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Recent Advances in 3D Models for Multiparametric Blood-Brain
Barrier Detection in Microfluidic Systems

Chiara Boncristiani®, Alessia Di Gilio®*, Federica De Castro¢, Alessandra Nardini®d, Jolanda
Palmisani®, Rebeca Martinez Vazquez 9, Gianluigi de Gennaro®, Francesco Paolo Fanizzi¢, Giuseppe
Ciccarellacand Viviana Vergaro®”

Microfluidics has emerged as a valuable technology for modeling the blood brain barrier (BBB) to study the physiological or
pathological conditions and play an important role in neuroscience and pharmaceutical research. Here we discuss the recent
advances and the potential application of microfluidic-based systems, because these models, unlike 2D, transwell and organ-
on-chip, accurately mimic the physiological characteristics of the BBB. The review provide also outlooks on the integration
of chemical sensor for evaluating BBB models through electrochemical sensors, chemical sensors using MIPs and
metabolomic detection, in terms of internal and secreted metabolites. This integration is useful to gain new insights for
improving the cerebral vascular interventional therapy and discovering new diagnostic tools for clinical practice. Finally, the
challenges and future prospects for advancing microfluidic-based BBB systems in neuroscience research are discussed and
proposed, particularly regarding new opportunities in multi-disciplinary fundamental research and therapeutic applications

for a broader range of disease treatments.

1 Introduction

Microfluidic systems have become a promising tool for
modeling the blood-brain barrier (BBB) in vitro. The blood-brain
barrier is a highly selective, semi-permeable membrane that
separates the blood from the brain’s extracellular fluid,
maintaining the brain’s microenvironment. Understanding its
behaviour is crucial for studying neurological diseases and
developing drugs, but replicating it in vitro has been challenging
due to its complexity. Microfluidics offer the ability to create
highly controlled environments at a microscale, mimicking the
physiological conditions of the BBB more accurately than
traditional cell culture models. Microfluidic platforms can
simulate the flow of blood (or blood-mimicking media) and the
brain’s extracellular fluid allowing a better control of fluid
dynamics, shear stress, and nutrient delivery, which are
important for replicating the in vivo BBB environment. In this
comprehensive review, we first provide a succinct yet
informative description of the composition and structure of the
blood-brain barrier (BBB), highlighting its critical role in
maintaining central nervous system homeostasis. Following this
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introduction, we delve into an in-depth analysis of the
significant advancements that have occurred over time in the
field of in vitro modeling of the BBB. We trace the evolution
systemes, (2D)
monocultures of astrocytes and transwell systems used for
triple co-culture of different cell types, to more sophisticated
dynamic and microfluidic conditions that better mimic the
physiological environments of the BBB. This section includes a
limitations and advantages
associated with existing microfluidic models. We also compare
various fabrication methods, discussing their distinct
characteristics, including the types of materials used, spatial
configurations, overall cost, and size. Such factors are crucial for
achieving precise control over device dimensions, surface
modifications, and other parameters essential for the
realization of three-dimensional (3D) in vitro BBB models.
Lastly, we explore the broad spectrum of biological applications
enabled by microfluidic models, culminating in a discussion on
the development of integrated chemical sensors within BBB-on-
a-chip systems. These sensors serve as invaluable tools for
monitoring, in real-time, various parameters relevant to both
physiological and pathological conditions of the BBB, thus
paving the way for enhanced understanding and treatment of
neurological disorders.

from static such as two-dimensional

detailed examination of the
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2 Advancements in In Vitro Models of the Blood-
Brain Barrier for Central Nervous System
Research

Several advancements have been made in the development of
microfluidic models to better replicate the physiological
conditions of the BBB and improve our understanding of its role
in drug delivery, neurovascular health, and disease
mechanisms. Recent advancements in in vitro BBB modeling
have transitioned from traditional two-dimensional (2D) static
systems to more sophisticated three-dimensional (3D) dynamic
microfluidic models. These models allow for the co-culture of
multiple cell types, including endothelial cells, astrocytes, and
pericytes, creating a more physiologically relevant environment
that mimics the in vivo conditions of the BBB.22 For instance,
microfluidic platforms have been designed to replicate the
mechanical forces and shear stress experienced by endothelial
cells in vivo, which are critical for maintaining BBB integrity and
function.? These innovations have led to the development of
"BBB-on-a-chip" systems that not only simulate the structural
characteristics of the BBB but also its functional dynamics,
including selective permeability and transport mechanisms.*
Furthermore, the integration of advanced technologies such as
optical and electrophysiological biosensors into these
microfluidic systems enhances their utility by enabling real-time
monitoring of drug interactions and disease-related markers.?
For example, recent studies have demonstrated the potential of
these models in assessing drug transport and barrier integrity
under various pathological conditions, thereby providing
insights into drug delivery mechanisms and the effects of
neurotoxic agents.?5 Despite these advancements, challenges
remain in fully recapitulating the complex interactions within
the neurovascular unit. Current models often lack direct cell-cell
contact, which is essential for the proper functioning of the
BBB.® However, ongoing research is addressing these
limitations by exploring approaches, such as
incorporating neurons into BBB-on-a-chip models to better
simulate the neurovascular interactions that occur in the
As the field progresses,
refinement of these in vitro models holds promise for enhancing
drug discovery and improving therapeutic outcomes for CNS
disorders. The upcoming subparagraphs will provide a
comprehensive overview of the significant advancements that
have been made in the field of in vitro microfluidic blood-brain
barrier (BBB) chip models. This overview will detail the intricate
fabrication processes involved in creating these models, the
various methodologies employed during their development, as
well as effective troubleshooting techniques that researchers
can utilize when faced with challenges. Additionally, we will
explore the diverse research applications of these innovative
models. To aid in understanding, Figure 1 summarizes, in a brief
yet informative manner, the numerous applications of
microfluidics platforms as in vitro models of the Blood-Brain
Barrier, specifically highlighting their importance for Central
Nervous System Research and the potential they hold for
advancing our knowledge in this critical area.

novel

human brain.6’ the continued
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Fig. 1 Applications of microfluidics platform as in vitro models of the Blood-Brain
Barrier for Central Nervous System Research. The BBB is a selective permeability
barrier that protects the brain from harmful substances while allowing essential
nutrients to pass through. Understanding its function, structure, and interactions
with various compounds is crucial for developing treatments for neurological
disorders, brain tumors, and other CNS-related conditions. Here are some
applications of microfluidics platforms as in vitro models of the BBB: 1. Recreating
the BBB Architecture; 2. Studying Drug Transport and Permeability; 3. Investigating
Cellular Interactions; 4. Disease Modeling; 5. High-Throughput Screening; 6.
Studying Neuroinflammation; 7. Personalized Medicine; 8. Assessment of
Nanoparticle Delivery; 9. Real-Time Monitoring; 10. Integration with Other
Technologies

2.1 From bidimensional BBB-model to the first steps of
microfluidics

The blood—brain barrier (BBB) is a dynamic and protective
membrane that restricts the entry of toxins and pathogens from
the bloodstream into the central nervous system (CNS), playing
a crucial role in maintaining brain homeostasis by regulating
nutrient transport and isolating nervous tissue from potentially
harmful substances in circulation, such as hormones and
chemicals. Composed of specialized brain microvascular
endothelial cells (BMECs), the BBB works alongside supporting
cell types like pericytes and astrocytes, forming a neurovascular
unit (NVU) (Figure 2A).58-1* The BMECs are surrounded by a
basement membrane rich in proteins and proteoglycans,
essential for preserving barrier integrity (Figure 2B).22
Moreover, the BBB maintains microenvironmental homeostasis
and looks after the CNS via multiple different cellular and
molecular mechanisms (Figure 2C). While the BBB is vital for
protecting the CNS, it also presents significant challenges for
drug delivery, as it limits the entry of therapeutic agents,
particularly larger or non-lipid-soluble drugs, due to the
presence of efflux transporters like P-glycoprotein, which can
hinder treatment efficacy for neurodegenerative diseases and
brain cancers.1%3 Disorders such as Alzheimer’s disease and
Parkinson’s disease are linked to BBB dysfunction, and
understanding the relationship between barrier integrity and
disease progression is essential for developing effective
treatments.’* Recent advancements in BBB modeling,

J. Name., 2013, 00, 1-3 | 2

Page 2 of 32


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02499k

Page 3 of 32

Open Access Article. Published on 05 May 2025. Downloaded on 5/11/2025 4:06:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Healthy BBB

Neurovascular Unit

Pericyte
¥ Tight Junction
77 Endothelial cell
= Astmcyte

(o] Modified cellular transport

Demyelination and
neuronal damage

Reduced T) proteins
D.g Detached, swollen astrocyte
Pericyte loss and dysfunction
< '
Leucocite infiltration

®f =
.
. pe . ? . ® . '. Basement membrane thinning

Activated microglia

Fig. 2 A Section of NVU comprising pericyte, endothelial cells (ECs) and astrocyte. B
Healthy, intact BBB structure and surrounding cells and key components. ECs form
the main physical barrier lining the blood vessels in the brain with tight junction (TJ)
proteins between them. Leukocytes are in constant circulation. ECs are encompassed
by the basement membrane which also encompasses pericytes which are in close
contact to the ECs. Astrocytic endfeet interact closely with the ECs and pericytes and
help maintain BBB integrity. Inactivated microglia and functional neurons are present
in a healthy NVU. C During BBB breakdown its integrity can become compromised at
various levels. Disruption characteristics of the BBB include EC alterations such as loss
of tight junction proteins, EC shrinkage, changes in molecular transport at the
paracellular level, and transcellular level in some cases, and increased leukocyte
infiltration. In some disruption models pericyte dysfunction or loss is apparent as well
as astrocyte changes such as swollen or detached endfeet. Microglia can also become
activated, and neurons may experience demyelination or become damaged.

for

particularly through in vitro techniques, are crucial

elucidating the mechanisms of BBB functioning and dysfunction
in disease states, offering potential pathways for improved drug
delivery strategies. Enhancing our knowledge of BBB and NVU
functioning is of uttermost importance for two motives. First,
BBB dysfunction is a common feature across almost all CNS
disorders!>16.Impaired barrier function is often accompanied by
inflammation, thus facilitating infiltration of
circulating immune cells into the CNS.17:18 The immune cells
inflammatory mediators,
radicals, and matrix metalloproteinases, which further worsen
the state.’®"22A  better
understanding of the processes involved in healthy BBB

endothelial

release such as cytokines, free

barrier function and disease
functioning and how these are disturbed in brain diseases will
help us find new targets for treatment. Second, while the BBB
protects the brain from harmful substances in the circulation, it
also poses a major challenge when it comes to treating brain
diseases. As the BBB only allows small, lipid soluble molecules
to pass freely, most drugs require advanced drug delivery
strategies to enter the brain.?3-2* A better understanding of BBB
and NVU functioning will shed light on new techniques and drug
delivery strategies to effectively target drugs into the brain to
treat CNS disorders. To achieve this goal of improved
understanding of NVU functioning in health and disease and
advance our knowledge of drug targeting to the brain, we need
models that reflect the human NVU in health and disease. While
animal models have demonstrated helpful in studying the BBB,

This journal is © The Royal Society of Chemistry 20xx
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the employ of animals is expensive, time-consuming. -and
ethically unwelcome. Furthermore, dat®@aifed3Profd BaRiHI
studies often results in poor translatability to the human
physiology due to interspecies difference.?> While the cellular
component of the NVU is similar between humans and rodents,
other relevant features are not. The expression level of many
important junctional proteins and transporters diverges
between species, which results in differences in drug uptake
and efflux. Additionally, drug spreading across the brain may
differ due to differences in lipid composition of the brain
between species. Importantly, animal models of disease often
fail to consider alterations in NVU function related to aging or
neurological disease and have reported conflicting results.®?>
While in vitro models of the NVU do not display the level of
complexity as animal models do, they do allow for the use of
human cells, in highly controlled settings, at lower cost, and
within shorter time frames. The first effort at in vitro NVU
modelling began with the isolation of brain capillaries from
rats.?® Since then, many studies of primary rodent, porcine,
bovine, and later human brain endothelial cells have been
stated, using both monocultures and co-cultures with
supporting cell types.?’-3! Later, immortalized cell lines of
human brain endothelial cells were established,3%33 followed by
protocols for stem-cell derived models343> and self-assembling
spheroids.3® Figure 3 and Table 1 summarize the evolution over
time of the studies conducted for in vitro NVU modelling, which
we will analyse in the following paragraphs. Originally, studies
were realized using traditional two-dimensional (2D) culture
systems. Striving for improve physiological relevance and
complexity, the first models using a transwell system were
developed. In this system, brain endothelial cells are cultured
on one side of a semi-permeable membrane and astrocytes or
pericytes on the other. The Transwell system has been
frequently applied to form the BBB structure with appropriate
vascular endothelial cells such as human umbilical
endothelial cells (HUVEC), human cerebral microvascular
endothelial cells (hCMEC), and primary human-derived vascular
endothelial cells. Although these systems presented a step
forward in physiological NVU modelling, the lack of flow and
direct cell-cell contact, and the presence of a membrane posed
limitations.3773° In response to those unmet needs, microfluidic
platforms made their appearance in the field of NVU
modelling.® Microfluidic platforms need tissue culture chips
composed of small channels that permit the development of
layered three-dimensional (3D) cell cultures under flux. The first
microfluidic NVU models comprised hollow fiber devices to
culture bovine aortic endothelial cells and rat glioma cells under
shear stress.*%4! These models proved previous papers of
advantageous effects of co-culture and for the first time
reported that culture under flow improves barrier properties of
NVU models. Next the hollow fiber apparatuses, microfluidic
polydimethylsiloxane (PDMS) based chips using planar
structures were used. Booth and colleagues advanced the first
NVU model in such a chip, using murine endothelial cells and
astrocytes, creating a much thinner membrane than earlier
used in the hollow fiber apparatuses (10 pum versus 150 um,
respectively).*2 The thinner membranes let for tighter cell-cell

vein
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Fig. 3 Evolution over time of the studies conducted for in vitro NVU modelling from static (2D mono-culture of astrocyte, transwell system of triple co-culture cells) to
dynamic and microfluidic conditions useful to reproduce physiological environments more similarly to blood brain barrier's complexity.

The illustration centring on the evolution of studies focused on in vitro models of the neurovascular unit (NVU) over time, highlighting the transition from traditional static
systems to more advanced dynamic and microfluidic approaches. Initially, researchers relied on two-dimensional (2D) monoculture systems, such as those utilizing astrocytes,
as well as transwell systems that facilitated the co-culture of three different cell types. While these early models provided valuable insights into cellular interactions and
fundamental biological processes, they fell short in accurately mimicking the complex physiological environments found in vivo, particularly regarding the characteristics of the
blood-brain barrier (BBB). As understanding of the NVU expanded, there was a significant shift towards developing dynamic models that can more closely replicate the fluidic
and mechanical conditions of the human brain. These advancements include the incorporation of microfluidic technologies, which allow for the precise control of fluid flow
and the creation of gradients that are essential for studying cellular behaviours in a more physiologically relevant context. Such microfluidic systems enable researchers to
recreate the intricate architecture and functionality of the BBB, including the interactions between endothelial cells, pericytes, astrocytes, and extracellular matrix components.
This progression from static to dynamic and microfluidic NVU models not only enhances the accuracy of experimental outcomes but also provides a more comprehensive
platform for investigating drug delivery mechanisms, neuroinflammatory processes, and the overall pathophysiology of neurological disorders. By employing these advanced
techniques, scientists are better equipped to explore the complexities of the BBB and its role in health and disease, ultimately paving the way for improved therapeutic
strategies and interventions.
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contact in co-culture setups, and alike approaches were taken
in many subsequent studies using primary cells and cell lines
from various species.*>*° The newest microfluidic NVU models
again show similarity to the chip reported by Booth et al., but
currently special focus is on all-human models, using primary
material, or iPSC-derived cells,»5° allowing for potential
applications in personalized medicine.

2.2 Microfluidic-Integrated Blood-Brain Barrier Models

Microfluidic-integrated blood-brain barrier (BBB) models have
emerged as pivotal tools in the study of central nervous system
(CNS) drug delivery and neurovascular interactions. These
models aim to replicate the complex architecture and

One notable approach is the horizontal-aligned microfluidic
model, which features a simple design consisting of two
compartments separated by micropillars with a 3 um gap. This
configuration allows for the culture of vascular endothelial cells
on the apical side, effectively blocking the permeation of FITC-
dextran from the apical to the basolateral side. This model not
only facilitates the maintenance of shear flow conditions that
mimic in vivo microvessels but also enables interactions
between endothelial cells and astrocytes within the middle
chamber.>! However, a limitation of this design is the restricted
contact area between neuronal and vascular channels, which
may affect the overall functionality of the model.

In contrast, vertically aligned microfluidic channels have been
utilized to create more complex BBB systems. For instance,

functionality of the in vivo BBB, which is essential for
understanding drug transport mechanisms and the Wevers et al. developed a microfluidic model featuring two
pathophysiology  of  neurological disorders Recent perpendicular flow channels and transendothelial electrical

advancements in microfluidic technology have led to the
development of various configurations, including horizontal-
aligned, vertical-aligned, and tubular structures, each designed
to enhance the functionality and accuracy of these models.

This journal is © The Royal Society of Chemistry 20xx

resistance (TEER) electrodes, utilizing a thin culture membrane
of 10 um. This model allows for real-time monitoring of TEER
values, evaluation of drug permeability, and assessment of
cytotoxicity of CNS drug candidates, thereby providing a more
dynamic and responsive platform for BBB studies.52 Such as,
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Table 1 Type of apparatus, cells, advantages and limitations of static and dynamic in vitro BBB models.
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Type and DOI: 10.1039/D4TB02499K
period of cultivation Apparatus Cells Advantages Disadvantages Reference
2D static Semi-permeable HUVEC, hCMEC, High-integrity of BBB using No fluidic flow, direct cell-cell 53,54 55
transwell membrane primary human- hPSCs-derived vascular contact and shear stress;
System derived vascular endothelial Not to use astrocyte
(7-10 days) endothelial cells cells for BBB formation
Microfluidic- Horizontal-aligned Brain endothelial cells Easy-to-make BBB model A low contact area between 4956 57 58
integrated BBB models and astrocytes with astrocyte, neuronal and vascular channels
BBB Model endothelium, and neuron

(one week to
several weeks)
Vertical-aligned BBB
models

Tubular structure

Neuronal cells and
vascular endothelium

Vascular EC and
neuronal cells

with 3D hydrogel structure

Induction of crosstalk
between neuronal cells
and vascular endothelium
via porous membrane

Structural similarity of the
blood vessel in BBB with
3D neuronal structure;
Induction of biological

Relatively hard-to-make the vertical 59,60 42 61 58
structure comparing horizontal
model;

Low contact area between neuronal
and vascular channels

Lack of factors to mimic BBB; 62 63 6458
Difficulty of maintaining for an
extended period

membrane
Microfluidics- Laminar microfluidic Co-culture of Better transport Cannot be applicate for high- 65
based dynamic apparatus endothelial cells, mechanisms comparable throughput applications;
BBB chip model pericytes and to observe in vivo Low throughput;

(several weeks)

PDMS multiplexed
chip with eight
parallel channels

Type | collagen
hydrogels to
produce tubular
luminal
microchannels
through viscous
finger patterning

In vitro mimetic chip
divided into two
chambers separated
by a polyester
membrane under
shaker force

astrocytes

hCMEC/D3 mono- or
co- cultured with
human astrocytes

Endothelial cells,
astrocytes and
pericytes co-cultured
in a collagen matrix of
a two-lane or three-
lane microfluidic
platform

BMEC in the lower
chamber (vascular
side) and astrocytes in
the upper chamber
(neural side)

Run simultaneously
different independent
reaction units in a single
chip
Demonstration of
successful integration of a
human BBB microfluidic
model in a high-
throughput plate-based
format useful for drug
screening purposes

High- throughput
investigations of AAV
crossing efficiency in the
BBB

Cannot be used process multiple
experiments or screen large drug
panels simultaneously

Need to develop standardize tools to 66
operate, monitor, and analyse the
cultures inside the device

52

It needs to be improved through
further experiments

67

It needs to be improved through
further experiments

68’ 69’ 70’
Primary human Recapitulation of cellular Fluid control not in account;
BBB organoids Organoids astrocytes, human heterogeneity, structure Complex systems, technically
(several days to brain microvascular and function of the challenging, and cannot be
weeks) pericytes and human primary tissue reiterated at high throughput
cerebral microvascular
ECs

3D printing- Organoid-on-chip hPSC-derived Improvement of organoid Complex systems, cannot be 7

based chip pericytes and vascularization process in reiterated at high throughput

(few weeks to
several months)

endothelial cells

a 3D network

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Chung et al. developed a model incorporating two
perpendicular flow channels and transendothelial electrical
resistance (TEER) electrodes, allowing for real-time monitoring
of barrier integrity and drug permeability.”? This model
demonstrated enhanced TEER values compared to static
systems, enabling simultaneous evaluation of drug cytotoxicity
and permeability, which is crucial for assessing CNS drug
candidates.! Further innovations include the integration of
pulsed electric fields to improve drug delivery across the BBB.
57.73 These approaches underscore the potential of microfluidic
models to enhance therapeutic efficacy by manipulating barrier
properties.

The creation of tubular structures within microfluidic devices
has also gained traction, as these structures more closely mimic
the three-dimensional architecture of blood vessels in the CNS.
Chung et al. developed a 3D in vitro brain microvasculature
system embedded in a collagen matrix, which supports the
growth of endothelial cells and facilitates their interaction with
surrounding neural tissues.”? Similarly, Silvani et al. employed
two-photon lithography to fabricate a 3D microtubular
structure that serves as a scaffold for both vascular endothelial
cells and glioblastoma cells, allowing for the study of drug
transport and interaction within a more physiologically relevant
environment.”* The precision offered by two-photon
lithography allows for controlled manipulation of pore size and
density, which is critical for optimizing cell behaviour and
transport dynamics.

Recent studies have highlighted the advantages of using
induced pluripotent stem cell (iPSC)-derived endothelial cells in
the construction of BBB models. Linville et al., using iPSC-
derived human brain microvascular endothelial cells to
construct BBB in templated type | collagen channels, have
mimicked the cylindrical geometry, cell-extracellular matrix
interactions, and shear flow typical of human brain post-
capillary venules.”> This approach not only enhances the
physiological relevance of the model but also allows for the
investigation of cell-extracellular matrix interactions that are
critical for maintaining BBB integrity.

In addition to endothelial cell monolayers, the incorporation of
spheroids into microfluidic platforms has been explored to
better simulate the BBB's microenvironment. These spheroids,
primarily composed of astrocytes, with brain endothelial cells
and pericytes surrounding them, exhibit enhanced expression
of tight junction proteins and improved transport regulation
compared to traditional 2D models.? The use of spheroids in
microfluidic systems allows for a more realistic representation
of the BBB morphology, accounting for blood flow and shear
stress, which are crucial for drug testing and optimizing
therapeutic designs.”®

Troubleshooting in the fabrication and application of
microfluidic-integrated BBB models often involves addressing
issues related to cell viability, barrier integrity, and
reproducibility. Wei et al. described a microfluidic platform with
an integrated transparent TEER sensor that allows for
continuous monitoring of barrier function, facilitating the
identification of conditions that may compromise the BBB.2
Additionally, the selection of appropriate hydrogel matrices for

This journal is © The Royal Society of Chemistry 20xx

cell culture has been shown to significantlyimpactothe
formation and maintenance of a robQst: BBB3YR4EHIp499s
highlighted by studies focusing on the interactions between
endothelial cells and astrocytes within a 3D hydrogel
environment.”’

The applications of microfluidic-integrated BBB models extend
beyond basic research; they are increasingly utilized in drug
discovery and development. These models provide a platform
for high-throughput screening of drug candidates, allowing
researchers to evaluate drug permeability and efficacy in a
controlled environment that closely resembles human
physiology.”® Moreover, the ability to simulate pathological
conditions, such as inflammation or ischemia, within these
models enables the investigation of disease mechanisms and
the testing of potential therapeutic interventions.

In conclusion, the advancements in microfluidic-integrated
blood-brain barrier models represent a significant leap forward
in the field of CNS research. By closely mimicking the in vivo
environment of the BBB, these models provide valuable insights
into drug transport mechanisms, neurovascular interactions,
and the pathophysiology of neurological diseases. As
fabrication techniques and methodologies continue to evolve,
the potential applications of these models in drug development
and personalized medicine are bound to expand, paving the
way for more effective therapeutic strategies for CNS disorders.

2.3 Microfluidics-based dynamic BBB chip models

Several types of in vitro microfluidic BBB chip models are
described in scientific literature, which will be explained below:
(a) an early microfluidics-based BBB chip;®® (b) a microfluidics-
based high-throughput BBB chip;® (c) a gravity-driven single-
cell channel high-throughput BBB chip;>? (d) a gravity-driven
dual-channel high-throughput BBB chip.%” Wang et al. proposed
a laminar microfluidic apparatus in which mouse endothelial
cells, pericytes, and astrocytes could be co-cultured to create an
in vitro 3D BBB model that strongly recapitulated the
considerable transport mechanisms observed in vivo.%®
However, on account of their low throughput, most single
microfluidic systems cannot be used process multiple
experiments or screen large drug panels simultaneously,
impeding their adoption for high-throughput applications. To
answer this issue, Zakharova et al. tuned a multi-pathway
microfluidic chip with eight independent reaction units, in
which each individual unit can be worked on simultaneously or
separately via laminar flow effect, without extra pipetting steps.
This innovative design allowed eight parallel experiments to run
simultaneously in a single chip, while also improving the
reproducibility of the results®®. Wevers et al. launched a
technique using type | collagen hydrogels to produce tubular
luminal microchannels through viscous finger patterning in
which endothelial cells, astrocytes, and pericytes could be co-
cultured in a collagen matrix of a two-lane or three-lane
microfluidic platform that harbors 96 or 40 chips, respectively,
in a 384-well plate format. The fluid migration in this plain,
cheap and scalable BBB model is directed by gravity, evading
the need for an unwieldy continuous perfusion syringe pump.
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Fig. 4 In vitro microfluidic-integrated BBB models. A Horizontal-aligned microfluidic BBB model with 3D hydrogel structure for induction of crosstalk between neuronal cells
and endothelium. B Vertical-aligned microfluidic BBB model with porous membrane for the separation of two channels and transendothelial electrical resistance (TEER)
electrodes. € 3D tubular structure-based BBB model with porous tube (mimicking a microcapillary) that simultaneously scaffolds the cells and allows for species transport
toward the external environment. D Human induced pluripotent stem cells (iPSCs)-derived blood—brain barrier microvessels by the wire removal method. Reproduced from

Ref. Choi with permission from MDPI.

This model
biopharmaceuticals, such as therapeutic antibodies, across the
BBB.>2 Liu et al. created an in vitro biomimetic chip with high-
throughput capabilities which was divided into two chambers

can be used to evaluate passage of large

separated by a polyester membrane. The BMECs are been
seeded in the lower chamber to simulate the vascular side and
astrocytes in the upper chamber to mimic the neural side. After
inoculating cells, the chip is placed in a precision shaker so that
fluid shear force simulates in vivo conditions, a fluid flow rate
can be controlled by adjusting the tilt angle and oscillation
speed, thus bypassing the need for a perfusion device.®’ Figure
4 and Figure 5 provides a summary of notable examples of in
vitro microfluidic-integrated blood-brain barrier models
discussed in the text above. Noteworthy advancement has been
made in recreating BBB conditions using primary cells or
induced pluripotent stem cells. Validation of this model
demonstrated that iPSC-derived brain endothelial cells can be
used for mechanistic investigations of antibody traversal of the
BBB. In addition, one study examining human iPSC
differentiation into BMECs to microvascular
development under hypoxic conditions, in an in vitro BBB model

examine

with greater and more durable barrier function than previous
models, found that no microvessels formed following the
induction of differentiation under these conditions.! The
miniaturization of microfluidic chip systems thus commits to
several advantages over traditional culture systems including
efficiency, high throughput scalability, versatility for integrating
additional components, and ease of cell manipulation, typically
outperforming  macroscopic  systems in  side-by-side
comparisons. Despite important progress has been made in the

This journal is © The Royal Society of Chemistry 20xx

field of in vitro BBB modelling recently, the majority of these
models are still in their early stages and will be improved
through further exploration and experimentation. One problem
that cannot be omitted at present is that most of these in vitro
BBB chips can only simulate the basic structure of fluid channels
in cerebrovascular network. Thus, hemodynamic simulations
are still at odds with the complex, multi-stage in vivo vascular
network of the BBB. Hemodynamic conditions in dynamic
blood-brain barrier (BBB) chip models are typically simulated
using advanced microfluidic technology that closely mimics the
physiological environment of the human brain's vascular
system. These microfluidic chips are engineered to replicate the
intricate architecture and dynamic behaviour of the BBB,
enabling researchers to investigate drug transport mechanisms
and the impact of various substances on the barrier's integrity.
Current methodologies for simulating hemodynamics in these
models include several key components: a. Microfluidic Design:
the architecture of the chip includes microchannels that
represent blood vessels, featuring varying geometries, flow
rates, and shear stress profiles to accurately simulate blood flow
dynamics. This design is crucial for understanding how changes
in flow conditions affect BBB function.>%72:80 b, Endothelial Cell
Culture: human brain endothelial cells are cultured on the chip
to form a monolayer that closely resembles the BBB. These cells
exhibit tight junctions akin to those found in vivo, which is
essential for studying permeability and transport across the
barrier.8182 ¢, Perfusion: a peristaltic or syringe pump is
employed to perfuse the microchannels with a fluid that mimics
blood plasma. This perfusion generates shear stress on the
endothelial cells, which is vital for maintaining their
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physiological functions and barrier properties.”®83 d. Dynamic
Conditions: the incorporation of pulsatile flow in the chip design
more accurately reflects the conditions of the human
circulatory system. This aspect is critical for examining how
dynamic flow influences BBB integrity and functionality.8* e.
Measurement of Hemodynamic Parameters: researchers can
monitor various parameters such as flow rate, shear stress, and
pressure within the microchannels, facilitating real-time
assessments of hemodynamic conditions.>?8> f. Incorporation
of Other Cell Types: to better simulate the in vivo environment,
additional cell types such as astrocytes, pericytes, and neurons
can be integrated into the chip. This multicellular approach
enhances the understanding of intercellular interactions and
their contributions to BBB function.’®% Despite the
advancements in these dynamic BBB chip models, several
limitations exist when compared to in vivo vascular networks: a.
Scale and Complexity: in vivo vascular networks are highly
intricate, featuring diverse diameters, branching patterns, and
complex interconnections that are challenging to replicate fully
in microfluidic chips.87-88 b. Cellular Microenvironment: the in
vivo environment encompasses a variety of biochemical signals,
extracellular matrix components, and mechanical forces that
are difficult to replicate precisely in vitro. This discrepancy can
significantly influence cell behaviour and BBB permeability.80.8°
c. Dynamic Biological Responses: in vivo conditions involve
adaptive biological responses to stimuli such as injury or
inflammation, which may not be accurately modelled in static
or semi-static chip systems.?%%! d. Flow Dynamics: Although
microfluidic chips can simulate dynamic flow, the pulsatile
nature and pressure gradients of the in vivo circulatory system
are complex and may not be fully replicated, potentially
affecting drug interactions with the BBB. 284 e. Limited Time
Frame: most chip models are utilized for short-term studies,
whereas in vivo BBB dynamics can evolve over extended periods

A

due to factors like aging, disease progression, and, .chronic
exposure to substances.’?8¢ f, Lack of IUAEORRSHOREE$PTH
vivo studies often involve intricate immune responses that are
difficult to model in vitro. The interaction of immune cells with
the BBB can significantly influence its function and integrity.8%°2
In conclusion, while dynamic blood-brain barrier chip models
provide valuable insights into BBB function and hemodynamics,
researchers must consider these limitations when interpreting
results and translating findings to in vivo conditions.

2.4 BBB-organoid models

Research focus has recently started shifting toward more
complicated 3D biological systems, enabling greater
predictability in preclinical in vitro organoid cultures. BBB
organoids are BBB component cultured under low-adhesion
conditions which then self-assemble into multicellular
that recapitulate the heterogeneity,
structure, and functions of the primary tissues at the BBB.
Capillary networks with surrounding lumen and BM can be
formed in spherical models prepared from rat or mouse cortical
tissue, although this structure is transient.®® However, these
capillary networks have yet to be constructed with human brain
endothelial cells. Furthermore, these models typically do not
take fluid control into account, making BBB-related transport
analyses potentially challenging. Nevertheless, spherical
models are well-established as effective methods for screening
peptide penetration of the BBB at small scale. In addition,
Eilenberger and colleagues developed a microfluidic multi-sized
sphere array capable of highly reproducible, high throughput 3D
multicellular sphere culture (Figure 6A). This system enables
the repetitive generation of approximately 90 spheres of
different sizes on a single chip, with optional gravity driven
perfusion.”’® Currently, multicellular spheres generated by
available 3D culture methods vary in size, shape, and
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complexity, thus posing a challenge for standardizing data
output and analysis. Recent research on blood-brain barrier
(BBB) organoids-on-chip has emerged as a pivotal area in
biomedical engineering and neuroscience, providing a
sophisticated platform for studying the BBB's structure,
function, and its implications in drug delivery and disease
modeling. These organoids, often derived from human
pluripotent stem cells (hPSCs), are integrated into microfluidic
systems that mimic the physiological conditions of the human
brain, enabling researchers to explore the complex interactions
between neural and vascular components. One of the primary
advantages of using organoids-on-chip is their ability to closely
replicate the in vivo environment of the BBB. For instance, Cho
et al. demonstrated that microfluidic devices incorporating
brain extracellular matrix components significantly enhance the
structural and functional maturation of human brain organoids,
leading to improved neuronal differentiation and functionality
over extended culture periods.®? This advancement is crucial for
developing more accurate models that can simulate human
physiological responses, particularly in the context of
neurological diseases and drug testing. The applications of BBB
organoids-on-chip are diverse and impactful. Wang's research
highlights the potential of using cerebral organoids to model
breast cancer brain metastasis, showcasing how these systems
can be utilized to understand cancer progression and
therapeutic responses in the brain.?® Additionally, Sun et al.
have successfully generated vascularized brain organoids,
which include microglial cells and endothelial cells, to study
neurovascular interactions and the immune response within
the brain.®* Such models are invaluable for investigating the
pathophysiology of various neurological disorders and for
screening potential therapeutics. Despite their advantages,
there are notable challenges associated with BBB organoids-on-
chip. One significant issue is the limited maturity and
functionality of organoids compared to native tissues. As
highlighted by Martinelli et al., current organoid systems often

Journal ofsMaterials ChemistryB

exhibit a fetal-like gene expression profile, which, smayonet
accurately reflect adult brain physiology®% FUlth¥RhOTe24PRE
complexity of these models can lead to variability in organoid
formation and function, complicating data interpretation and
reproducibility in experiments.®®

Moreover, troubleshooting these systems can be intricate.
Nzou et al. pointed out that while organoids can effectively
model the BBB, factors such as hypoxia and nutrient diffusion
can adversely affect their integrity and functionality.?®
Researchers must carefully optimize culture conditions,
including oxygen levels and nutrient supply, to maintain the
viability and performance of these organoids. For instance, the
integration of shear stress in organ-on-chip designs has been
shown to promote vascularization and enhance the
physiological relevance of the models.®”

The advantages of BBB organoids-on-chip are compelling. They
provide a more accurate representation of human biology than
traditional 2D cultures, allowing for better predictions of drug
permeability and efficacy. Bergmann et al. emphasized that
these organoids can be used to investigate the permeability of
central nervous system (CNS) therapeutics, offering insights
into how drugs interact with the BBB.%8 Additionally, the ability
to perform high-throughput screening in these models can
accelerate drug discovery processes, as demonstrated by
Gazerani's work on migraine therapies.®®

However, the high costs associated with maintaining organoid
cultures and the technical challenges of measuring outcomes in
3D systems remain significant drawbacks. As noted by Luo et al.,
the complexity of these models can hinder the assessment of
drug delivery mechanisms and the evaluation of therapeutic
efficacy.1% Furthermore, the need for specialized equipment
and expertise can limit the accessibility of these technologies to
many research laboratories.

In  conclusion, BBB organoids-on-chip represent a
transformative approach to studying the blood-brain barrier
(BBB) and its implications in health and disease. By accurately
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mimicking the complex architecture and cellular composition of
the BBB, these organoid models provide a more physiologically
relevant platform for investigating fundamental biological
processes and the pathophysiology of neurological disorders.
This innovative technology not only enhances our
understanding of the dynamic interactions between brain
endothelial cells, pericytes, astrocytes, and neurons but also
opens new avenues for exploring how these interactions can be
modulated in various disease contexts. Furthermore, the
potential for high-throughput drug screening allows
researchers to evaluate the efficacy and safety of therapeutic
compounds in a more targeted manner, potentially accelerating
the drug development pipeline for conditions such as
Alzheimer's disease, multiple sclerosis, and brain tumors.
However, the full realization of BBB organoids-on-chip in
biomedical research is not without its challenges. Key issues
such as limited maturity of the organoid systems, which can
affect their functional characteristics and response to
pharmacological agents, must be systematically addressed.
Variability in organoid generation and performance also poses
a significant hurdle, as differences in cellular composition and
microenvironment can lead to inconsistent results across
experiments. Moreover, the high costs associated with the
development and maintenance of organoid cultures, along with
the need for specialized equipment and expertise, can limit
accessibility for many research laboratories. Overcoming these
challenges will require collaborative efforts across disciplines,
including advances in biomaterials, microfabrication
techniques, and a deeper understanding of the developmental
biology of the BBB. As we continue to refine these organoid
models and integrate them into broader research frameworks,
they hold the promise of not only advancing our fundamental
knowledge of the brain’s protective barriers but also paving the
way for novel therapeutic strategies that could significantly
improve patient outcomes in a range of neurological disorders.
The vascularization of blood-brain barrier (BBB) organoids on
chip represents a significant advancement in organoid
technology, integrating bioengineering principles to create
more  physiologically relevant models for studying
neurovascular interactions and diseases. The development of
vascularized brain organoids is crucial due to the inherent
limitations of traditional organoid models, particularly the lack
of a vascular network that restricts nutrient and oxygen
delivery, leading to cell death and abnormal
differentiation.®>19 Recent studies have demonstrated various
strategies to achieve vascularization in brain organoids. For
instance, the fusion of human umbilical vein endothelial cells
(HUVECs) with brain organoids has been shown to generate
structures  that mimic  the in vivo
Additionally, the expression of the
transcription factor ETV2 in pluripotent stem cells (PSCs) has
been utilized to induce endothelial cell differentiation within
the organoids, facilitating the formation of a wvascular
network.193104 These approaches not only enhance the
structural integrity of the organoids but also promote the
establishment of functional BBB characteristics, which are
essential for

vascularized
environment,102,103

studying drug delivery and neurovascular

This journal is © The Royal Society of Chemistry 20xx

dynamics.1% The integration of microfluidic chip.technology
further enhances the study of vasculdfizéa 1G¥EarofdsA9BY
employing a 3D spheroid-on-a-chip platform, researchers have
been able to create a controlled environment that supports the
growth of vascularized neural stem cell spheroids, thereby
improving nutrient exchange and cellular interactions.®! This
bioengineering approach allows for the precise manipulation of
the microenvironment, enabling the study of cellular responses
to various stimuli and the investigation of disease mechanisms
at a higher resolution.361% Moreover, hydrogel-based
patterned microcavity arrays have been developed to facilitate
the self-assembly of BBB organoids, providing a scalable and
reproducible method for generating these complex
structures.3%%8 The functional assessment of these vascularized
organoids has revealed their potential to recapitulate key
properties of the BBB, including permeability and transport
mechanisms.3698 For example, studies have shown that the
incorporation of astrocytes and pericytes alongside endothelial
cells in organoid cultures enhances the expression of tight
junction proteins, which are critical for maintaining BBB
integrity.107108  To date, efforts to generate functional
vascularized human brain organoids show varying degrees of
success.100105-111 The main reason is that the vasculature
generated using these approaches remains non-perfusable as
these models do not possess any accessible sites to allow entry
into the vasculature. To address the limitations, a recent focus
has shifted to the potential of integrating organoid technology
and bioengineering.!'? Various research groups have utilized
on-chip technologies to cultivate brain organoids. For instance,
Karzburn et al. grew a brain organoid within a confined
compartment of a microfluidic device to explore the
mechanisms behind brain wrinkling.1'3 By limiting the
organoid's height within this closed chamber, they were able to
conduct in situ whole-organoid fluorescence real-time imaging,
a feat difficult to achieve with traditional dish models.
Additionally, microfluidics has been employed to enhance the
reproducibility and reduce size variability of brain organoids. Ao
et al. developed a comprehensive assembly method for
culturing brain organoids entirely within a single microfluidic
chip, minimizing disturbances throughout the process.''* This
setup not only constrained the organoids to maintain a
consistent size of 2 pum but also allowed exposure to
atmospheric oxygen, preventing the formation of necrotic
cores. The microfluidic device is designed with a bottom-layer
perfusable chamber that delivers medium to the upper layer of
brain organoids via a polytetrafluoroethylene-coated wire
mesh. While this hydrophobic mesh facilitates the formation of
embryoid bodies without surface adhesion, it may hinder real-
time imaging of the organoids within the device.l** Meanwhile,
Seiler et al. created an automated on-chip cell feeding platform
that regulates the flow rate and feeding schedule to sustain
brain organoid cultures while minimizing the impact of
uncontrolled variables during medium changes.''> To further
enhance nutrient absorption and facilitate the development of
extended neuroepithelial-like zones, Romero-Morales et al.
introduced a miniaturized spinner, Spinee, which supports the
long-term culture of brain organoids.1¢ In another study, Wang
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et al. explored the impact of prenatal nicotine exposure on a
brain organoid through perfusion flow.1?” They focused on
characterizing the maturity and functionality of the organoid at
approximately one month of age, which represents early fetal
brain development characterized by immature neurons and a
significant absence of oligodendrocytes.11811® Notably, the
effects of perfusion flow on neuronal activities, such as
synchronized bursts and spikes, were only observable in
organoids older than two months.'!8 In fact, most established
brain organoid protocols allow for maturation periods of up to
one year to better replicate later stages of fetal brain
development.’?° The importance of the culture duration has
been thoroughly discussed by Gopurappilly et al.1?! Likewise, Ao
et al. investigated the infiltration of young and old monocytes
into a 45-day-old brain organoid using a 3D-printed
microdevice.?? Extending the culture of brain organoids to
reflect aging phenotypes is essential for enhancing our
understanding of brain aging. In their study, the researchers
confined the brain organoid within their platform to promote
the development of a pancake-shaped structure, aimed at
reducing inner core necrosis. However, it remains unclear
whether perfusion flow can effectively address the issue of
necrosis in late-stage brain organoids. Most critically, none of
these models incorporate vascular structures. Furthermore, the
ability of these organoids to respond to immune stimuli, as
evidenced by the active engagement of microglial cells,
underscores their relevance in modeling neuroinflammatory
conditions and other neurological disorders.1°0123 |n summary,
the vascularization of BBB organoids on chip represents a
promising frontier in the rapidly evolving field of organoid
technology. This innovative approach combines cutting-edge
bioengineering techniques with advanced cell culture methods
to create models that more accurately reflect the complex
architecture and functionality of the human brain. By
incorporating vascular networks into these organoids,
researchers can simulate the intricate interactions between
neuronal cells and the BBB, which is crucial for maintaining
homeostasis and protecting the brain from harmful substances.
These advancements address the significant limitations
associated with traditional organoid systems, such as their
inability to mimic the dynamic and interactive environment of
the brain effectively, and also open avenues for the
development of novel therapeutic strategies. Furthermore,
they enhance our understanding of neurovascular dynamics in
both  health and disease, providing insights into
neurodegenerative diseases and brain tumors. As researchers
continue to refine these organoid models, we anticipate that
they will serve as invaluable tools for drug testing, disease
modeling, and personalized medicine, ultimately leading to
improved outcomes for patients suffering from a range of
neurological disorders. The implications for future research and
clinical applications are profound and far-reaching. Table 2
summarize the fabrication processes crucial for developing
robust microfluidics-based organoid-on-chip models that
accurately represent the BBB and its interactions with various
biological components. The ability to manipulate these systems
enables researchers to delve into the intricate dynamics of drug

This journal is © The Royal Society of Chemistry 20xx
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delivery and the multifaceted mechanisms of disease. JThis
manipulation is not merely a technical capabifitySR/ Pépresents
a significant advancement in our understanding of biomedical
processes and therapeutic strategies.
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Table 2 Types of fabrication processes with corresponding description and references.

Fabrication Process Description Reference

Microfluidic Device 1,50,92

Development of microfluidic
devices that allow for precise

control of fluid flow and

Design

environmental conditions.

Organoid Culture 99,102

Culturing organoids derived from
human pluripotent stem cells
(hPSCs) in a 3D environment to
mimic in vivo conditions
Vascularization 100,104,106

Techniques

Techniques such as embedding
endothelial cells within organoids
to create vascular networks that

enhance nutrient delivery.
Integration of 92,95
Extracellular Matrix

Incorporating ECM components to
support cell growth and
differentiation, enhancing the
physiological relevance of
organoids.
Implementing perfusion systems 96,124
to facilitate nutrient and oxygen
delivery, mimicking blood flow in
vivo.

Perfusion Systems

96,98

High-Throughput
Screening

Utilizing microfluidic platforms for
high-throughput screening of drug
permeability and efficacy.
Real-time Imaging Employing imaging techniques to 96,115,124

monitor organoid development
and functionality in real-time
within microfluidic devices.
Optimization of 97,101
Culture Conditions

Fine-tuning biochemical and
biomechanical factors to enhance
organoid maturity and
functionality.

3 Microfluidic platforms for BBB in vitro
modeling: materials and techniques of fabrication

Over the years, a variety of materials have been tested for the
manufacturing of microfluidic devices, each with its own set of
advantages. Materials are chosen based on parameters such as
detection method, device function, reusability, and
disposability.1?> Silicon, polymers, and glass are the materials
most used in microfluidic devices production for the detection
and quantification of biomarkers.126127 Sjlicon is highly
appreciated for its well-defined surface qualities, ease of
modification, chemical compatibility, and thermal stability.42,128
However, its high elastic modulus (approximately 130-180 GPa)
impedes integration with valves and pumps, restricting its use
in biomarker analysis.1?° Glass is another ideal material due to

This journal is © The Royal Society of Chemistry 20xx
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its optical clarity, chemical inertness, therp3 5taBiftydRerEq8e
of reuse after basic cleaning methods. It is optimal for optical
detection and enables the simultaneous detection of many
biomarkers, including cancer indicators.13%131 However, to
complete microchip manufacturing, it is necessary to handle
corrosive elements and use heat bonding processes.?®
Polymers, particularly polydimethylsiloxane (PDMS), are
frequently used due to their flexibility, low-cost manufacturing,
and biocompatibility.'32 PDMS provides advanced device
designs with incorporated micro-valves, gas permeability, and
multilayer channels, making it appropriate for a wide range of
applications, including cancer biomarker detection and cell
culture investigations.1?8133 However, the gas permeability
makes it sensitive to organic solvents and absorbs hydrophobic
compounds, which may affect the precision of test
results.127.132.133 | gstly, microfluidic paper-based devices have
proven to be efficient for the extraction and detection of
numerous biomarkers that facilitate point-of-care applications.
In fact, they are particularly used in diagnostic applications,
because of their low cost, ease of disposal, simple storage, and
portability.134135 In the framework of microfluidic device
fabrication, the most used techniques are lithographic base
methods, additive manufacturing approaches and more
recently laser based processes (Figure 7). The choice of the
manufacturing technique is closely related to the platform
material that will be used and to the different functionalities
that the platform should integrate. Actually, in the most
advanced devices a hybrid approach is followed, using different
techniques for the complete development of a microfluidic
platform.

Soft lithography is the most widely utilized technique for
fabricating microfluidic devices for blood-brain barrier in vitro
modeling (Figure 7B).#>127.131,136,137 |t s 3 versatile technology
that can be used with a variety of substrates, including flexible
and curved surfaces, achieving resolutions at the micro and
nano scale. In contrast to standard lithography which depends
on stiff photomasks, soft lithography uses flexible elastomeric
materials like PDMS, to create patterns and structures with
remarkable fidelity and resolution. Soft lithography is
intrinsically a multistep process, that involves firstly the
manufacturing of a master mold, by other lithographic
methods.%>70138 The PDMS is then casted onto the master mold
to replicate the desired pattern through techniques like
microcontact printing, embossing, or injection molding (Figure
7A and 7B). Overall, this technique is a high-throughput, cost-
effective, and adaptable technology that requires simple setup
for microdevices replication.'3® However, it also presents some
drawbacks, such as residual stress and shrinkage during the
curing process, deformation of the soft material, repeatability
concerns, and biocompatibility issues due to residual
materials.3%140 Moreover, the need of a master mold for PDMS
casting, reduces the versatility of the technique when dealing
with the optimization of the device scheme. In the development
of microfluidic blood-brain barrier models that closely emulate
the in vivo environment, until now a great effort has been
devoted to the integration of membranes and electrodes inside
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the same chip, to mimic transportation and measuring
resistance during flow. In the early works, commercial
membranes and electrodes were directly integrated into the
fabricated microfluidic networks. More recently a more
sophisticated approach is followed, introducing the fabrication
of the membranes and electrodes in the manufacturing of the
lab on a chip.

The device developed by Booth et al, is a pioneering microfluidic
device for studies on the BBB that integrates different
functionalities.*? For instance, they produced a chip by a multi-
step process involving the bonding of four patterned PDMS sub-
layers, two electrode layers, and a polycarbonate membrane.
For the channel feature layers, PDMS was spin-coated, cured,
and laser-patterned to form 200 um thick sheets. Glass slides
were embedded in PDMS and cured, followed by the creation
of input/output holes. A polycarbonate membrane with 400 nm
pores was prepared and cut, and all components were bonded
using a PDMS-toluene mixture. Electrical connections were
made by bonding copper wires with silver epoxy. Here, the
fabrication process allows for precise and integrated
construction of the BBB microchip, enabling high functionality
and resolution and offering high control over design and
performance, crucial for mimicking the blood-brain barrier in
vitro. Takayama group, produced a 3D microfluidic device that
replicates the selective permeability of the BBB by creating
triculture and bi-culture models.®® They accomplished this also
through a multilayer PDMS channel encased in a porous
membrane. Their fabrication process includes the integration of
commercially available wire electrodes, which eliminates the
need for specialized microelectrode fabrication. Moreover, the
compatibility with microfluidic environments allows for
experiments under controlled flow conditions that closely
resemble physiological settings. However, the system faces
challenges, such as the possibility of leakage due to difficulties
in achieving reliable bonding of porous membranes within the
layered microfluidic structure,4? as well as material limitations
associated with PDMS, such as its tendency to absorb small
hydrophobic molecules, which may affect experimental
results.’*! The approach of Partyka et al. constitutes an
alternative for the integration of a membrane in a PDMS device
by directly filling a central chamber with a hydrogel. With a fine
control of pressure along the lateral microfluidic channels they
mimic transport across the brain microvasculature, promoted
by blood flow.60

—

3D Printing( )

Journal ofsMaterials ChemistryB

Following benefits as easy electronic componenf. integration
and design versatility, the devices producded by $eFP1thogrsshy
can be further enriched using techniques as photolithography
or micro-nano contact printing. Both techniques are frequently
complementary in microfluidic device development the former
one to produce high-resolution master molds and micro/nano
contact printing for a quick functionalization or integration of
features important for biological or chemical applications.

The photolithographic process is also a multistep process
(Figure 7A). It begins with the deposition of a light-sensitive
material, known as photoresist, onto a substrate, followed by
exposure to ultraviolet (UV) light through a mask that defines
the desired pattern. The exposed areas of the photoresist
undergo a chemical transformation, allowing the material to be
developed and resulting in the formation of a precise patterned
layer, facilitating the creation of micro- and nanoscale features.
Photolithography therefore allows for the creation of highly
precise microstructures with outstanding resolution up to 5 pm
and scalability, making it perfect for generating master molds
for soft lithography in microfluidics.31.139
necessitates complex and expensive equipment, as well as
cleanroom facilities, which may limit its applicability to smaller-
scale laboratories.14?

Micro/nano contact printing, on the other hand, allows for the
direct transfer of designs onto substrates utilizing elastomeric
stamps, which is simple and cost-effective. This method is very
useful for functionalizing surfaces with biomolecules or creating
patterns on flexible substrates. Therefore, these techniques are
frequently complementary in microfluidic device development
producing high-resolution master molds and micro/nano
contact printing allowing for quick functionalization or
integration of features important for biological or chemical
applications. The combination of different manufacturing
technologies offers a scalable, rapid, and cost-effective solution
for producing high-yield porous PDMS membranes. By
combining soft lithography, photolithography and reactive ion
etching is possible to create PDMS membranes with micrometer
size pores, facilitating high-throughput drug permeability
testing in a controlled BBB model.

However, it

Additive Manufacturing

Laser (m
micromachining

J

A Photolithography ﬁc
V & 4
B Soft lithography A\
PDMS Replica

e

—K

Fig. 7 Graphical schemes for the most used techniques in the context of microfluidic device production. Main representative lithographic base methods such as
photolithography A for resolved master mold prototyping and soft lithography B for producing PDMS-based microchip. C Additive manufacturing approaches divided in 3D
printing (I) based on layer-by-layer material deposition and laser micromachining (Il) by femtosecond laser irradiation and chemical etching.
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For the fabrication of such membranes (Figure 8A), a silicon
wafer is coated with sacrificial photoresist layers that contains
a pattern of sub-micrometer column arrays, produced by
conventional photolithography. A PDMS solution is then spin-
coated over the photoresist structures and cured to form a solid
membrane. Reactive ion etching is then employed to create
through-holes by selectively removing the PDMS above the
photoresist columns. Finally, the sacrificial photoresist layers
are dissolved in acetone, yielding the free-standing PDMS
membrane.* For example, in the work by Zahkarova et al.138
thin PDMS membrane with pores that are 5 um in diameter is
embedded between the two layers of a PDMS-based
microchannels chip, arriving even to test transport across eight
parallel channels inside the same microfluidic device (Figure
8B). Recently Ceccarelli et al., presented an advanced
microfluidic BBB-on-a-chip device with integrated thin-film
electrodes for non-invasive, real-time electrochemical
impedance spectroscopy (EIS) monitoring of BBB integrity.'**
The fabrication process involved the creation of a microfluidic
system and integrated microelectrodes through
photolithography and soft-lithography techniques. A 50 um
SU8-50 photoresist layer was spin-coated onto a silicon wafer,
soft-baked, UV-exposed, post-baked, and developed to form
the master mold. This master was used for replica molding with
a PDMS mixture (10:1 elastomer to crosslinker ratio), which was

rials Chemistry|E

ARTICLE

outlets. The microelectrodes instead, were fahricated, by
photolithography on oxygen plasma-treatéd éovers(iphs] RSt 4
3.5 um AZ LNR-003 photoresist layer. Following UV exposure,
development, and baking, the lift-off process removed excess
photoresist, leaving the electrode pattern. Finally, the PDMS
microfluidic device was bonded to the electrode substrate using
oxygen plasma and baked to complete the BBB-on-a-chip
assembly (Figure 8C). This method enables precise integration
of microfluidics and electrodes providing a powerful tool for
central nervous system (CNS) drug testing, disease modeling,
and personalized medicine applications. For several years now,
the trend to include more functionalities in microfluidic devices,
while maintaining their compactness, is triggering the use of
novel processing techniques, such as additive manufacturing
(AM) and laser-based techniques. Additive manufacturing (AM)
techniques rely on the sequential addition of materials to
fabricate 3D structures, offering significant advantages over
traditional subtractive methods (Figure 7C).13° Many AM
techniques are used to fabricate microfluidic devices for
biomedical applications, depending on the intended use and
material. Those can be classified into stimulus-triggered AM and
deposition-based AM, each offering distinct advantages and
drawbacks. Stimulus-triggered AM, which relies on external
triggers like light or heat to shape materials, provides high
processing speeds and resolution but is limited to single-

A

{0 (V)

Porous PDMS
membrane

Bottom Part

cast, degassed, cured, and micro-milled to form inlets and

material employment and requires post-fabrication

Fig. 8 A Graphical scheme for the thin PDMS membrane fabrication process of a; Left blow—up: top and side views of the photoresist columns, Right blow-up: images of the
PDMS membrane. B Scheme of the final device assembly with the PDMS membrane embedded between the two-layer microfluidic device. C Left: rendering of the microfluidic
device and the glass coverslip with the electrodes scheme, Right: Optical image of the fabricated device with the PDMS chip bonded onto the electrodes layer. Reproduced

from Ref. Zakharova and Ref. Ceccarelli with permission from the Royal Society of Chemistry.
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functionalization. In contrast, deposition-based AM enables the
direct deposition of materials, potentially including functional
materials or particles. This method is typically slower and has
lower resolution but supports more complex designs and allows
direct 3D printing (Figure 7C(Il)). 3D printing techniques such as
fuse deposition molding (FDM), digital light processing (DLP),
and, in particular, inkjet printing have grown in prominence for
producing lab-on-a-chip devices because of their cost-
effectiveness and efficiency (Figure 6B)131.145.146_|nkjet printing
enables the deposition of conductive or hydrophobic materials
such as alkyl ketone dimers and polystyrene, resulting in
microfluidic devices with excellent resolution, repeatability, and
speed that do not require masks or extensive post-processing.
However, the size of the nozzle, the porosity of the material,
and the properties of the ink all have an impact on
resolution.'3%145 Considering laser-based techniques (Figure 7
C(I1)), laser micromachining is one of the most often used for
structuring materials such as glass, silicon, and thin foil.12> Laser
micromachining, in fact, is based on tightly focused laser beams
that provides confined energy and enable material processing
at the micron and sub-micron scale allowing the rapid etching
of micro-patterns. The main advantage of laser micromachining
techniques is the high spatial resolution achieved enhancing
resolution and precision meanwhile allowing the incorporation
of several microfluidics and sensing components into the same
system.’3® For example, femtosecond laser irradiation and
chemical etching are broadly used to create optically accessible
glass lab-on-a-chip with embedded microfluidic channels and
microsensors.#7-149 As previously stated, glass' inertness to
biological molecules and transparency make it a suitable
material for complex microfluidics platforms that enable
biomarkers identification by fluorescence microscopy or fiber-
based sensing.’>> We envisage that in the next future these
novel manufacturing techniques will also be implemented in the
fabrication of microfluidic BBB in vitro modeling, as they bring
the possibility of easily integrating new functionalities in those
lab-on-chip platforms.

4 Application of in vitro blood-brain barrier
microchips

Some lately evolved in vitro BBB microarray models have a vast
range of applications, comprising drug discovery and high-
throughput screening, assembly of disease models and
continuous measurement in BBB models.’®® Highly selective
permeability of the BBB also poses a problem for drug delivery
to the brain, and may be the primary hindrance, for some drugs,
blocking the treatment of neurological diseases. In designing
new drugs, increasing lipophilicity affects their water solubility,
which can negatively impact their delivery. Thus, considerable
research efforts are focused on developing specialized trans-
BBB carriers or vehicles for potentially effective drug leads
already in existence. In addition, the concentration of drugs
successfully delivered to the brain cannot be directly measured
in humans, posing a major challenge for determining their
efficacy or effects within the CNS. Furthermore, an absence of

This journal is © The Royal Society of Chemistry 20xx
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reliable markers for some CNS diseases restricts the ahbility,te
design and assess candidate drugs, whié¥eéUul@3BEatRZHEEY
through assays using in vitro models of the BBB. Similarly, a poor
knowledge of the pathogenic mechanism in many CNS diseases
can also severely limit the development of effective
pharmacological interventions. As a result, it is fundamental to
screen for drugs that can cross the BBB using models that are
both trustworthy and sufficiently adaptable to accommodate
quantitative investigations of drug toxicity and transport
mechanisms. In vitro BBB microarray models have been used to
assess drug/compound toxicity, BBB permeation rates, and
intracellular molecular transport mechanisms.’®! In the last
decade, in vitro BBB chips were applied to screen drugs for
treating CNS diseases. Hou and co-workers employed a BBB
model to screen nanoparticles for use in epilepsy treatments.52
Shao's team designed and constructed a microfluidic 3D BBB
model for dynamic culture of human cerebral microvascular
endothelial cells (hCMEC/D3) to evaluate the effectiveness of
Sunitinib penetration into the brain.®* It also is noteworthy that
sensors can be integrated into the in vitro BBB microarray
model to monitor culture conditions and fluid dynamics, and
also furnishing a viable strategy to high-throughput screening of
brain drugs.8 Among others, Wevers et al. combined a human
BBB microfluidic model with multi-unit plates to increase drug
screening throughput. Throughput is indeed a limitation of BBB
models, and the largest compound screen conducted by in vitro
BBB model currently reported is only 384 compounds.>? It could
occur that throughput can be improved by combining
automated liquid handling platforms, improved miniaturization,
and the application of deep learning-based image analysis.
However, it must be recognized that improving pretence
precision of in vivo BBB conditions is currently the primary focus
of in vitro model development. Moreover, low throughput is a
problem for the large majority of sophisticated organ chip
systems. It is possible that advances in throughput for other
organs may also be applied to the in vitro BBB, enabling
development of urgently needed drugs for diseases of the CNS.
Since in vitro BBB chips are typically fabricated by
microengineering methods, it is also possible to combine in situ
analytical tools to improve temporal resolution and enable
continuous measurement with faster readouts, thereby
capturing more information more quickly from the model organ
or tissue. More recently, electrochemical and optical sensors
have also been integrated into organ-on-a-chip systems. In
general, sensors generally include three main components: a
receptor for event recognition of the analyte or cellular event,
a transducer that converts the event into a signal, and a
detector coupled with a processing system that provides the
data readout. Among sensor applications, label-free
transepithelial/trans-endothelial electrical resistance (TEER) is
generally used for quantitative assessment of BBB integrity. In
addition, BBB chips can be equipped with a light-addressable
potentiometric sensor (LAPS) for live detection of changes in pH
changes that reflect cellular metabolic activity, thus providing a
convenient means of assessing the cell-type specificity of a
candidate drug.1>® Beyond electrical sensors, implanting optical
biosensors in a microfluidic wafer represents a major

J. Name., 2013, 00, 1-3 | 15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02499k

Open Access Article. Published on 05 May 2025. Downloaded on 5/11/2025 4:06:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Journal ofsMaterials ChemistryB

innovation that enables the development of automated, high-
performance in situ monitoring in drug screens for
simultaneous detection of multiple analytes.’> Nowadays,
different chip-based models of the human BBB have been
grown to reproduce neurovascular conditions suited for in vitro
study of neurological diseases.'>> Amongst these, Parkinson's
disease (PD) is a gradual neurodegenerative disorder marked by
a shortfall of dopaminergic neurons, being the cause of defects
in motor function. On main reason for the current limits in PD
treatment options is poor permeability of the BBB by potential
drugs. Cai et al. developed an in vitro model of the BBB using co-
culture of rat endothelial cells and glial cells. This model can be
used to investigate BBB dysfunction in the pathogenesis and
progression of PD, as well as for screening candidate drugs.'%®
Connected studies have identified inflammatory processes
closely linked to various neurodegenerative pathways, thus
highlighting  the  informative value of
neuroinflammatory states in microfluidic neurovascular
models.?1157-159 To explore the role of cerebral vasculature in
Alzheimer's Disease, Shin et al. developed a physiologically
relevant microfluidic 3D model that recapitulate several key
aspects of BBB dysfunction in AD through culture of human
neural cells. This tightly controlled platform can be used to
investigate BBB function and screen for drugs that can
penetrate the BBB to access neural tissues.’® In addition
to neurodegenerative diseases, advances vitro BBB
microarray models have enabled the establishment of
pathological tumor models related to the BBB for exhaustively
study of treatments targeting brain tumors, such
as glioblastoma, glioma,'®! and brain metastases by human
lung cancer cells (A549), breast cancer cells (MDA-MB-
231), melanoma (M624), or liver cancer cells (BEL-7402).162
The Table 3 summarizes the diverse key applications of in vitro
BBB microchips, highlighting their significance in drug
development, disease modeling, and continuous monitoring in
neuroscience research with description and
examples/technologies discussed in the text.

simulating

inin

5 Sensors integrated in BBB-on-a-chip system
(BBBoCs)

Although integrated and/or modular biosensors in BBB organ-
on-chip have the potential to monitor agents related to
physiological and metabolic functions and BBB pathologies, the
majority of these sensors detect electrical or electrochemical
signals, because these sensors are easy to incorporate in the in
vitro models. Furthermore, there are multiple uses of sensors
and biosensors for assessing metabolic activity in organ-on-a-
chip platforms. Various types of sensors, including
amperometric, potentiometric, electrochemical, and optical,
operate based on different principles. These sensors are able to
track levels of oxygen, pH in the culture solution, and specific
metabolites such as glucose or lactate, in addition to identifying
biomarker proteins or pathogens.163 Still, the use of sensors in
BBB organ-on-chip devices remains limited, with space
constraints possibly contributing to this scarcity. Considering

This journal is © The Royal Society of Chemistry 20xx

this, sensors for BBB organ-on-chip can be designed.either
integrated or modularly. The integratio®&f 1§elR$834 &> EBE
chip models offers various benefits such as convenient
sampling, rapid and efficient data collection, immediate
evaluation, and versatility in imaging.’®* Using biosensors in
sampling ensures the BBB chip model’s integrity is maintained,
provides consistency in experiments, and saves time.

In this overview, we discuss existing integrated sensors,
focusing the discussion on chemical detection, for evaluating
BBB models through electrochemical sensors, chemical sensors
using MIPs and metabolomic detection, in terms of internal and
secreted molecules (metabolic profiling). To effectively convey
the information regarding the sensors integrated into the BBB-
on-a-chip system (BBBoCs), we will create a comprehensive
summarized tables that highlight key aspects of the sensors,
their types, functions, and applications. This will help in
visualizing the diverse range of sensors and their functionalities
within the context of BBB research (Table 4 and Figure 9).

5.1 Electrochemical or Optochemical Sensors

Electrochemical sensors are the primary choice for sensing in
microphysiological Electrochemical sensors are
typically  divided
conductometric, and impedimetric types. They offer vital data

on barrier electrophysiological

systems.

into amperometric, potentiometric,

integrity, activity, and
mechanical strain. On the other hand, electrochemical sensors
utilize an electrode surface to convert interactions of an analyte
into an electrical signal. Changes in current (amperometry,
voltammetry), potential, impedance, or conductivity are
detected depending on the measurement mode. In order to
electrochemical biosensors
biorecognition elements like antibodies, aptamers,

enzymes, which interact specifically with the target analyte.

improve precision, use

and

One of the most used electrochemical measurements is the
transepithelial/transendothelial electrical resistance (TEER); it is
a widely accepted quantitative technique to measure the
integrity of tight junction dynamics in cell culture models of
endothelial and epithelial monolayers.'®* Various in vitro
(OoCs)
implemented utilizing TEER measurements in some widely
studied barrier models. Optical sensors detect changes in

models and microfluidic organs-on-chips are

properties like absorption, scattering, and luminescence to
gather information on the organ-on chip device. Due to their
versatility, non-invasiveness, and easy integration, optical
sensors show potential in OoC systems.%5 The key requirement
incorporating optical like

absorbance-based sensors into OoC devices is the device's

for sensors luminescence- or

optical accessibility/transparency.1®® Oxygen sensors are
commonly used in OoC technology, but optical sensing methods
have also been used for pH, secreted molecules (e.g., cytokines,
insulin) and morphological changes. For the detection of small
molecules, electrical and electrochemical biosensors seem to
be the best choice. They are inexpensive, easily integrable into
chip devices, and allow rapid sensing. Depending on the

particular problem, potentiometric, amperometric,
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voltammetric or field-effect transistor-based biosensors can be
chosen,167-171 while recent studies have also utilized the
advantages of electro-chemiluminescent detection in various
bioanalytical application. In addition, both electric and optical
biosensors can make use of biocompatible smart materials,
such as graphene oxide derivatives,'’? which can be
functionalized by molecular grafting techniques.l’® Results
obtaining by optical biosensing and immunoassay approaches,
it was possible to prove that spike protein S1 subunit could cross
the human brain endothelial cell barrier efficiently. The
application of biosensors utilizing the synergistic interaction of
electric and optical phenomena can also be advantageous in
BBB research, especially when the concentration of penetrating
cells or secreted extracellular vesicles are supposed to be
quantified.’ For the quick separation of extracellular vesicles
according to size, simple filter-based chip modules seem to be
the optimal choice.'’> A fascinating new concept proposes the
use of jin vitro companion biomarker diagnostic devices through
all the phases of drug development from preclinical tests to
clinical studies in Alzheimer’s disease precision medicine.'’®
BBBoCs with patient-derived cells and biosensors could be
especially useful in such drug research and development
scenario to promote a more patient-centric approach. Other
biosensors were used as an ultrasensitive and specific
diagnostic tool by the early and fast detection and
quantification of microRNAs for the prediction of diseases (such
as cancer) with well-defined microRNA signatures.'’? An
innovative nanophotonic biosensor, based on the bimodal
waveguide (BiMW)
functionalized with novel bioengineered nanobodies targeting
the SARS-CoV-2 receptor-binding domain (RBD) in order to
quantify viral particles in less than 20 minutes total assay time
and with outstanding sensitivity.'’® Using the same technology

interferometric technology, has been

(BiMW), a promising new clinical immunosensor for the user-
friendly, cost-effective and real-time microbiological analysis
was produced for rapid diagnosis of bacterial infections in
cirrhotic patients'’® and for rapidly (less than 30 min) identify
multidrug-resistance bacteria.'®® Biosensors and measurement
tools play an essential role in interrogating all biological
systems, and are often integrated into microfluidics to enhance
their sensitivity, limits of detection, and utility in precious
sample processing.'81 However, some unique advantages arise
from integrating sensing technologies directly into OoCs.!82
Typical OoC platforms provide the required mechanical support
to study tissues with varying geometries in 3D, highlighting a
unique advantage of such systems. In more recent and complex
0Oo0Cs, this strategy has been used to measure stresses
generated by activation of a neuromuscular junction on-chip,183
demonstrating the ability to make real-time, and multiplexed
measurements in highly realistic engineered model systems.
Several recent examples have embedded bulk mechanical
characterization of microengineered tissues directly into the
design of the OoC device. For example, MacQueen et al.
on-chip strain sensors to tissue

integrated measure

This journal is © The Royal Society of Chemistry 20xx
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compression in response

to deformations  applied. by
pneumatically-actuated compressing DRiickolphatensBo243vis
system allowed mechanical characterization of microtissues
embedded in a fluidically-controlled device. These systems
allow for simultaneous and high-throughput measurement of
properties on-chip, but does require

integration of complex electromechanical components for both

tissue mechanical

micro-scale actuation and measurement.'® All in all, modular
networks of microfluidic BBBoCs and biosensors are expected
to be developed in the near future for both basic- and applied-
science utilization. Online control and measurement techniques
will provide multiplex time series of data carrying independent
information about the barrier properties. For the analysis of
such complex data streams, artificial intelligence methods are
expected to be especially advantageous.17317>

5.2 Chemical sensors using MIPs

Molecularly imprinted polymers (MIPs) are formed through
polymerization in the presence of a guest template that, once
removed, results in the formation of hollows or indentations
that are compatible in both size and function with the template
and have the ability to rebind it non-covalently. MIPs are still
being utilized in significant ways in biomarkers,185-188
bioseparations,18%-191  bjosensing,189192-1%5  pjocatalysis
therapeutic delivery applications.1%6:1%7 Chemical sensors using
molecularly imprinted polymers (MIPs) may be useful for
detecting the movement of different substances, such as
dopamine, B-amyloid oligomers, albumin, and viruses, through
brain endothelial cell layers with the use of BBBoCs. This sensor
could potentially also monitor the release of glycocalyx
elements, like sialic acid,®8 from the luminal surface of brain
endothelial cells in pathological conditions, or to identify
markers of BBB leakage from the brain, like astrocyte markers
glial fibrillary acidic protein and S100B, or neuron-specific
enolase, in the bloodstream. Lee et al. have demonstrated that
the synthesis of magnetic molecularly imprinted poly(ethylene-
co-vinyl alcohols) nanoparticles with creatinine, albumin, and
lysozyme and those target molecules rapidly adsorbed (~1
min). MIPs with magnetic nanoparticles incorporated (magnetic
MIPs, or MMIPs) showed changes in their magnetization in
response to rebinding, indicating that magnetization may be a
useful readout for MMIP binding and thus target
MMIP nanoparticles may be able to be
integrated into giant magnetoresistance sensors for biosensing
applications. Preliminary studies using real urine samples
showed promise for magnetic sensing of albumin
concentration, but also demonstrated that interferences from
other molecular species in urine must be more fully quantified,
or interfering species must be removed.® Another study on
MIP from the same group have developed the efficient
extraction of resveratrol from polygonum cuspidatum with
magnetic orcinol-imprinted poly(ethylene-co-vinyl alcohol)
composite particles, whose administration has increased the
toxicity in human osteogenic sarcoma (HOS) cells.1%6

and

concentrations.
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Table 3 Types of applications of in vitro BBB microchips with corresponding description and examples

View Article Online

Application area

Drug Discovery

High-Throughput Screening

Disease Modeling

Continuous Measurement

Toxicity Assessment

Permeation Rate Studies

Drug Delivery Mechanism Research

Sensor Integration

Tumor Models

Neuroinflammatory State Simulation

This journal is © The Royal Society of Chemistry 20xx

Description

Screening various pharmaceutical
compounds for their efficacy in
successfully crossing the blood-brain
barrier is crucial for developing effective
treatments for central nervous system
(CNS) diseases

Utilizing advanced microfluidic models
allows researchers to significantly
increase the number of compounds
tested simultaneously, thereby
enhancing the efficiency and accuracy of
experimental drug discovery processes.

Creating models to study
neurodegenerative diseases like
Parkinson's and Alzheimer's, and to
investigate BBB dysfunction.

Integrating advanced sensors for
comprehensive real-time monitoring of
cell behavior, cellular integrity, and the

effects of various drug treatments in
blood-brain barrier models is vital for
research.

Evaluating drug and compound toxicity
using sophisticated in vitro blood-brain
barrier microarray models provides
crucial insights into safety and efficacy
for potential therapeutic applications in
humans.

Assessing BBB permeation rates for
various compounds and understanding
transport mechanisms.

Investigating specialized trans-BBB
carriers and mechanisms is crucial for
enabling effective and targeted drug
delivery directly to the brain, enhancing
therapeutic outcomes.

Fine-tuning various biochemical and
biomechanical factors is essential to
significantly enhance organoid maturity
and overall functionality for advanced
research applications.

Establishing pathological tumor models
to study treatments for brain tumors like
glioblastoma and glioma.

Simulating neuroinflammatory
conditions to understand their impact on
drug permeability and disease
progression.

Please do not adjust margins
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Techniques include microfluidic models!#22%,
automated liquid handling?°*?%2 and integration of
sensors for monitoring?200.203.204,

Combination of a human BBB microfluidics model
with multi-unit plates to increase drug screening
throughput®?

Co-culture systems for neurodegenerative diseases
and microfluidic 3D models to study BBB
dysfunction155,156,160,205.

Label-free TEER sensors, light-addressable
potentiometric sensors (LAPS)**3, and optical
biosensors for analyte detection®>*.

In vitro BBB microarray models have been used to
assess drug/compound toxicity, BBB permeation
rates, and intracellular molecular transport
mechanisms?>!

In vitro BBB microarray models have been used to
assess drug/compound toxicity, BBB permeation
rates, and intracellular molecular transport
mechanisms?s?

In vitro BBB microarray models have been used to
assess drug/compound toxicity, BBB permeation
rates, and intracellular molecular transport
mechanisms?>!

Organ-on-chip systems integrates different
sensors!®3154

A predictive microfluidic model of human
glioblastoma to assess trafficking of blood—brain
barrier-penetrant nanoparticles®*

Inflammatory processes linked to various

neurodegenerative pathways can be simulated in
microfluidic neurovascular models®3157-159
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Table 4 Types, functions, benefits and potential applications of sensors integrated in vitro BBB models.

View Article Online

Sensor Type Evaluation Principles Parameters

Electrochemical Amperometric,
Potentiometric,
Conductometric,

Impedimetric

TEER, pH, Glucose,
Lactate, O, levels

Optical Absorption,
Scattering,

Luminescence

Oxygen, pH, Cytokines,
Insulin, Morphological
Changes

Chemical (MIPs) Polymerization

with template

Dopamine, B-amyloid

oligomers, albumin,

Sialic Acid, Astrocyte
Markers

Metabolomic Mass Metabolic Profiles
Spectrometry, (lactate, glucose,etc.),
NMR Biomarkers
Spectroscopy

Interferometric
technology

Nanophotonic Viral particles, bacterial

infections

Mechanical strain Piezoelectric or Tissue deformation,

resistive mechanical properties
principles
Volatilomics Gas Volatile Organic
Chromatography, Compounds (VOCs)
Mass
Spectrometry

This journal is © The Royal Society of Chemistry 20xx

Applications

Monitoring BBB integrity,
metabolic and
electrophysiological
activity167,170,171

Cellular imaging, monitoring
metabolic activities!’4, 206

Non-invasive monitoring,
imaging

Biomarker detection'85-187,
bioseparations*?;
BBB leakage detection,
monitoring pathological
conditions

Understanding BBB
metabolism, disease
markers?’

Rapid diagnostics in
infectious diseases'’®

Studying tissue mechanics in
BBB models!,®*

Insights into
neurodegenerative disease
pathways?%®

Please do not adjust margins

Functions DO 10.1039/RgRRARAIIK

Converts analyte
interactions into electrical
signals

Evaluating barrier integrity

Detects changes in light
properties

Monitoring physiological
parameters

Form specific binding sites
for target molecules

Analyses metabolic profiles

Quantifies biomarker
presence

Measure mechanical strain
in tissues

Investigating Neurotoxicity

High
sensitivity,
real-time
monitoring and
easy
integration

Quantitative
assessment of
tight junction

dynamics

Non-invasive,
versatile, easily
integrated

Real-time data
collection, non-
invasive
sampling

High
selectivity,
robustness,
cost-effective

Enhanced
understanding
of metabolic
pathways

Comprehensive
profiling of
metabolic

changes

High
sensitivity,
rapid results

Real-time
measurement
of mechanical

changes

Real-time
monitoring of
cellular
responses to
VOC exposure

Reduced Costs
and Resources

Early diagnosis
and treatment
strategies
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A recent paper has demonstrated encouraging results for
possible future therapeutic application of MMIPs for the
extraction or isolation of undesirable protein aggregates in
neurodegenerative disease.?%° Moreover, the use of magnetic
nanoparticles as a tool to enhance the delivery of therapeutic
molecules to the blood—brain barrier is particularly promising.
There is special curiosity in the use of magnetic nanoparticles,
as their physical distinguishing features endow them with
additional potentially useful properties. Following systemic
administration, a magnetic field applied externally can mediate
the capacity of magnetic nanoparticles to permeate the blood-
brain barrier. Meanwhile, thermal energy liberated by magnetic
nanoparticles (iron oxide nanoparticles) under the influence of
radiofrequency radiation can modulate blood-brain barrier
integrity, increasing its permeability.?'° In summary, MIPs
certainly have a bright future in biomedical applications due to
their potentially high selectivity and versatility, robustness and
low costs.

5.3 Understanding the metabolism of BBB: a helpful tool

Metabolomics is a recent area of study within the field of
analytical chemistry, which can be extremely useful in the
knowledge of molecular mechanisms causing
neurodegenerative diseases allowing an early diagnosis thanks
to its potential biomarker discovery. As neurodegenerative
diseases often do not have a genetic basis and are influenced by
various genetic risk factors and environmental triggers,
metabolomics shows potential for uncovering novel biomarkers
and pathways for these disorders that are biologically and
clinically significant. Recently, some researchers identified
mechanisms responsible for the BBB transport selectivity. These
include the shuttling of metabolites via dedicated solute
carriers (SLCs) along with the crossing of macromolecules via
transcytosis.?11-212 Until now, the way in which BBB ensures its
own metabolic homeostasis is still unknown. It is proved that
the ECs suffer disease-specific modulations also influencing
surrounding cells. However, only few studies have been carried
out about the metabolism of brain PCs to date. For human
placental pericytes a highly glycolytic metabolism was
reported.?!3 Lee et al demonstrated that the metabolism of ECs
and PCs is closely linked.?'* Moreover, they observed that the
high levels of lactate, produced and secreted by ECs, represents
a pivotal metabolic resource for the brain PCs, since it maintains
PC homeostasis and BBB integrity. From the literature and
researches conducted so far, it is clear that a better knowledge
of how the typical multicellular interactions of BBB induce
individual cell-specific molecular and metabolic changes would
provide significant insight.??> Thus, the study of metabolome
could help to better understand the overall behaviour of BBB
cells. Metabolomics is a branch of ‘omics’ sciences allowing the
high-throughput analysis of the_metabolome by using, alone or
in a synergistic way, two main detection techniques: Mass
Spectrometry and NMR spectroscopy.?’® Both methods are
capable of providing extensive information about metabolites
without requiring prior selection of analytes, and they can
identify metabolite structures while their
These two methods bring

measuring

concentrations. of analysis

This journal is © The Royal Society of Chemistry 20xx

advantages and limitations, Table 5. NMR is nopzdesfrustive
and may provide, one shot, the overall metabylites¢BhtmisP4
complex mixture, without the need of compounds separation.
It is also noted for its versatility and reliability in determining
absolute concentrations (NMR takes advantage of selected
nuclei dependent signal response and does not require specific
standard while MS typically requires calibration curves for
guantitation of each metabolite). In contrast, MS generally
offers higher sensitivity than NMR. However, MS is normally
coupled with a chromatographic technique (GC, HPLC) since it
requires previous separation of the compounds present in the
sample. Therefore, MS results could be affected by the
variability of responses from different compounds in complex
mixtures, which can lead to misleading results. Additionally, MS
disrupts the structure and interactions of molecular complexes,
resulting in the loss of valuable information about metabolite
dynamics in tissue samples. While both techniques have their
strengths, NMR is particularly useful for intact tissue and clinical
research, and in general for studies that require detailed
analysis of metabolites in biological samples without
compromising their integrity (whereas MS is favoured for its
sensitivity in other contexts).2!” Each technique (NMR and MS)
complements the other, offering a comprehensive approach to
molecular analysis.

The major areas of applications include:

e Biomedical and clinical research aiming to the individual
profiling for personalized healthcare and the monitoring of the
follow up after treatment: metabolic profiling of individuals can
help identify their susceptibilities to diseases and predict their
responses to medications.

e Molecular epidemiology for level disease risk assessment:
metabolic profiling of populations can enable the development
of molecular epidemiology, allowing researchers to determine
the susceptibilities of specific groups to diseases. This could lead
to the identification of metabolite-based biomarkers for
diseases, which could impact health screening programs.

e Food-stuff profiling: identifying origin, quality control.

e Environmental science for the ecosystem monitoring and
bioremediation: studying the impact of pollutants and climate
change on biological systems and optimizing microbes for

breaking down pollutants by analysing their metabolic
pathways respectively
e Drug discovery: identify biological targets and the

mechanisms of drug toxicity and efficiency. Metabolome
consists in small molecules (metabolites) which are the
intermediate or end products of cellular metabolic reactions,
within a biological sample, such as cells, tissues, or biological
fluids. 216218 The cell metabolome is represented by a fingerprint
of metabolites reflecting the status of cellular physiology, at a
specific time point, under defined conditions. In addition, the
analysis of metabolome is very helpful in the study of drugs
effects (more efficient by using NMR spectroscopy with respect
to MS). As described in the previous sections, organ on chip and
3D spheroid/organoids models are able to mimate the in vivo
BBB cell-cell interactions. Although many metabolomic studies
were performed on model 2D cultured cells line, 21220 including
astrocytes and pericytes,??17223 very few have been performed
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on organ on chip and 3D BBB models, opening and suggesting
new perspectives metabolomic study on this topic. Among
these, Brown et al. performed a metabolic approach to examine
the effects of inflammation on BBB function ex vivo, by using
OoC model, discussing the metabolic consequences of
metabolic responses and repair mechanisms. In detail, the
pyrimidine metabolism, a pathway generally involved in
systemic inflammation such as neurodevelopmental disorders,
was found activated in the vascular chamber.?2*

Other related metabolomic studies (yet very few) confirmed the
perspective great potential of metabolomic technique in the
study and comprehension of BBB.22>226 This may provide new
opportunities for future clinical applications.

Huang et al.226 and Maoz et al. 22> used, in their respective work,
organ-on-chip models based on multicellular culture systems to
reveal individual cellular responses or connections during
environmental changes. Their results provide a very interesting
overview of the adaptation and interactions that may occur in
vivo at BBB. Moreover, in a further study Huang et al.??®
reported that cells of the BBB exhibit differential metabolomic
profiles during physiological or injury conditions and that these
changes are able also to modulate the behaviour of the
surrounding cells. The metabolomic approach represents a

Table 5 Advantages and limitations of NMR and MS

Methods Advantages Disadvantages
Non-destructive analysis Lower
sensitivity
Minimal sample preparation
NMR Higher
(Nuclear Magnetic Provides detailed structural operational
Resonance) information costs
Higher reproducibility Lower
throughput
Absolute quantification
without standards Requires larger
sample
volumes
Extensive
sample
preparation
Often
High sensitivity destructive
MS (Mass Can detect low-abundance Quantification
Spectrometry) metabolites Requires
calibration

Higher throughput with standards

More cost-effective for certain
analyses

Requires
supplementary
techniques for

structural

information
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highly significant resource for gaining a comprehenrsive
understanding of the intricate mechanisiR¥: UhdSAYIAEBBIGaYUS
brain barrier (BBB) homeostasis. By delving deeper into the
metabolic demands and management strategies employed by
the BBB, researchers can acquire valuable insights that could
ultimately contribute to enhancing barrier health. This
enhanced understanding could pave the way for the
development of targeted therapeutic strategies aimed at
selectively treating a range of diseases that impact the central
nervous system (CNS). Such targeted drug treatments could
potentially lead to more effective interventions, minimizing side
effects and improving patient outcomes in conditions that
compromise blood brain barrier integrity and functions.

5.4 From metabolomics to volatilomics

A promising branch of metabolomics is volatilomics that focuses
on volatile organic compounds (VOCs), metabolites
continuously released in human body as intermediates or
products of cellular metabolic pathways and easily detectable
in biological samples such as blood, urine, faeces, saliva and
exhaled breath. VOCs are a large and highly differentiated class
of molecules including aliphatic, aromatic and chlorinated
hydrocarbons, ketones, aldehydes, alcohols, sulphur
compounds, esters, and terpenes, and their distribution in
human body and elimination trough biofluids depends on the
different physicochemical proprieties of each VOC and, in
particular, on blood:air and fat:blood partition
coefficients?27:228, Moreover, the VOCs composition in biofluids
qualitatively and quantitatively changes depending on cellular
pathophysiological conditions. In fact, even if the biochemical
origin of endogenous VOCs is only poorly studied and the
information about the metabolic pathways leading to their
production or degradation are missing, it's well-know that
physiological and pathophysiological cellular processes result in
different pattern of VOCs released from the cells and,
consequently, detectable in bloodstream and biofluids?2:230,
Therefore, the information about the cellular VOCs profiles as
well as VOCs pattern in biofluids may be useful to provide a
more immediate and dynamic picture of the cell functionality.

Recent promising studies highlighted that the VOCs
characterization in biofluids (breath, urine, saliva, faeces, blood,
skin emanations and cellular lines) can provide useful insights
regarding the mechanisms responsible for the
neurodegenerative diseases development?®. In fact, various
neurodegenerative pathways were found closely linked to
inflammatory processes responsible for the activation of
leukocytes, the release of reactive oxygen species, cytokines
and chemokines and, thus, for several metabolic changes in
blood and organ tissues?31:232 In these studies, patterns of VOCs
rather than a specific biomarker were found associated with
Alzheimer’s disease, Parkinson’s disease, Multiple sclerosis, and
Amyotrophic Lateral Sclerosis208:231,240-243,232-239  Anyway, a
common VOCs pattern characteristic of a specific
neurodegenerative disease has been not found. It's probably
due to the different methodologies used for sampling and
analysis of biofluids and confounding factors affecting VOCs
biofluids as VOCs linked to

composition in well as
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Fig. 9 Sensors integrated in BBB-on-a-chip system. A TEER measurements Schematic of microfluidic device detailing the location of inlet/outlet ports with different testing
configurations 1) application of fluid flow, Il) cyclic strain stimulation and Ill) TEER measurements. B Optical sensors. Use of optical fibers, impedance immunosensor, and
smartphone-based microscope on BBB-on-a-chip models. Optical fibers are used to guide excitation or emission light. A smartphone-based microscope captures the image within

the channel. An impedance immunosensor (with the antibodies immobilized on the mi

croelectrodes) quantifies target analytes. C Untargeted metabolism of reveals in vivo like

changes after acute Meth challenge on the human NVU. I) PCA was used to cluster and identify metabolic variance between each of the NVU cells, with and without

Methamphetamine administration. Each cell type has a unique secretome. These diffe|

rences are kept after Methamphetamine addition. Il) Venn diagrams show the overlap in

the metabolites that were found for each cell type. Ill) The number of molecular species in the secretome attributed to significant metabolic pathways that were identified with
IPA for each of the NVU cells. In addition, a high number (=150 of molecular species per cell) were attributed to other metabolic pathways. Each metabolite can be attributed to
multiple pathways. d) Metabolic pathways identified with IPA which significantly change (p < 0.05) due to Methamphetamine challenge. Reproduced from Ref. Partyka, Ref. Liang

and Ref. Herland with permission from the Elsevier and Wiley.

environmental pollutants, diet, oral cavity and gut microbiome
and dysbiosis?33:236,237,244.245 Therefore, the identification of a
pattern of VOCs secreted by BBB multicellular spheroids that
mimic BBB dysfunction typical of the neurodegenerative
diseases using human neural cells cultures, could provide
unique insights into ongoing biochemical processes and, then,
useful information about VOCs to search for in biofluid samples.
In fact, considering that volatomics data produced by biofluids
sampling and analysis contain distinct sources of variance, the
analysis VOCs secreted by cell lines has a benefit over other
matrices because the environmental variables as well as
confounding factors associated with clinical samples (patients’
diet, age, gender, metabolic state etc.) are more controllable or
even negligible, making results more easily interpretable and
reproducible.246.247 Additionally, direct detection of VOCs from

This journal is © The Royal Society of Chemistry 20xx

Please do not

cells could provide clear-cut association between the obtained
findings and the cell per se, rather than with the with indirect
metabolic pathways in the body.?*¢ Finally, the use of in-vitro
cell lines allows to explore the origins of VOC release by
targeting specific processes, conducting controlled molecular
biology experiments. For example, in-vitro cell lines
experiments could help to identify the hypoxia driven specific
volatilomic signature through the characterization of VOCs
released by cell lines under normoxic and hypoxic conditions.?*°

6 Future perspectives

The outlook for BBB microfluidics is highly promising as
advancements in technology continue to open new avenues for
research, drug discovery, and personalized medicine.
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Microfluidic BBB models are increasingly recognized as
powerful tools for mimicking the physiological and pathological
conditions of the BBB in vitro, providing insights into brain
function, disease mechanisms, and therapeutic delivery. The
key future outlooks for BBB microfluidics concerning with the
realization of a more accurate and complex BBB model applying
advanced microfabrication  techniques, including 3D
bioprinting, and enhanced biomaterials. These developments
will enable the recreation of the BBB's multicellular structure,
fluid dynamics, and biochemical environment, allowing to study
the BBB’s role in health and disease with higher precision. To
obtain a more comprehensive model for studying systemic
interactions affecting the BBB and its role in neurodegenerative
diseases or brain tumors, could be useful the integration with
other brain models (e.g., neurons, microglia) or peripheral
systems (e.g., gut-brain axis).2>® As microfluidic BBB systems
become more scalable and high-throughput, they will play an
increasingly central role in drug screening and neurotherapeutic
development. In particular, patient-specific BBB models, using
induced pluripotent stem cells (iPSCs), will enable personalized
drug screening and the development of tailored therapies. This
approach is expected to reduce the failure rate of CNS drugs in
clinical trials, as it allows for more accurate predictions of how
individual patients’ BBBs respond to treatments.
Embedding sensors and biosensors into microfluidic systems
will enable continuous, real-time monitoring of BBB properties
such as permeability, tight junction integrity, and cellular
responses. This real-time data will be invaluable for dynamic
studies of how the BBB reacts to drugs, toxins, and disease
states. The future of BBB microfluidics will likely involve
integrating non-invasive imaging techniques (e.g., fluorescence
microscopy, multiphoton microscopy) for observing cellular
interactions, BBB disruptions, and drug delivery in real time.?51
Automation and miniaturization of microfluidic BBB models will
be critical for making them widely accessible and commercially
viable. Automated systems could facilitate routine use in drug
discovery pipelines, where high-throughput screening of
thousands of compounds for BBB permeability and brain drug
delivery is necessary. Advancements in BBB microfluidic
systems will prompt regulatory bodies like the FDA and EMA to
include them in preclinical testing, necessitating standardized
design and validation for CNS drug approvals. This evolution will
not only enhance the reliability of drug efficacy assessments but
also streamline the approval process, ultimately leading to
faster delivery of innovative therapies to patients suffering from
neurological disorders. As these systems gain acceptance,
collaboration between researchers and regulators will be
crucial to establish comprehensive guidelines. Microfluidic
systems have, also, a significant economic impact on BBB
studies by improving research efficiency, reducing costs, and
accelerating drug development. In comparison to traditional
BBB models, such as animal studies which are expensive and
time-consuming, microfluidic systems offer cost-effective
alternatives by using small sample volumes and fewer reagents,
minimizing the need for costly in vivo studies, leading to
significant savings. Furthermore, microfluidic BBB models
enable high-throughput screening, reducing the time and cost

will
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of preclinical testing. This scalability allows pharmaceutical
companies to integrate these systemid 1iht9/8dt8AT48EH
workflows, reducing laboratory costs.

The standard cost of a single microfluidic chip, considering only
the raw materials and the manufacturing cost, can be estimated
in a few €/devices. This cost can be considerable reduced in an
industrial-scale production, significantly saving with respect to
standard laboratory methods. Moreover, the possibility of
integrating multiple biosensors in the same platform will
enhance the performance in terms of speed, flexibility,
automation and costs.

Conclusions

The institution of microfluidic cell culture platforms has brought
about huge evolutions in the field of NVU modelling.
Microfluidic NVU models show augmented complexity in
comparison to conventional models, permitting co-culture of
various cell types, incorporation of cell-matrix interactions, and
presence of fluid flow. Furthermore, the latest introduction of
microfluidic chips in higher throughput formats now renders
NVU on-a-chip models compatible with routine laboratory
adoption and assessment of novel drug candidates. As time
goes by, NVU on-a-chip models have shown increasing
biological complexity. More attention is placed on the use of
primary cells and iPSC-derived cells which allow more accurate
disease- and patient-specific models. Further betterments in
protocols for cell differentiation and continued incorporation
will improve future NVU models’ relevance even further.
Importantly, the NVU is a highly complex structure, and it is
likely that no model will be able to capture all its features. Fit-
for-purpose models provide a viable compromise between
physiological relevance and ease-of-use and hold the future of
NVU modelling: as simple as possible, as complex as needed.

The future of BBB microfluidics is bright, with significant
advancements on the horizon in terms of model complexity,
high-throughput  capabilities, disease specificity, and
personalized medicine. As these systems continue to evolve,
they will become increasingly indispensable tools in
neuroscience research, drug development, and the study of
brain diseases. Their potential for real-time monitoring,
scalability, and integration with other organ-on-chip systems
will revolutionize how we understand and treat brain-related
conditions. In the future, hybrid systems combining microfluidic
BBB models with computational simulations will allow for more
predictive and efficient experiments. Computational tools can
simulate complex conditions, such as varying blood flow rates
or molecular gradients, enabling researchers to optimize their
in vitro experiments and understand the BBB’s dynamic
responses to stimuli. Artificial Intelligence and Machine
Learning can assist in the analysis of large datasets generated
by microfluidic experiments, accelerating the identification of
patterns and predictions of BBB behaviour under different
conditions, including drug interactions and disease
progressions.?>2 The future of BBB microfluidics lies in cross-
disciplinary collaborations between engineers, neuroscientists,
pharmacologists, and clinicians. This will be essential for
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advancing the design of BBB models and ensuring their
relevance to real-world medical challenges.
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