakarpandian et al. demonstrated the similarity between the Synthetic

Microvasculature model of BBB (SyM-BBB) and the cerebral microvascularization observed in vivo. They used a

microfluidic chip made of PDMS connected to a perfusion system, and as cells, they used rat brain endothelial cell line

(RBE4). They performed different tests on cells grown on the surface of the fabricated microdevices; the cultured cells

were subjected to astrocyte conditioned media, in the infusion system, for 96 h. Following comparative tests between

transwell chambers using porous membranes and SyM-BBB, fluorescence type, Western blot, efflux transporter studies,

etc., they concluded that the cells behave on a chip similar to the functional cells in vivo from BBB . Additionally, Jeong

et al. tested a 3D arrayed microfluidic BBB-on-a-chip model and integrated an electrical sensor to measure the

transendothelial electrical resistance (TEER), and they concluded that their chip mimicked closely the in vivo BBB

environment .
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An important aspect that deserves attention is the advantages offered by the BBB-on-a-chip devices in comparison with

the traditional transwell system (Table 5). In a study using co-cultures of endothelial cells and astrocytes, Deosarkar et al.

demonstrated that the 3D microfluidic platform mimicked the neonatal physiological environment more accurately than the

transwell system . Other studies have demonstrated higher resistance values in TEER measurements for the BBB-on-

a-chip model compared to the transwell model for brain microvascular endothelial cells with or without astrocytes or

pericytes in co-culture .These results were similar irrespective of the brain endothelial cells origin (i.e., human

or rodent) and demonstrate the superior qualities provided by the BBB-on-a-chip model in comparison to the traditional

transwell model in terms of barrier permeability or tight junctions proteins immunostaining.

Table 5. Comparison between the BBB-on-a-chip and BBB in the transwell system.

Type of Analysis Comparison Type of Cells References

TEER
ZO1 immunostaining

Slightly higher resistance values upon 7 days in
culture for BBB-on-a-chip compared to the

transwell system
Similar ZO1 immunostaining

human endothelial cells
hCMEC/D3

TEER
ZO1 immunostaining

Astrocyte conditioned medium improves the
resistance values of BBB-on-a-chip

BBB-on-a-chip has higher resistance values than
the transwell model

Rat brain endothelial cells
(RBEC) isolated from neonatal

rats
neonatal rat astrocytes

TEER μBBB had significantly higher (10-fold) resistance
values than the transwell model for co-cultures

b.End3 endothelial cells, with
and without co-cultured C8-D1A

astrocytes

Barrier permeability
and cytokine release

profile

Similar permeability of the human 3D BBB-on-a-
chip compared to the non-human cells BBB

models or to the inflammatory stimulated models
(depending on the presence of astrocytes or

pericytes)
Significantly higher permeability of the human 3D
BBB-on-a-chip compared to co-cultures in static

transwell plates

Co-culture of human brain
microvascular endothelial cells,
human brain pericytes, human

astrocytes (from cortex)

P-glycoprotein (P-gp)
permeability

BBB-on-a-chip model, but not the transwell model,
enable the study of P-gp efflux pump permeability
and its pharmacological blockade (e.g., verapamil)

Human iPS cell line IMR90-4

In comparison to the BBB-on-a-chip model, the NVU-on-a-chip model is more elaborate and requires the use of different

types of brain cells (e.g., astrocytes, pericytes, neurons etc.) beside the brain microvascular endothelial cells. Additionally,

the calcium signaling machinery of the brain microvascular endothelial cells  is strongly influenced by the

absence/presence of the NVU adjacent cells. Moreover, the NVU-on-a-chip model implies a complex design with multiple

compartments that mimic the blood, brain parenchyma, and cerebral spinal fluid . Several groups have developed

NVU-on-a-chip models with innovative architectures. In detail, the different NVU-on-a-chip models were employed to

study the neurodevelopment , the metabolic consequences of inflammatory disruption of the BBB , or

neurological disorders .

An important advantage of the BBB/NVU-on-a-chip is their usefulness in avoiding animal sacrifice for the purpose of these

studies. In the future, researchers will try to obtain models on microfluidic chips that are as realistic as possible and

perform experiments that mimic the intracranial physiological environment. Although animal models have the great

advantage of an intact BBB/NVU with the whole complexity of the brain, there are also major disadvantages including

costs, long-term care of animals, and ethical issues . Therefore, despite the obvious limitations, the majority of

BBB/NVU functions can be mimicked on a chip, with minimal manufacturing expenses , in a variety of configurations

and with extended possibilities for drug screening. The progress done so far in using LOC devices as pharmacological

screening tools, in particular in neurodegenerative diseases, are detailed in the next sections of this review.
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