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Neurological disorders in the central nervous system (CNS) are progressive and irreversible diseases leading
to devastating impacts on patients’ life as they cause cognitive impairment, dementia, and even loss of
essential body functions. The development of effective medicines curing CNS disorders is, however, one of
the most ambitious challenges due to the extremely complex functions and structures of the human brain.
In this regard, there are unmet needs to develop simplified but physiopathologically-relevant brain models.
Recent advances in the microfluidic techniques allow multicellular culture forming miniaturized 3D human
brains by aligning parts of brain regions with specific cells serving suitable functions. In this review, we
overview designs and strategies of microfluidics-based human mini-brains for reconstituting CNS disorders,
particularly Alzheimer's disease (AD), Parkinson's disease (PD), traumatic brain injury (TBI), vascular dementia
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(VD), and environmental risk factor-driven dementia (ERFD). Afterward, the applications of the mini-brains
in the area of medical science are introduced in terms of the clarification of pathogenic mechanisms and
DOI: 10.1039/d21c00897a identification of promising biomarkers. We also present expanded model systems ranging from the CNS to
CNS-connecting organ axes to study the entry pathways of pathological risk factors into the brain. Lastly,

rsc.li/loc the advantages and potential challenges of current model systems are addressed with future perspectives.
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1. Introduction

Central nervous system (CNS) diseases are progressive and
irreversible disorders, majorly found in the elderly, leading to
cognitive impairment, dementia, or even loss of essential
body  functions.! Such  CNS disorders involve
neurodegenerative conditions (Alzheimer's disease (AD),
Parkinson's disease (PD)), structural impairment (traumatic
brain injury, vascular dementia), and environmental factor-
driven dementia."™® Given the fact that an aging population
becomes dominant in the world, there are high demands on
the development of new pharmaceutics targeting neurological
disorders.” The market for the therapeutics was valued at $80
billion in 2021 and is expected to reach 125 billion by 2029.”
Despite the efforts for the development of cures rewinding
such progressive neurodegeneration, no successful clinical
outcome has been accomplished compared to other
therapeutic areas.®® The complexity of the human brain,
attributed to the interconnected cross-talks among the
hundreds of different neural cells, makes it extremely difficult
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to identify novel therapeutic targets expressed in specific
cells.*'® To decipher the comprehensive pathogenesis in the
brain, a number of in vitro and in vivo models representing
CNS disorders have been developed.

Current in vitro models for CNS diseases highly rely on the
simple 2D culture of neuronal cells expressing rare familial
mutations found in the specific disease. To develop in vitro
AD models, for instance, overexpression of genes associated
with familiar AD (FAD) in neural cells or neuroprogenitor cells
is the most popular method."" However, the major drawback
of 2D culture is that the monolayer of single- or co-cultured
models could alter cellular morphology and polarity as well as
local concentration of soluble factors, chaining key cellular
responses in disease progression.’” In addition, these models
do not involve the immune system, which plays significant
roles in the pathology of CNS disorders."*™® Alternatively,
in vivo transgenic mice with mutations in Af precursor
protein (APP) and/or presenilin (PS) have been gold-standard
AD models, which recapitulate not only AD features such as
amyloidosis and tauopathy but also innate immunity."* Since
such animal models mimicking human CNS diseases are
founded with rare familial forms, other aspects attributed to
non-familiar cases are not established yet. Even if the
transgenic animal models could reflect damaged human
brain structures and reactive innate immunity found in CNS
disorders, there is some discrepancy in the pathology due to
the different genetic backgrounds.'® To overcome these
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issues, human multicellular organoids have been suggested
and employed to study CNS disorders."”

Among the human multicellular organoids, a brain-on-a-
chip, in which neural cells along with other glial cells around
neurons are co-cultured together, has been a representative
CNS disease model."”*® Microfluidics, initially employed for
handling liquid dynamics, is now advantageous for cell
culture due to its ability to supply continuous nutrient and
remove waste.'” Furthermore, it enables the formation of
stable gradients for soluble factors from cell-to-cell or cell-to-
environment interactions that can induce chemotaxis."”"
Furthermore, this compartmentalized system having multiple
chambers connected through several microchannels is
capable of multi-cellular culture by aligning multiple parts of
brain regions with specific cells."® Therefore, the major
benefit of using compartmentalized microfluidics is the
simplification of the extremely complex human brain in
terms of its structures and functions depending on the
location and disease status.'”” In addition, microfluidic
devices are very thin and optically transparent, allowing
multiple robust and high-throughput analyses in parallel."”

In this review, we explore the details on brain-on-a-chip
representing multiple CNS disorders, including AD, PD, TBI,
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vascular dementia, and environmental factor-driven
dementia. Furthermore, we expand our model scopes from
the CNS to CNS-connecting organ axis. We particularly focus
on (1) the major characteristics of CNS diseases to be
implemented into the brain chips, (2) the design and
application of the brain chips, (3) advantages and potential
challenges, and (4) perspectives at the end.

2. Signatures for modelling CNS
disorders

This section provides essential backgrounds regarding key
features to be accomplished in models for CNS disorders
(Fig. 1). The evaluation criteria are summarized in Table 1.

2.-1. Alzheimer's diseases (AD)

Alzheimer's disease (AD) is known to be the most common
cause of dementia typically observed in elderly as it involves
progressive and irreversible neurodegeneration (Fig. 1a).>°

At early stages of AD, one of evident features involves the
accumulation of amyloid fibrils and formation of amyloid
plaques in the patient brain, which activates the innate
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Fig. 1 Overview of signatures in major CNS disorders. (a) Alzheimer's disease (AD): in early stages of AD, aggregation of amyloid beta forming
amyloid beta oligomers (0AB) and AB plaques activates neuroinflammation. At middle and late stages, deposition of hyperphosphorylated tau
protein accelerates neurodegeneration such as synaptic impairment and neuronal loss. (b) Parkinson's disease (PD): deposition of a-syn PFF, an
amyloid-like structure forming the aggregate, is the pivotal factor in PD development. Such misfolded a-syn aggregates are neurotoxic and induce
neuroinflammation. Also, a-syn PFF can promote tau accumulation, accelerating loss of dopaminergic neurons. (c) Traumatic brain injury (TBI):
neurodegeneration in TBI is mainly caused by the secondary damage after the primary external physical brain damage: falls, collisions, and
concussions. The secondary damage involves mitochondrial damage and ROS accumulation in neural cells, leading to neuroinflammation and
neuronal death. (d) Vascular dementia (VD): vascular dementia is a progressive cognitive disorder caused by the impairment of blood vessels
allowing the uncontrolled entrance of pathogens or neurotoxins to the brain. Direct damage on the tight junction of endothelial cells or
inflammatory cytokines can cause such vascular impairment and accelerate neurodegeneration. (e) Environmental risk factor-driven disorder
(ERFD): exposure to pathogens including viruses, bacteria, pollutants, and neurotoxins may weaken biological barriers and increase inflammation;
the inflammation can be further transmitted to the brain and increase neurological loss. Another hypothesis is that such pathogens can directly
penetrate the biological barriers and reach to the brain resulting in neuroinflammation followed by neurodegeneration.

This journal is © The Royal Society of Chemistry 2023 Lab Chip, 2023, 23, 964-981 | 965


https://doi.org/10.1039/d2lc00897a

Published on 16 Zenéar 2023. Downloaded on 26/02/2026 04:20:57.

Critical review

Table 1 Major hallmarks to be validated in CNS disorder models
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Type of disorder Major signatures

Validated models™F

Alzheimer’s, diseases (AD) AP hypothesis

Tauopathy

Neuroinflammation
Neurodegeneration

Parkinson's diseases (PD) o-syn deposition

Tauopathy
Neuroinflammation

Neurodegeneration

Neurochemical
alteration

Traumatic brain injury (TBI)

Neuroinflammation

Neurodegeneration

Vascular dementia Vascular dysfunction
Neurochemical
alteration
Neuroinflammation
Neurodegeneration
Tauopathy

Neuroinflammation

Environmental risk factor-driven disorders
(ERFD)

Neurodegeneration

immune system.*® In this regard, both in vitro and in vivo AD
models are overexpressed FAD mutations, such as APP
mutations (KM670/671NL (Swedish), V7171 (London), V717F
(Indiana), etc.) and/or PS mutations (PS2-N141I, PS1-L166P,
PS1-M146L, PS1-1213T, etc.)."* Previous studies have validated
that AD models with APP/PS1 mutations could achieve the
production of higher AB42/AB40 ratios, the major forms of A
inducing the formation of AR plaques.’®*!

In addition, the formation of tau aggregates as well as
neurofibrillary tangles (NFTs) in the neuronal cells is the
major hallmark observed in the patient's biopsy at middle to
late stages of AD.'"" Tau proteins are supposed to perform
roles stabilizing microtubules under normal physiological
conditions. When it comes to the AD condition, the tau
proteins are hyper-phosphorylated and self-aggregate into
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APB42/AB40 ratio 1
AP oligomers/fibrils
AB plaques

AP propagation
Phosphorylated tau

PHF/NFT formation

Tau propagation
Astrocyte activation
Microglia activation
Defect in neural functions
Reduction in neural cells
a-syn PFF/Lewy body
o-syn/a-syn PFF
propagation

Tau propagation
Astrocyte activation
Microglia activation

Loss of dopaminergic
neurons

Motor impairment

Massive glutamate release
Calcium/sodium
dysregulation

ROS accumulation
Reactive astrocytes

Axonal damage

Reduction in neural cells
Permeability 1
Plasma protein influx

Astrocyte activation
Reduction in neural cells
Phosphorylated tau
Reactive astrocytes

M1 type microglia

Defect in neural functions
Reduction in neural cells
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paired helical filaments (PHF) followed by NFTs. Wu et al.
employed a microfluidic device with murine hippocampal
and cortical neurons exposed to NFTs and validated the tau
transport through the synapses between two neurons.”?

Kuchibhotla et al

showed that in vivo rTg4510 mice,

overexpressing the human mutant form of tau (P301L), could

form NFTs in the cortical region of the brain.

23 Later, a

number of studies found a significant correlation between
NFT formation and neurodegeneration. For instance, the

MAPT transgenic
degradation and

system
synaptic

notable axonal
Furthermore,

exhibited a
impairment.

tauopathy could decrease the blood-brain barrier (BBB)

integrity, increase

inflammation, and exacerbate AD

pathology consequently.”* Therefore, the formation of NTFs
is the second characteristic to be implemented in AD models.
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Thirdly, the prominent activation of innate immune cells
has been reported in entire stages of AD progression. Among
the innate immune cells, astrocytes and microglia, the most
abundant glial cells in the CNS, play distinctive roles
depending on the severity of AD.*” In early stages of AD, both
astrocytes and microglia are known to retain anti-
inflammatory phenotypes in response to moderate deposition
of AR and tau aggregates in the brain."*?* In later stages of
AD, such glial cells are polarized into proinflammatory
phenotypes and secrete neurotoxic soluble factors as sources
of oxidative stress (hydrogen peroxide (H,0,), nitric oxide
(NO)), proinflammatory cytokines (IL1pB, IL6, TNFa, IFNy) and
chemokines (CCL1, CCL2, CXCL1)."*>>?® Several studies
validated their neurodetrimental roles as the increase of
oxidative stress as well as tau accumulation in neurons and
the recruitment of other innate immune systems that further
exacerbated AD pathology.”®*” Since the glial cells obtain
mutations on the AD risk factors (APOE e4, TREM2, etc.) as
well,’*?® AD models with astrocytes and microglia can
reconstitute the unique characteristics found in sporadic AD
(SAD) as well.

Lastly, significant neurodegeneration is a general
hallmark found at late stages of AD.*® At this point, AD
patients show significant loss of white matter connectivity
and cortical thinning with clinical symptoms such as
progressive decline in memory, thinking, language, and
essential body functions.>® Such loss of functions is
attributed to synaptic impairment followed by neuronal
loss.> Previous studies showed that the downregulation of
synaptic proteins in AD conditions, such as calsyntenin,
GluR, neurexin, syntaxin, and synapsin, led to failure of
essential processes of neural cells such as dendritic spine
assembly, postsynaptic Ca>" signaling, synaptic transmission,
synaptogenesis, and presynaptic differentiation.® In
addition, Park et al. revealed that the loss of neural functions
was closely correlated to the reduction of neural population
(MAP2- or Tujl-positive cells) in in vitro AD models."”
Therefore, the validation of neurodegeneration would be a
significant criterion for the development of effective AD
models.

2.-2. Parkinson's diseases (PD)

Parkinson's disease (PD) is the second-most common
progressive neurodegenerative disorder mainly characterized
by motor symptoms of bradykinesia, rigidity, tremor and
postural instability (Fig. 1b).*' Some non-motor symptoms,
including neuropsychiatric symptoms, sleep disorders,
autonomic symptoms and sensory symptoms, are also
thought to play an important role in advanced PD and
reduced quality of life.*

PD is caused by the accumulation of misfolded
a-synuclein (o-syn) followed by the loss of dopaminergic
neurons in substantia nigra.>*** o-syn has been identified to
induce Lewy bodies in the presynaptic nerve terminals and
nucleus, resulting in neurodegeneration.’>>’  Growing

This journal is © The Royal Society of Chemistry 2023
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evidence shows that a-syn fibrils can be transmitted cell-to-
cell through receptor-mediated endocytosis as well as fluid-
phase endocytosis, causing the recruitment of monomeric
a-syn into pathological inclusions.*®*™*° Recent studies have
confirmed Braak's hypothesis that a-syn aggregates can also
be transmitted from neuron-to-neuron; yet, the specific
molecular mechanism of how a-syn accumulates and leads
to PD remains unsolved.*'™** In this regard, the addition of
o-syn or genetic mutations/deletions leading to a-syn
depositions and dopaminergic neurons loss have been
adopted in the development of PD models.

To develop PD conditions, several groups introduced
transgenic animal models overexpressing human o-syn or
mutants leading to a-syn fibrils in the brain. Giasson et al
proposed a transgenic mouse model overexpressing mutant
A53T human o-syn, found in early-onset PD patients,
encoded in the MoPrP.Xho vector system so that it is
specifically overexpressed in the brain region.** The
transgenic mice expressing mutant A53T successfully
presented major PD features, such as the formation of a-syn
fibrils, activation of glial cells, and degeneration of motor
neurons. However, increasing evidence showed that the
overexpression of endogenous a-syn via vector transduction
resulted in the formation of a-syn fibrils in limited parts of
the brain near injection spots.*> Recently, the injection of
o-syn preformed fibrils (PFFs) has been suggested to induce
the deposition of a-syn fibrils diffused through the entire
brain.

Loss of function mutations observed in early-onset PD
patients, such as PARKIN, PTEN-induced putative kinase 1
(PINK1), and DJ-1,’® has been employed to develop PD
models. PARKIN encodes an integral ligase in the ubiquitin
proteasome system; therefore, loss of function mutations on
PARKIN would promote aggregation of a-syn.*” However,
there were contradictory results on PARKIN-deficient mice
models, inducing mitochondrial dysfunction while no
significant PFF formation and dopaminergic neuronal loss."*®
In this regard, PARKIN-based models were suggested to co-
express with other mutations such as PINK1 and DJ-1, a
mitochondrial kinase recruiting PARKIN and a chaperone
protein, enhancing PARKIN-mediated mitophagy and PD
pathology.*® Recent studies also showed that PINK1 and DJ-1
deficiency models could represent PD signatures in early-
onset as mitochondrial dysfunctions and oxidative stress
leading to moderate dopaminergic neuronal loss.>*">* For the
late-onset PD models, Ramonet et al. introduced transgenic
mice expressing the disease-causing mutant of leucine rich
repeat kinase2 (LRK2) (G2019S), found in late-onset familiar
PD, accomplishing both induction of a-syn depositions and
dopaminergic neuronal loss in the aged brain.>®

2.-3. Traumatic brain injury (TBI)

Traumatic brain injury (TBI) is the major cause of death and
disability worldwide triggered by a sudden, external, and
physical damage on the brain (Fig. 1c).>* TBI consists of two
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phases: the primary damage at the incident involving
immediate  contusion, laceration, and intracranial
hemorrhage and the second delayed damage after the
incident including ischemia, edema, and other long-term
disabilities in brain functions.>® Recent studies showed that
TBI has a high correlation to increase risks of other dementia
such as AD and PD due to the second delayed damage, which
would alter neurochemical mechanisms and
neurodegeneration.””

Changes in neurochemical conditions are the major
characteristics found in cerebrospinal fluid (CSF) and body
fluids obtained from most TBI patients. The prolonged
damage on the brain leads to the disruption of membrane
integrity and activation of glutamate receptors (iGluRs) and
metabotropic  glutamate receptors (mGluRs) without
control.’®®” Such aberrant activation of glutamate receptors
can result in the massive release of glutamates in the brain.
Dysfunction in membrane proteins modulating calcium, such
as calcium channels and calcium/sodium pumps, is also
known to impede the control over calcium homeostasis in
the neuronal cells.”” Sun et al revealed that long-term
dysregulation in calcium homeostasis after TBI, induced by
fluid percussion injury (FPI), elevated the calcium level and
increased necrotic or apoptotic neurons in hippocampal
regions of mice.”” Afterward, the excessive glutamate and
calcium in the brain are known to impair mitochondrial
function, elevate ROS (NO and H,0,), and activate apoptotic
cell death in neuronal cells. Therefore, the disruption of
membrane integrity followed by increased levels of both
glutamate and calcium after the stimulus would be the
important criteria to be confirmed in TBI models.

The local changes in neurochemical environments are
known to activate resident glial cells and recruit other
peripheral immune cells to the damaged brain.>® The
changes involve not only the increased glutamate/calcium
levels but also proinflammatory cytokines (IL1f, IL-6, IL-12,
TNFa, IFNy, TGFB) and chemokines (CCL2, CCL3, CCL4,
CXCL1, CXCL2) released by damaged neural cells or other
glial cells near the TBI regions.”” In this regard, the increased
level of proinflammatory factors would offer another evidence
for TBI-driven neuroinflammation. Recent studies with
mouse models after contusion injury generated by controlled
cortical impact (CCI) suggested that the reactivity of
astrocytes, measured by the expression level of glial fibrillary
acidic protein (GFAP), could be a representative marker for
evaluating the severity of TBL’®°®°®" In mild TBI, several
studies confirmed that moderate astrogliosis produces
neurotropic factors and anti-inflammatory mediators that
ameliorate TBI conditions. In addition, they played pivotal
roles in the control over homeostasis of the brain by
buffering the imbalanced neurotransmitters.®”®> On the
other hand, a number of studies with severe TBI models,
involving aged animals after CCI or animals after chronic
constriction impact injury (CCII), revealed the induction of
overly-reactive  astrocytes  producing  proinflammatory
mediators that further exacerbated the TBI-driven
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neuroinflammation followed by neurodegeneration.>®%>%3
Thus, the reactivity of astrocytes can be another key feature
to be represented in TBI models.

2.-4. Vascular dementia

Vascular dementia (VD), a progressive cognitive decline, is
caused by the impaired blood flow in the brain leading to
neurodegeneration (Fig. 1d).** According to Vascular
Impairment of Cognition Classification Consensus Study
(VICCCS), there are 4 major subtypes of VD: post-stroke
dementia (PSD), subcortical ischemic vascular dementia
(SIVD), multi-infarct (cortical) dementia, and mixed dementia
with other CNS disorders, particularly AD and PD.**

Leaky vessels increasing the impaired blood flow passing
through the BBB are the common feature in VD. In the
normal condition, an intact BBB permits only essential
molecules to maintain CNS homeostasis while the damaged
BBB found in the aged brain does not. Initial studies
validated the leaky vessels by showing morphological changes
followed by increased diffusion of endogenous proteins such
as albumin and IgG passing through the vessels in brains of
animal models.>®” Other VD animal models exhibiting the
plasma leaky feature involve stroke-prone renovascular
hypertensive (RHRSP) and bilateral common carotid artery
stenosis (BCAS) rats or mice.”®®® The advent of techniques
(CT, MRI, PET images) enabled the tracking of plasma
albumin concentrations among the entire CSF in brains of
human elderly and confirmed the significant passage of
albumin from vessels to brain regions. Several in vivo and
in vitro BBB models confirmed the increased permeability by
showing reduction in tightjunctions (ZO-1, occludin,
claudin) and increase of the TEER value or permeability
coefficient value of fluorescently-labelled molecules.”®
Therefore, the development of a swollen and leaky BBB with
increasing permeability of molecules found in CSF has
become a gold standard to develop VD models.

Elevation of neuroinflammation, especially near the leaky
vessels, is another hallmark reported in many VD cases.
Endothelial cells on the damaged BBB are known to release
various proinflammatory mediators and activate residential
glial cells around them. In the normal case, beneficial
astrocytes are activated and secrete growth factors such as
vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), and glial cell line-derived neurotrophic
factor (GDNF) that maintain the BBB integrity. In addition,
such astrocytes release tumor growth factor beta (TGFp),
which guides pericytes around the BBB to enhance BBB
tightness. In the aged brain, however, proinflammatory
mediators such as IL1f and TNFa induce reactive astrocytes,
which decrease BBB tightness and increase
neurodegeneration in VD. Moreover, endothelial cells can
release proinflammatory chemokines to recruit monocytes
and macrophages. These peripheral immune cells then
penetrate brain parenchyma and release neurotoxic factors as
free radicals and other proinflammatory mediators. In this

This journal is © The Royal Society of Chemistry 2023
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regard, effective VD models should recapitulate
neuroinflammation followed by neuronal damage around the
BBB.

2.-5. Environmental risk factor-driven disorders

Environmental risk factors (ERFs), such as pollutants
(particulate matter (PM), microplastic particles (MP)),
pathogens (bacteria and viruses), and their derivates, have
been highlighted recently since epidemiological studies have
alarmed us about the high correlation between exposure to
ERFs and incident of CNS diseases including AD, PD, and
other types of dementia (Fig. 1e).

Because ERFs originate from outside of our body, the
presence of ERFs in the brain or their entrance mechanisms
should be wvalidated prior to testing ERF-driven
neurodegeneration. Kang et al confirmed that PM
downregulated tight-junctions on the BBB and decreased
BBB integrity resulting in the penetration of PM to the brain
regions.'”> In addition, a number of studies revealed that
external pathogens such as bacteria and viruses as well as
their derivates could reach the brain area via the olfactory
bulb-brain, gut-brain, or lung-brain axis and increase the
risk of CNS disorders. Therefore, models for ERF-driven
dementia are required to validate the entry pathway of
environmental factors into the brain regions.

The common features found in the brain exposed to either
air pollutants or pathogens are the induction of
neuroinflammation. Several studies validated that PM
induced reactive astrocytes increasing oxidative stress,
amyloidosis, and tauopathy, leading to cognitive decline in
PM-inhaling mice models or PM-treated in vitro models. Kang
et al. revealed that M1 type microglia in brain models
polluted with fine PM is the major source of
neuroinflammation, which facilitated tauopathy and
neurodegeneration.'> Recent studies with AD mice revealed
that PM can further induce astrogliosis and microgliosis that
would contribute to increase of AD severity significantly.”"”>
In addition, Tran et al. validated that conditioned media of
oral pathogenic bacteria (Porphyromonas gingivalis) activated
both astrogliosis and microgliosis driving neuroinflammation
followed by tauopathy in human brain models. Thus, ERF-
mediated neuroinflammation leading to neurodegeneration
is a criterion to be confirmed in ERF-driven dementia
models.

3. Brain-on-a-chip platforms for
modelling CNS diseases
3.-1. Alzheimer's disease-on-chip

Several AD models based on microfluidics have been
developed and wused for investigating the underlying
mechanisms of amyloidosis and tauopathy contributing to
AD progression. Park et al. introduced a simple AD model by
preparing 3D neurospheroids in the microfluidics and
validated AP-mediated neurodegeneration.*® Wu et al

This journal is © The Royal Society of Chemistry 2023
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designed a microfluidic device composed of two
somatodendritic and axonal compartments, which were
connected through multiple channels so that dendrites and
axons of murine hippocampal and cortical neurons from
each compartment form synapses at the center of channels.*
Afterward, they added tau aggregates into the
somatodendritic =~ compartment and monitored tau
transportation from one side to the other. Later, Dujardin
et al. employed the same device to culture rat neurons
transduced with lentivirus encoding V5-hTau46, which
produced tau proteins from the primary neurons (Fig. 2a).”’
This study confirmed axonal transport of tau from the
primary to the secondary neurons confirming tauopathy
through cell-to-cell interaction. Furthermore, Takeda et al
designed a three-chamber system for modelling dual-layered
neurons and validated the axonal transport of NFTs from the
primary to secondary neurons (Fig. 2b).%°

Neuroinflammation has emerged as another key
therapeutic target since the severity of inflammation is
closely related to the stage of AD."”** The unique feature of
innate immune cells in AD is their chemotactic activity in
response to AD ques which initiate neuroinflammation.*®?
The microfluidic system has emerged as an ideal platform to
construct such cell-to-cell or cell-to-environment interactions
based on chemotaxis, which could contribute to AD
progression. Cho et al. introduced a chemotactic microfluidic
platform forming stable chemical gradients for AD ques such
as soluble AP, AP fibrils, and conditioned media from AD
brain tissues, which stimulated human microglia (Fig. 2c)."
This unique platform allowed stimulated microglia with a
specific phenotype to be separated from the heterogeneous
population in response to AD ques; however, single-cultured
models could not recapitulate other aspects from the multi-
cellular crosstalk found in AD pathology.

Recent advances in the technique of cell culture within
microfluidics allow the development of multicellular AD
models, reproducing physio-pathogenically relevant AD
signatures leading to neurodegeneration. For instance, Park
et al. constructed a 3D human AD brain model along with an
innate immune system around the brain by co-culturing
human neuroprogenitor cells expressing APP/PS1 and human
adult microglia in the microfluidic device (Fig. 2d).”® It
should be noted that the neuroprogenitor cells were later
differentiated into neurons and astrocytes producing Af;
therefore, the model became a tri-culture system. The model
involved two compartments with one for the AD brain with
AD neurons and astrocytes and another for microglia, which
were interconnected with multiple channels allowing
microglial recruitment in response to soluble factors from
the AD brain compartment. This study revealed that the
astrogliosis driven by the interaction between AD neurons
and astrocytes in the AD brain could induce M1 type
microglia, which further promoted tau accumulation and
neuronal death at the end. This model was further advanced
with the use of iPSC-derived microglia in order to investigate
the critical role of TREM2 in the microglial activity offering
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Fig. 2 Mini-brains mimicking Alzheimer's disease (AD). (a) 2-Chamber microfluidic system for investigating tau aggregate propagation along axons.
i) Scheme of the microfluidic device consisting of two chambers: a somatodendritic chamber (left) with tau-producing rat neuronal cells and an
axonal chamber (right) with control neurons, which were interconnected by several microgrooves. Synapses between two types of neurons were
formed at the middle of microgrooves. ii) Fluorescence images confirmed that GFP-labelled tau proteins were transported from the
somatodendritic chamber to the axonal chamber not by diffusion. Copyright 2014, Springer Nature.”® (b) 3-Chamber microfluidic system for NFT
propagation along a multi-step neuronal circuit. i) Scheme of the microfluidic device consisting of three chambers: a somatodendritic chamber
(left) with tau-producing mouse neuronal cells, a synapse chamber (middle) connecting two neurons, and an axonal chamber (right) with control
neurons. ii) NFTs propagating along the neurons in the first chamber (green) were observed to be taken up and propagated along the neurons in
the second chamber toward the third chamber, representing selective propagation from region to region in the brain. Copyright 2015, Springer
Nature.8° (c) Microglia migration chip to investigate AB response in AD progression. i and ii) Scheme and fluorescence image of the migration chip:
the central compartment was surrounded by the annular compartment connected by migration channels. iii) The model discovered that microglia
can be activated and recruited by soluble and insoluble AB. Copyright 2013, Springer Nature.*® (d) Multicellular 3D AD brain model with an innate
immune system on a chip. i) Scheme of model development. This study further improved the microglia migration chip by tri-culturing neurons
expressing APP/PS1 and astrocytes in the central chamber as well as microglia in the angular chamber. ii) This AD model found that the interaction
between AD neurons and astrocytes produced proinflammatory mediators that activate and recruit microglia promoting neuronal loss. iii)
Fluorescence images confirmed the presence of neural cells (Tuj*, MAP2*), reactive astrocytes (S100*, GFAP*) and microglia (CD68%). Copyright
2018, Springer Nature.™®

4 a-syn.*® This study found neuronal transmission of a-syn as

well as microglial recruitment in response to the o-syn

neuroprotection in AD conditions."* In summary, the
multicellular AD models in microfluidics were able to

reproduce key AD features such as pathological accumulation
of AP, induction of neuroinflammation, deposition of tau,
and neurodegeneration.

3.-2. Parkinson disease-on-chip

To date, several models based on microfluidics have
successfully simulated PD progression in terms of spreading
of a-syn in the brain through neuron-to-neuron interactions.
Freundt et al. employed microfluidics to align two neurons
from mice forming a synapse between presynaptic soma and
postsynaptic  axon and revealed neuron-to-neuron
transmission of o-syn PFFs through axonal transport.®
Fernandes et al. employed a microfluidic platform
comprising two compartments interconnected by multiple
channels with pneumatic valves to control the diffusion of

970 | Lab Chip, 2023, 23, 964-981

gradient. Later, Prots et al. seeded neurons and astrocytes
expressing o-syn oligomer-forming mutants (E46K and E57K)
differentiated from iPSCs of PD patients in the microfluidic
device, forming axon-to-soma projection (Fig. 3a).*® This
study revealed that accumulation of o-syn oligomers
impaired the anterograde mitochondrial axonal transport as
well as facilitated tau spreading through neuron-to-neuron
interactions. The dysfunction in synucleinopathy led to
energy deflects and synaptic impairment at the end. Recently,
Mao et al. employed a two layered axon-to-soma chip and
revealed a key mediator, lymphocyte-activation gene 3
(LAG3), that bound to o-syn and promoted a-syn
transmission through dopaminergic neurons (Fig. 3b).*”
Another key signature found in PD is dopaminergic
neuronal loss in the brain. Prior to development of PD
models representing dopaminergic neuronal degeneration,

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Mini-brains representing Parkinson's disease (PD). (a) Axon-to-soma chip to investigate axonal transport of a-syn. i-iii) Differentiation of

neurons from PD-patient driven iPSCs (Dupl) or control iPSCs (Ctrl). Validation of Tubb3 and a-syn expression in Dupl neurons representing the
completion of neural differentiation and synucleinopathies. iv) The microfluidic device with two microchannels separated the soma and axonal
parts from a single neuron, which could analyse axonal transport in neurons, particularly focusing on a-syn trafficking. This device showed that
the a-syn oligomers strongly impaired the axon and triggered synucleinopathies. Copyright 2018, PNAS.8 (b) Double-layered axon-to-soma chip
for the study of a-syn transport through the neural network. i) Scheme of the device configuration. ii and iii) Validation of a-syn propagation
through axon-to-soma interaction. iv-vi) This study illustrated that LAG3 played an important role in a-synuclein transmission. Copyright 2016,
Science.®” (c) Multicellular 3D PD brain-BBB chip. i) Two channels of the PD brain with dopaminergic neurons along with glial cells and blood
vascular unit were divided by a PDMS porous membrane allowing direct cell-cell interaction and communication through soluble factors released
by cells in the chip. ii) Immunostaining results for functional dopaminergic neurons (TH: tyrosine hydroxylase) and tight-junctions (claudin-1,
claudin-5, occludin, CD31) confirmed physiologically relevant conditions of multicellular culture in the same chip. iii-v) This study demonstrated
that exogenous a-syn PFFs added to the brain channel (iii) accumulated in neuronal cells and promoted (iv) astrogliosis and (v) microgliosis.
Copyright 2021, Springer Nature.®®

Moreno et al. introduced a 3D OrganoPlate, a microfluidic
platform with a perfusion system allowing for the
continuous differentiation of dopaminergic neurons from
neuroepithelial stem cells."”® Later, Bolognin et al.
employed the same platform for the construction of a PD
model in the microfluidics with 3D cultured dopaminergic
neurons carrying a pathogenic mutation (LRRK2-G2019S)
from PD patient-derived iPSCs. This model validated PD
pathology such as mitochondrial dysfunction in
dopaminergic neurons leading to neurodegeneration, but
did not reproduce another pathology such as a-syn
accumulation yet. Pediaditakis et al. developed a substantia
nigra brain-chip, culturing iPSC-derived dopaminergic
neurons, microglia, astrocytes, and pericytes in the
microfluidics (Fig. 3c).’® They added a-syn PFFs to the
model to induce the pathological conditions. The exposure
of this device to a-syn fibrils led to mitochondrial
dysfunction and progressive neuronal death along with the

This journal is © The Royal Society of Chemistry 2023

activation of astrocytes and microglia. Given the recent
advance in dopaminergic neuronal culture in the
microfluidics, there is tremendous potential to develop PD
models reproducing both dysfunction of synucleinopathy
and loss of dopaminergic neurons in the future.

3.-3. Traumatic brain injury-on-chip

To develop TBI conditions inducing delayed brain damage, a
number of studies have designed microfluidic platforms with
well-controlled mechanical stimuli, such as fluid shear stress,
hydrostatic pressure, compression, and shear strain.
Microfluidics equipped with a vacuum aspiration system
have been widely applied for inducing axonal injury. TBI
models in the two-compartments interconnected by multiple
microchannels, in which synapses could form in the center
of microchannels, were the most popular configuration as
they could apply vacuum aspiration to one side and induce
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damage only on the axonal part. Taylor et al. found that the
vacuum-assisted axonal damage changed groups of mRNA
transcripts for cytoskeletal and mitochondrial maintenance.®’
Zhang et al. employed a microfluidic device with the same
configuration and revealed that collapsin response mediator
protein-2 (CRMP2) was the key mediator to facilitate
mitochondrial damage followed by axonal degeneration in
the TBI models.”® This TBI model was further utilized to
discover a promising strategy to induce axonal regeneration
after the injury, such as neurotrophins-3, peroxisome
proliferator-activated  receptor ~gamma (PPAR-y), and
therapeutic peptide NOGO-66.""°>'"* The vacuum-induced
neural injury method is, however, limited in a specific region
of the microfluidics due to the high fluidic resistance
between the interconnected compartments.

To further expand the injury region of the brain prepared
in microfluidics, Rogers et al. cultured neurons and glial cells
in a microfluidic device forming neural networks and
incubated the entire device in the impact chamber, exposing
it to controlled g force (Fig. 4a).””> This study validated the
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force-dependent post-impact on the neurodegeneration
driven by neuroinflammation and oxidative stress.
Hosmane et al introduced an axonal injury micro-
compression (AIM) platform, where pneumatic pressure in
a range of moderate (<55 kPa) to high (55-95 kPa) was
directly applied onto axons (Fig. 4b).”* TBI models prepared
in AIM microfluidics precisely reflected the delayed damage
presumably due to the rearrangement of neurofilaments
and microtubules in neurons. In addition, physical force by
stretch and strain motions was applied to develop TBI
models. Dollé et al. introduced a pneumatic strain-based
injury model in the microfluidics by inducing deformation
of the PDMS surface (Fig. 4c). In this platform, neurons
straightened their axons on the PDMS membrane, which
can be stretched by pressurizing a cavity underneath the
PDMS surface.”® The stretching axons increased the
mitochondrial membrane potential dramatically which led
to axon degeneration.

As  described
neurotransmitters

previously, massive  influx  of
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