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Abstract: With the approval of the FDA Modernization Act 2.0, the pharmaceutical industry is poised to 
expand its research components with a plethora of alternative models, including organ-on-microfluidic chips 
in pharma and biotechnology, resulting in a personalized approach. Microfluidics opens new possibilities for 
the study of cell biology, especially for a better understanding of cell-cell interactions and the 
pathophysiology of neurodegenerative diseases in vitro and use these models to assess the efficacy of novel 
therapies. These thumb-sized organ-on-a-chip systems have the potential to reduce animal testing and 
replace simple 2D culture systems. Restoring critical aspects of endothelial-brain immune cell communication 
in a biomimetic system using microfluidics may accelerate the process of central nervous system (CNS) drug 
discovery and improve our understanding of the mechanisms of multiple neurodegenerative diseases. These 
organ-on-chip technologies can be used to optimize drug targets and assess drug efficacy and toxicity in real-
time, which can significantly help minimize animal testing requirements, as authorized by the recent FDA 
Act. Recent advances in modeling cell-to-cell communication in the CNS are described in this review. This 
Review initially summarizes the fundamental advantages of microfluidic systems in creating a 
compartmentalized cell culture for the complex three-dimensional architectures of neural tissue cells such as 
neurons, glial cells, and endothelial cells, and their recapitulation of spatiotemporal biophysicochemical 
gradients and mechanical microenvironments. Brain endothelial cell-astroglia-on-a-chip models with a focus 
on neurodegenerative diseases such Alzheimer's disease, Parkinson's disease, and Huntington's disease and 
amyotrophic lateral sclerosis is introduced. Then, the current limitations of these microfluidic devices and 
strategies to overcome them are discussed.  
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Introduction 

Neurovascular unit and Microfluidics: 

Microfluidics is the science and technology of systems that process or manipulate small amounts 
of fluid to combine biological and sometimes biochemical elements [1]. Before microfluidics was a 
science, it was closely associated with several other fields that contributed to its rise and development 
by providing their methods and materials (Figure 1). Understanding the human microenvironment 
and pathophysiology requires studying how living cells and tissues function, and how they interact 
with each other [2]. One of the major challenges in developing therapeutics for central nervous system 
(CNS) disorders is achieving adequate penetration of the blood-brain barrier (BBB) [3]. The BBB, 
which consists of specialized endothelial cells as well as other components of the neurovascular unit 
(NVU; pericytes, astrocytes, and neurons) (Figure 2), maintains the proper environment in the CNS 
by preventing that potentially harmful bloodborne agents, metabolites, drugs, and immune cells 
enter it. BBB dysfunction has been commonly associated with CNS pathologies [4]. The BBB regulates 
the movement of essential nutrients, ions and hormones while preventing neurotoxins and pathogens 
from entering the brain. This helps in maintaining brain homeostasis. The BBB consists of specialized 
endothelial cells (ECs) connected by connecting complexes such as tight junctions and adherent 
junctions, and is surrounded by glial cells (such as astrocytes, oligodendrocytes, and microglia), 
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pericytes, neurons, extracellular matrix (ECM), and a basal lamina [5]. However, this complicates the 
development of drugs that can cross the barrier and reach the brain. Currently, in vivo models are the 
most used to test therapeutic efficacy because they provide the natural and extremely complex 
environment of an organ like the brain. However, in addition to ethical concerns, animal testing also 
has some disadvantages. Most importantly, despite promising results in preclinical studies, many 
drugs fail in the late stages of development. This could be due to poorly designed preclinical studies 
or a difference in animal and human response [6]. The BBB plays a vital role in maintaining brain 
health and protecting it from harmful substances. In vitro BBB models have been developed to 
improve our understanding of its functions and response to external factors. Traditional static models 
have limitations in replicating the physiological conditions of the BBB, resulting in poor correlation 
with real-life data. To overcome this, dynamic in vitro models with medium flow and 3D models 
with multiple cell types have been developed. These models provide a more realistic representation 
by incorporating factors like shear stress and cellular interactions. Additionally, microfluidic devices 
with integrated transendothelial electrical resistance (TEER) sensors allow continuous and non-
invasive monitoring of the barrier's integrity. A novel open-microfluidic 3D BBB model can be 
designed, consisting of a brain unit with astrocytes and pericytes in a 3D hydrogel, and a vascular 
unit with cerebral endothelial cells. The platform enables parallel measurements under various 
conditions and induces a gradual and unidirectional flow to enhance the formation of a tight 
endothelial barrier. The integrated TEER sensor provides real-time monitoring of the barrier's 
integrity, while transparent electrodes facilitate high-resolution live imaging. This platform 
successfully replicates the rapid reorganization of the BBB and endothelial cell cytoskeleton observed 
during ischemic events, offering valuable insights into the underlying mechanisms of BBB disruption. 
This innovative BBB-on-chip platform serves as an essential tool for studying BBB dynamics and 
developing therapeutic approaches to stabilize the barrier and reduce neurological damage 
associated with conditions like stroke [7]. 

Other testing methods include in vitro studies performed in cell cultures in either a 2D or 3D 
environment. Cell culture in the commercially available Transwell® insert is an example of a 
commonly used model for BBB research. This device consists of two chambers separated by a porous 
membrane that allows cells to be cultivated. A problem with this model is that it is often 
oversimplified and cannot account for natural physical parameters found in vivo, such as blood flow 
[8]. As a result, a new frontier of in vitro models known as organs-on-a-chip (OOC) has emerged.  

 

Figure 1. Key milestones of Microfluidic devices. Created in Biorender.com 2022 
(https://app.biorender.com/illustrations/6380499d2e82d2aaf66a47ab). 
The idea behind OOC is to combine microfluidics and bioengineering to replicate the smallest 
structure that makes up an organ by culturing cells in a dynamic environment [9]. A BBB-on-chip is 
still being developed by a number of research organizations [6,7]. The various published models 
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differ in design, materials and cell lines used, but they all attempt to reproduce the basic structure of 
the BBB, which consists of brain endothelial cells [12]. Polydimethylsiloxane (PDMS), which is elastic 
and biocompatible, has become the most widely used material for endothelial-astrocytes in the lab-
on-a-chip. Endothelial cells are cultured together with other brain-specific cells in some models to 
make the model more physiologically relevant, since some of these cells are able to enhance the BBB-
specific properties of the endothelial cells [9,10]. Particular attention has been paid to a brain-specific 
cell type called astrocytes, which has the ability to induce BBB-specific properties in the endothelial 
cells [15]. The cultivation method affects astrocyte function and morphology. When cultured in 
ordinary plastic dishes, the cells exhibit a state known as reactive astrocytes, which are the main 
regulators of the brain's inflammatory response [16].   

 
Figure 2. Schematic representation of Endothelial-Astrocytic Interactions. Created in Biorender.com 
2022 (https://app.biorender.com/biorender-templates). 

1. Molecular and Cellular BBB Players: Roles of NVU non-endothelial cells in BBB formation 
and function 

The human BBB (hBBB) controls the exchange of chemicals and the transport of immune cells into 
the CNS, preventing infections. It is the barrier that separates the blood from the brain parenchyma. 
The extracellular components, namely the extracellular matrix (ECM) and basement membrane as 
well as cellular components such as endothelial cells, pericytes, astrocytes and microglia form the 
hBBB. Interactions between these cells, structures and neurons give rise to the complete 
neurovascular unit (NVU), a functional unit responsible for a dynamic system capable of controlling 
local blood flow [17]. 

Astrocytes 

Astrocytes are the most common glial cells and are found throughout the brain. They play 
critical roles in brain homeostasis, cell-to-cell communication, maintenance of the extracellular 
environment, and endothelial function and they outnumber neurons by almost a factor of five. They 
tile the entire CNS and perform a variety of critical, intricate tasks in a healthy CNS (Table 1). Reactive 
astrogliosis, now recognized as a pathologic feature of structural CNS lesions, is the process by which 
astrocytes respond to various types of CNS trauma [18]. Recently, significant advances have been 
made in understanding the processes and functions of reactive astrogliosis, as well as the functions 
of astrocytes in CNS disorders and diseases [19]. A broad molecular arsenal is available to reactive 
astrocytes, which will now be described. Reactive astrogliosis is now understood as a finely graded 
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continuum of changes taking place in a contextual manner and driven by specific signalling events, 
rather than a simple all-or-nothing process. These modifications range from transient scarring with 
reorganization of tissue structure to irreversible changes in gene expression and cell hypertrophy 
with retention of cell domains and tissue structure. Reactive astrogliosis may contribute to CNS 
disease or act as an underlying cause of CNS disease by interfering with normal astrocyte function 
or causing aberrant effects, according to mounting evidence [20]. A polystyrene-based microfluidic 
device was used to study the effects of a hypoxic and/or nutrient-depleted microenvironment created 
by ischemic stroke on astrocyte response [21]. 

Endothelial cells 

ECs are mesoderm-derived modified simple squamous epithelial cells that form the walls of blood 
vessels. A single EC folds over itself to form the arterial lumen in the smallest capillary, but the 
diameter of major arteries and veins can consist of dozens of ECs [22]. 

The CNS ECs express two types of transporters. The first type of transporter is an efflux 
transporter, which is oriented towards the luminal surface and moves many lipophilic molecules 
away from the cell membrane where they would otherwise diffuse. The second category consists of 
highly specialized nutrient transporters that allow the passage of certain nutrients through the BBB 
and into the CNS and the excretion of certain waste products from the CNS into the bloodstream. 
CNS ECs have more mitochondria than other ECs, which is believed to be necessary for the 
production of ATP to drive the ion gradients required for transport tasks [23]. 

Tight junctions 

Tight junctions, which are substantial multiprotein complexes maintained by direct contact with 
astrocytes, connect BBB endothelial cells together [24]. Tight junctions form a continuous, 
impermeable barrier that regulates the paracellular transport of solutes between endothelial cells. 
Tight junctions ensure that the BBB has a high transendothelial resistance that can be measured to 
ensure that the BBB is preventing the free passage of water and solutes. Transmembrane proteins 
such as claudin, tricellulin, occludin and junctional adhesion molecules (JAMs) are required for the 
formation of BBB tight junctions and are linked to cytoskeletal filaments via interactions with 
accessory proteins such as zonula occludens (ZO) proteins [25]. Three tight junction-associated 
Marvel proteins (TAMPs) have been discovered on the mammalian BBB. These are the proteins 
tricellulin, MarvelD3 and occludin. Tricellulin plays a key role in controlling paracellular 
permeability for macromolecules. At the BBB, MarvelD3 appears to serve as a compensating sealant. 
According to a study, the physiological function of occludin in epithelial barriers involves epithelial 
differentiation rather than the development of barrier properties. It has also been found that the tight 
junction composition and operation are significantly regulated by occludin. Occludin has three 
cytoplasmic domains including an intracellular short turn domain, a long C-terminal domain and a 
tetra-spanning wonder domain [26]. A study with mutated occludin isoforms in Madin-Darby canine 
kidney (MDCK) cells revealed that it has two extracellular loops (ECLs) and at least one 
transmembrane domain that play a crucial role in the selective permeability of tight junctions. The 
N-terminus of occludin helps maintain the tight junction integrity as evidenced by the discovery that 
deletion of the N-terminal sequence of occludin increases paracellular permeability and decreases 
transepithelial/endothelial electrical resistance (TEER). The lateral (cis) homodimerization or 
oligomerization of the occludin is mediated by the Wonder motif, the cytoplasmic C-terminus and 
the second extracellular loop. These domains are sensitive to changes in redox conditions because of 
the disulfide bonds between the cysteine residues on ECL2 and the C-terminal sequence of occludin. 
The termini of the C-interactions are required for the transport of occludin to the tight junction [27]. 

Transporters 

CNS ECs contain discrete lumenal and abluminal compartments and are highly polarized cells 
[28]. The limited permeability of the paracellular junctions allows cells to regulate the flow of ions 
and chemicals between the blood and the brain. The two main types of transporters expressed by 
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CNS ECs are efflux transporters and food transporters. To better understand the external 
requirements for brain metabolism and function, and to identify targets for drug delivery across the 
BBB. Multidrug resistance protein (Mdr1) formerly known as permeability glycoprotein, (P-gp), 
breast cancer resistance protein (BCRP) and multidrug resistance-associated protein (MDRP) are all 
efflux transporters that use ATP hydrolysis to move their substrates up the concentration gradient 
[29]. Many of these transporters transport a variety of substrates into the blood compartment and are 
concentrated on the luminal surface. These transporters can block many tiny lipophilic compounds 
that would otherwise passively diffuse across the EC membrane due to the wide variety of substrates 
that can bind to Mdr1 [30]. The ATP-binding cassette (ABC) transporter superfamily of integral 
membrane proteins is responsible for the ATP-driven translocation of multiple substrates across 
membranes. The minimally required architecture of ABC transporters consists of two ABC domains 
(or nucleotide-binding domains) with highly conserved sequence patterns and two transmembrane 
domains (TMDs) [31].  

These core components can be combined with additional domains to confer regulatory activities 
and a periplasmic binding protein is required for ligand delivery to prokaryotic importers in this 
family. ABC transporters must bind an ATP molecule to conserved sequence motifs at the junction 
of the two ABC domains to achieve a catalytically capable nucleotide hydrolysis conformation. As a 
transporter progresses through the various stages of nucleotide binding and hydrolysis, the interface 
between the two ABC domains changes from a closed state typical of ATP binding to a more open 
conformation associated with non-ATP states [32]. 
There are three distinct sets of folds that have been identified in TMDs that are architecturally distinct. 
Although the specific folds differ, they all communicate with the helical domains of ABCs via 
coupling helices, located in the loops between the helices that span the membrane. These interactions 
link the nucleotide status of the ABC domains and the conformations of the TMDs [33] . 

Soluble Lipid Carrier (SLC) Transporters 

Many SLC transporters show increased expression in the human BBB. SLC transporters 
previously unknown to be expressed at the BBB have been discovered [34]. According to a 
comparative expression analysis, it was shown that drug transporters, which play an important role 
in renal and hepatic drug clearance, are expressed at the same or higher levels in the BBB [35]. These 
results suggest a broad spectrum of roles for SLC transporters in the BBB in maintaining homeostasis 
of vitamins, amino acids, neurotransmitters, and other critical nutrients in the CNS, and the 
possibility that these transporters could be targeted to deliver drugs to treat to the CNS in 
neurodegenerative and other CNS diseases. As new SLC genes are discovered and more transporter-
directed antibodies become available, future studies with additional probes will be crucial to confirm 
and extend these results and better elucidate SLC transporter expression [36] (Table 1). 

Table 1. Validation markers for BBB. 

Category Property Relevance Validation References 
Tight junctions Occludin 

claudin-5 
ZO-1 

Transendothelial transport 
and uptake investigations, 
tight junction exploration, 
and cell polarization 
research 

mRNA and protein 
expression localization 

[37] 

High 
junctional 
tightness 

TEER and permeability 
measurements 

[38] 

Efflux transporters P-pg Drug delivery to/through 
the BBB, transendothelial  
transport and absorption 
studies and toxicity 

mRNA and protein 
expression Cellular uptake 
or efflux in 
absence/presence of 
inhibitors bi-directional 
transport studies 

[39] 
BCRP [40] 
Mrp [41] 

SLC expression Glut-1 Drug distribution 
to/through the BBB: 

mRNA and protein 
expression – Cellular 

[42] 
LAT-1 [43] 
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MCT-1 investigations on 
transendothelial transport 
and uptake, studies on 
brain nutrition 

uptake in absence/presence 
of inhibitors – 
transendothelial transport 
studies 

[44] 

Receptor systems Transferrin 
receptor 

Findings on brain nutrition 
and receptor-mediated 
transport 

mRNA and protein 
expression – transferrin 
uptake – transendothelial 
transport of iron 

[45] 

Responsiveness to 
regulation from 
NVU cells 

Induction 
by 
astrocytes 

Review on NVU signalling 
and cell regulation 

Regulation of TEER, P-
glycoprotein expression 
and cell morphology 

[46] 

Induction 
by pericytes 

Regulation of TEER, 
proteins involved in 
vesicular transport 

[47] 

Extracellular matrix proteins 

ECM proteins, which play both structural and modulatory roles in the BBB in addition to cellular 
participants, are essential components of the barrier. ECM proteins in the basement membrane (BM) 
of the micro-vessels in the CNS, located between the ECs and the astrocytic end-feet, affect BBB 
functions [48]. Extracellular matrices, known as BMs, are attached to cell surfaces. They support 
vascular ECs and epithelia and form a sheet-like structure. Type IV collagen and elastin are structural 
proteins that make up BMs along with other specialized proteins such as laminins, entactin/nidogen, 
fibronectin, and vitronectin. The gliovascular basal lamina of the blood-brain barrier consists mainly 
of laminins. Laminin-mice lack the laminin-211 heterotrimer expressed by astrocytes and pericytes, 
which tends to result in a defective BBB that allows systemically circulated tracer to enter the brain 
parenchyma [49]. Significant abnormalities were present in the laminin vascular endothelium, 
including altered integrity and composition of the basal lamina, misexpression of the embryonic 
vascular endothelial protein MECA32, significantly reduced pericyte coverage, and aberrant tight 
junctions. Astrocytic end-feet also lacked correctly polarized aquaporin-4 channels and were 
hypertrophic [50]. 

Since preventing dystroglycan expression in neural cells resulted in a similar array of BBB and 
gliovascular abnormalities, including altered localization of vascular endothelial glucose transporter-
1, laminin-211 appears to mediate these effects, at least in part, through interactions with 
dystroglycan receptors [51]. These results shed light on the cellular and molecular changes resulting 
from Lama2 mutations or improper post-translational dystroglycan modifications in congenital 
muscular dystrophies accompanied by seizures and other brain disorders. Laminin-dystroglycan 
interactions play a unique role in the cooperative integration of astrocytes, endothelial cells, and 
pericytes in regulation of the BBB, with the typical ultrastructural morphology of tight junction 
observed between adjacent perineural cells surrounding the minor nerves and between themselves 
touching perineural cell processes embedded in the tumour stroma neurofibromatosis 1 (NF1) [52]. 
Immunohistochemistry revealed the presence of claudin-1, claudin- and ZO-1 in the intercellular 
junctions of a subset of tumour cells [53]. Occludin was mainly found in the perineurium while 
claudin-5 was concentrated in the blood vessels. A labeling pattern compatible with a perineural cell 
phenotype can be seen in the claudin-1 positive cells, which were also positive for type IV collagen 
and epithelial membrane antigen, but not for S-100 protein. The authors showed that cutaneous 
neurofibromas contain accumulations of perineural cells around the primitive nerves and at the 
edges of some neurofibromas included clusters of perineural cells around the primitive nerves and 
at the edges of some neurofibromas using the marker claudin-1 [54].  

An organophosphorus substance, chlorpyrifos (CPF), can cross the BBB and disrupt its integrity 
and function. To identify potential factors contributing to CPF toxicity, an in vitro BBB model using 
co-cultured neonatal rat astrocytes and bovine microvascular endothelial cells (BMEC) was 
employed. CPF is metabolized by the BBB, which we theorize inhibits esterase activity and disrupts 
the BBB. Tight junctions were made by co-culture of BMECs and astrocytes according to electron 
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microscopy, electrical resistance and western blot analysis of two tight junction-associated proteins 
(ZO-1 and E-cadherin) [55]. 

2. Microfluidics 

2.1. Microfluidic Systems in the Study of Endothelial Astrocyte Interactions 

Microfluidics is the science and technology of systems that process or manipulate small amounts 
of fluid to combine biological and sometimes biochemical elements (Figure 2) [1]. Understanding the 
human microenvironment and pathophysiology requires studying how living cells and tissue’s 
function, and how they interact with each other [56]. 

Fundamental aspects of endothelial glia interactions typically involved 2D culture dishes with 
and without the support of biomaterials such as hydrogels (to support 3D culture) in which 
biophysiochemical stimuli were observed. Furthermore, it is often difficult to assess the 3D 
complexity and function of the human nervous system, as well as to mimic the complex CNS 
physiological microenvironment, which encompasses cell-to-cell communication and is known to 
strongly influence CNS physiological function. The traditional 2D culture system, on the other hand, 
has many limitations, most notably the inability to 3D mimic the cell-interactive microenvironment 
and other biological features of the nervous system [57]. Table 2 summarizes the advantages and 
disadvantages of various microfluidic fabrication methods. 

Table 2. Different Microfluidic Fabrication Methods and Applications - Obstacles and 
Prospects. 

Method Advantages Disadvantages References 
Manufacturing 
molds by soft 
lithography 

Resolution to mm scale is 
feasible, which enables the 
development of multi-layered 
designs or curved channels. 

Expensive and time-consuming to 
acquire the necessary equipment. 

[58] 

Paper based 
microfluidics 

Simple, low-cost devices made of 
paper or other porous 
membranes that wick fluids 
through capillary action. 

Low resolution (mm), patterned 
shape variation 

[59] 

Manufacturing 
molds by 3D 
printing 

Resolution to tens of mm is 
possible, inexpensive and 
simple. 

Channel height must be at least 50 
mm. 

[60] 

Inkjet Printing Simple, quick prototyping, and 
low cost. 

It must be treated with a solvent. [61] 

3D-Laser 
lithography  

True 3D-feature generation, 
including gradually changing 
channel dimensions. 

Expensive, slow, and unsuitable for 
deep channels (greater than 100 
mm). 

[62] 

Continuous-flow 
microfluidics 

High temporal and spatial 
precision of flow conditions is 
possible. 

The removal of substances from cells 
or tissues limits temporal resolution. 

[63] 

Droplet 
microfluidics 

High-throughput screening is 
possible, and commercial 
systems for some applications 
are available. 

The development of new 
approaches necessitates the use of 
costly laboratory equipment and 
technically skilled personnel. 

[64] 

In the early 21st century, with the advent of micro-nanofabrication techniques integrated with 
microfluidics, the limitations of traditional 2D flat cell culture models were overcome, and new 
techniques were developed to transform the characteristic structure of human or animal tissues or 
organs beyond the conventional culture model. Standard microfabrication methods such as soft 
lithography, are used to create microfluidic chip-based systems for neural cell biology and endo-glial 
models. For example, PDMS has been widely used as a soft lithographic material with advantages 
such biocompatibility (Table 3). A 3D microfluidic system with a biocompatible biomaterial scaffold 
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(e.g., hydrogels) was developed that can present a 3D microenvironment to cells with well-defined 
bio-stimuli. Various biomaterials containing ECM components such as collagen, fibrin and Matrigel® 
can be used in a microfluidic system to mimic brain physiology [65]. 
Biomimetic platforms have been proposed to study the complex immune system and brain in healthy 
and neuroinflammatory states. For example, multilayer PDMS channels containing human brain ECs 
and primary astroglia could be used to mimic neuroimmune communication to model the human 
endothelial astrocyte [66]. For example, 3D interaction between astrocytes induced pluripotent stem 
cells (iPSC)-derived neurons and endothelial cells. Recently, a 3D neurovascular hydrogel device was 
developed to study BBB dysfunction. Another 3D model provides new insights into the study of 
nanoparticle transport and astrocyte/endothelial interactions [67]. 

2.2. Astrocyte-Endothelial Interactions and Regulation 

Numerous elements specific to the micro-niche of the neurovascular unit maintain and regulate 
the maintenance of a functional BBB to maturity [68]. Astrocytic BBB-EC interactions are known to 
control EC morphology, angiogenesis, and barrier phenotype under both normal and pathological 
conditions. One of these pathways is the glial-derived neurotrophic factor (GDNF), angiopoietin-1 
(ANG-1), and Hh signaling cascade, which is known to have a role in embryonic morphogenesis, 
neuronal guidance, and angiogenesis plays [69]. BBB ECs have the Hh receptor Patched-1, the signal 
converter Smoothened (Smo) and transcription factors from the Gli family, and astrocytes release 
Sonic Hh (SH) [70]. Astroglia are multifunctional brain cells that support neuronal synapses and 
vascular endothelial cells. They act as passive support cells for conducting biological wires and are 
primarily responsible for the cellular homeostasis of the nervous system. Astrocytes also support and 
maintain the integrity of the BBB through physical and chemical interactions with endothelial cells 
and other neural tissue types [71]. Astrocytes also secrete angiogenic substances such as vascular 
endothelial growth factor (VEGF) that promote vascular growth. Angiopoietins (Ang1) are secreted 
by perivascular cells including astrocytes and play a crucial role in the intricate process of BBB 
differentiation by promoting angiogenesis and causing a time-dependent reduction in endothelial 
permeability. Astrocytes produce angiotensin-converting enzyme-1, an enzyme that converts 
angiotensin I to angiotensin II and acts on type 1 angiotensin receptors (AT1) expressed by BBB-ECs. 
Angiotensin II causes vasoconstriction, and activation of AT1 in the CNS reduces BBB permeability 
and stabilizes the function of connecting proteins by promoting their recruitment to lipid rafts. 
Occludin is overexpressed at the BBB in angiotensinogen-deficient animals, suggesting that astrocyte-
secreted angiotensin II promotes tight junction development [72].  

2.3. BBB Function Regulation by Endothelial-Astrocyte-Derived Biochemical Factors 

Soluble biochemical factors such as cytokines and chemokines play important roles in the 
nervous system, as the neuronal wiring and the entire NVU have constant interactions via their 
paracrine factors that can regulate not only neurodevelopment and inflammation but also neuronal 
communication. These factors are transported to cells by a variety of physiological conditions, 
including interstitial fluid, which has a concentration gradient within the connective tissue beneath 
the basement membrane and is termed the "interstitium" [73]. Several studies suggest that astrocytes 
play a dual role in controlling BBB function. It was discovered that astroglial connections with blood 
vessels were lost in an animal model of multiple sclerosis (MS), leading to disruption of the BBB. On 
the other hand, selective knockout of astrocytic Na+/H+ exchanger isoform 1 reduced astrogliosis 
after ischemic stroke in mice, resulting in less cerebral vascular damage and improved BBB function 
[73,74] .  

It was also found that ethyl-1-(4-(2,3,3-trichloroacrylamide) phenyl)-5-(trifluoromethyl)-1H-
pyrazole-4-carboxylate reduced astrocyte pathology and BBB destruction in intracerebral 
hemorrhage model rats [76]. As previously mentioned, soluble gradient factors play an important 
role in the development of both the central and peripheral nervous systems. The microfluidic 
approach has enabled us to create biochemical factor gradients in spatially defined flow patterns, 
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aiding in the creation of physiologically and/or pathologically relevant fluid states, such as 
maintaining a constant soluble microenvironment with a high surface area to volume ratio. 
Furthermore, the ease with which chemical gradients can be generated in a microfluidic approach 
allows for the dose-response testing of multiple biochemical factors at high content and throughput 
in the same microfluidic system. For example, various growth factors and chemo-attractants have 
been generated and maintained using microfluidics under continuous flow and static conditions to 
study neural stem cell growth and responses [77]. 

Angiogenesis and vasculogenesis are important biological processes in the nervous system. For 
example, VEGF or vascular permeability factor (VPF) is one of the most important signaling proteins 
for blood vessel formation as it has a dramatic impact on endothelial cell-specific signaling events 
such as proliferation, survival, budding and migration VEGF receptor 2 signaling (VEGFA/VEGFR2) 
[78]. It is easier to create a linear profile of different growth factors like VEGF and ANG-1 in a 
microfluidic setup. In vitro experiments have demonstrated the opposite effects of ANG-1 
(stabilizing) and VEGF (proliferating) on endothelial cells using these microfluidic devices. This type 
of microfluidic platform has helped to study interactions and potential synergistic effects of different 
growth factors and cell types in a variety of physicochemical microenvironments [79]. 

2.4. Most Common Designs and Features of the Chips for Brain Endothelial-Astrocyte Interactions  

Microfluidics is the design or application of devices to impart fluid flow of fluid to channels at 
least one millimeter wide. Reduced reagent consumption, well-controlled mixing and particle 
manipulation, assay integration and automation (lab-on-a-chip), and easier imaging and tracking are 
all advantages of using microfluidic devices. Microchannels, microvalves, and micropumps are 
examples of miniaturized fluid and flow manipulation components found in microfluidic systems. 
Microfluidic devices are adaptive technologies, and microfluidic spinning can produce highly 
controllable, continuously fabricated, cell-embedded fibers. Large sample volumes or stringent 
polymerization requirements are not necessary for this effective, rapid, and inexpensive approach. 
Microfluidic BBB technology is an effective method to assess the physiological function of the BBB in 
vitro and to accelerate drug development to treat brain diseases [80]. 

The functionality of the final device, biomedical design, endpoint displays, cost and 
biocompatibility are just a few of the many variables influencing the choice of chip material. Multiple 
combinations of materials (including plastics, glass, silicone rubber, and resins) are used to create the 
final OOC/lab-on-a-chip (LOC) device. Glass, silicone rubber such as PDMS and thermoplastics such 
as polystyrene, poly(methyl methacrylate), polycarbonate or cyclic olefin copolymer are among the 
most commonly used materials. As a result, it becomes difficult to choose one material as the best, 
since each material has its own advantages and disadvantages (Table 3). Material selection often 
represents trade-offs between intended functionality, accessibility to manufacturing resources, and 
product development phase. Glass is strong and inert, but it is expensive and requires sophisticated 
processing equipment. Silicon allows complex nanostructures to be fabricated to create on-chip 
sensors or barrier gratings, but this is costly and time-consuming as clean room equipment is 
required. Because it's opaque, there are also compatibility issues with traditional inverted 
microscopes. Although thermoplastics are simple and offer transparency, prototyping complex 
designs with them is challenging. PDMS is now the material most used for the development of OOC 
devices because it is so easy to build devices with high resolution micro and nanostructures by 
duplicate molds in PDMS. The combination of biocompatibility, optical transparency and gas 
permeability of PDMS makes it the perfect material for biological applications. In addition, the 
flexibility of PDMS was used to mechanically stimulate cells. Recently, a cutting-edge technology has 
been proposed that enables fast and high-quality PDMS 3D processing by laser pyrolysis [81].  
Unfortunately, this substance is known to adsorb and absorb a variety of (bio)chemicals, which could 
affect the experimental results, especially in drug testing applications [82].  

3. Design Considerations 
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• The design efficiently mimics the microvascular system of the BBB and to understand the 
pathophysiological origins of neuro diseases. According to bioengineering theory, an ideal in 
vitro BBB replica should consist of three main components: A selection of endothelial cells that 
exhibit the multicellular longitudinal and radial blood vessel architecture. To achieve this, 
endothelial cells can be ring-shaped or linear in longitudinal section (similar to the radial cross-
section of a blood artery). Micropatterning can provide mechanistic information about 
endothelial cell morphology [83]; 

• Transwell® chambers that replicate the function of the BBB micro-vessels by maintaining 
constant and continuous blood flow. The use of a microfluidics-based perfusion system can 
provide information about disease pathology caused by endothelial functions. In this in vitro 
NVU, astrocytes maintain apicobasal polarity at the tissue-tissue interface by wrapping their 
end-feet around the endothelial capillaries on the transluminal surface (i.e., away from the blood 
vessel lumen) [84]. 

3.1. Various Approaches for the Integration to Multi-Organ Devices 

There are several methods for integrating multiple organs into the device, as schematized in 
Figure 3. A static system is a collection of tissues that function as a unit (Figure 3A), while a semi-
static sone uses Transwell®-based tissue implants connected by a fluid network (Figure 3B). In 
addition, a flexible system uses micro-connectors to connect platforms designed specifically for 
individual organs or tissues (Figure 3C). 

 
 

Figure 3. Various approaches for the integration of multi-cellular device. 

3.2. Fabrication of Microfluidics Devices: Types of Materials 

Besides desirable mechanical and chemical properties, polymers are also inexpensive, easy to 
manufacture, biocompatible and more flexible [85]. Polymeric materials such as PDMS, 
polycarbonates, aliphatic polyesters, polystyrene, poly(ethylene terephthalate glycol), poly(methyl 
methacrylate), polyolefins and others have found use in manufacturing, evaluated by microchips 
instead of glass (Table 3). Silicon has good chemical and thermal stability and can be used to create 
complex 2D and 3D microstructures using photolithography and etching techniques, but is difficult 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 June 2023                   doi:10.20944/preprints202306.1121.v1

https://doi.org/10.20944/preprints202306.1121.v1


 11 

 

to achieve due to its brittleness, high price, opacity, poor electrical insulation, and complicated 
limited surface properties (Figure 4). The use of PDMS and poly(methyl methacrylate) for biochips is 
common in both academic and industrial contexts due to their high efficiency and economical 
manufacturing. Due to problems with management and resolution of surface properties, they are 
ineffective for other applications such as using hydrophobic chemicals or those requiring stable 
surface properties [86]. Poly(methyl methacrylate) channel and cover plates (or cover foils) must be 
glued together to produce microfluidic chips. Poly(methyl methacrylate) channel plates are 
fabricated by injection molding, laser ablation, in situ polymerization, solvent etching, hot stamping, 
room temperature embossing and other techniques. Soft lithography is used to build the microfluidic 
device from PDMS in a single layer. To create channels, the PDMS layer was plasma bonded to glass 
coverslips. Polypropylene (PP) is the perfect material for biomedical applications due to its inert 
surface, but because it is soft, prototyping with PP has historically proven difficult as thin sealing 
foils tend to sink into channels when heated. Because of its low cost and high etch rate, soda-lime 
glass is an excellent choice for fabricating disposable glass microfluidic devices [87]. 

 
Figure 4. Schematic illustration of the three ways siloxane elastomers have been employed in flexible 
microfluidics. A layer containing the microchannels (b) Substrate for the electrodes; (c) Sealing layer. 
Created in Unigraphics NX 12 (https://www.plm.automation.siemens.com/global/en/products/nx/). 

Table 3. List of common materials used in the fabrication of multicellular system-on-a-chip [88]. 

Material Advantage Disadvantage References 
Polydimethylsiloxane 
(PDMS) 

Good Gas permeability 
Good Biocompatibility 
Good Optical property 
(Transparency) 
Good Mechanical property 
(Elasticity) 

Poor Chemical 
resistance 
Expensive 

[89] 

Poly(methyl methacrylate) 
(PMMA) 

Good Biocompatibility 
Good Transparency 
Good Chemical resistance 
Inexpensive 

Rigid Elasticity [90] 

Glass High Transmittance 
High processing accuracy 

Extremely fragile 
Expensive 

[91] 
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Polylactic acid  Biocompatible 
Transparent 
Low-cost  

Lower thermal 
stability 

[92] 

Epoxy resins 
(Thermosetting polymers) 

Good Biocompatibility 
Good mechanical 
Good Chemical resistance 
Thermal stability 

Expensive 
Time-consuming 

[93] 

Polystyrene  
(Thermoplastic polymer) 

Good Biocompatible  
Good Transparency 

Poor chemical 
resistance 

Poor Elasticity 

[94] 

Others   
Polyimide  
Polycarbonate  
Cyclic olefin copolymer  

Good Biocompatibility 
Good Biocompatibility 
Good Biocompatibility 

Poor Transparency 
and Elasticity 

Poor Transparency 
Poor Transparency 

[95] 

4. In-vitro models of BBB with endothelial astrocytes 

Drug development is complicated by the BBB, a unique CNS-specific selective barrier that prevents 
most substances from reaching the CNS [96]. Innovative BBB in vitro models can shed light on how 
drugs are delivered to the BBB and how CNS diseases progress [97]. Both the typical dynamic in vitro 
BBB and the fluidic shear stress are absent from static Transwell® models, as is the thin bilayer 
interface. Using a dynamic environment and a relatively thin culture membrane (10 m), a microfluidic 
BBB very similar to the in vivo one to overcome these two disadvantages has been designed [98] . 

BBBs were co-cultured with End3 ECs and either C8-D1A astrocytes or not [99] . TEER, 
permeability experiments, and optical imaging were used to analyse their key features. After ZO-1 
imaging, End3 cells had tight junctions that were clearly expressed, good cell survival was 
demonstrated by live/dead assay, and the astrocytic morphology of C8-D1A cells was confirmed by 
environmental scanning electron microscope (ESEM) and glial fibrillary acidic protein (GFAP) 
immunostaining. In BBB co-cultures, TEER values frequently exceeded 250 Ω cm2 on day 3 of 
endothelial culture, but those in Transwell® co-cultures typically reached 25 Ω cm2 [100]. Time 
observation of an immediate transient decrease in TEER in response to histamine administration was 
followed by a recovery, suggesting that the constructed BBB model was stable. These results indicate 
that the developed BBB system is a trusted model for multiple studies on BBB function and drug 
delivery [101]. 

Hydrogels for Modeling 

A hydrogel is a water-based gel-like material composed of cross-linked polymers that form a 
three-dimensional network. It has the capacity to absorb and retain large quantities of water or 
biological fluids. The cross-linking of polymers within the hydrogel structure allows it to maintain 
its shape and integrity while holding a substantial amount of water. This unique property enables 
hydrogels to have a high-water content, often surpassing 90%. Advanced cell cultures offer the 
opportunity to mimic a more physiologically relevant environment but pose challenges in ECM 
scaffold design to support a complex brain environment. Both natural and synthetic hydrogels have 
been tested, each with their own unique advantages and limitations [102]. Genetically engineered 
hydrogels are reticulated structures of cross-linked polymer chains with very high-water content and 
exhibit flexibility in mechano-transduction properties in contrast to nanofibrous or microporous 
scaffolds and they that have undergone genetic modifications or enhancements using techniques 
from the field of genetic engineering. The advancement of personalized and regenerative medicine is 
being enhanced by the progress in creating intelligent hydrogels that can respond to different types 
of stimuli, including biochemical, electrical, thermal, magnetic, light, and pH changes. These 
hydrogels, when combined with customized ECM formulations, have the potential to facilitate the 
development of sophisticated brain-on-a-chip (BOC) models (Table 4). Natural polymer hydrogels, 
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which consist of ECM components such as collagen, fibrin, and hyaluronic acid, offer 
biocompatibility due to the presence of naturally occurring factors necessary for cell viability, 
proliferation, and tissue development. By utilizing these hydrogels, researchers can create 
experimental models that mimic the complex environment of the brain, opening up new possibilities 
for studying neurological processes and developing innovative therapeutic approaches [103]. 

Beneficial properties of injectable hydrogels include the ability to inject them into the lesion site, 
adjust lesion geometry, fill the void space, release therapeutics for extended periods of time, and 
deliver stem cell-based therapies. Thus, injectable hydrogels conform to the cavity, in contrast to 
biomaterial matrices that are already manufactured and implanted in the tissue. In addition, 
injectable hydrogels in the liquid state have the advantage that they can be combined with growth 
factors or therapeutics prior to injection into the tissue and thus serve as drug carriers to promote 
regenerative processes in the tissue [104]. 

Endothelial-Astrocytic Interactions in a microfluidic device: 

Table 4. Key Features of Hydrogel Models Containing Endothelial-Astrocytes [105]. 

Device design Cells/Co-culture 
cells 

Physiological function TEER Fluorescent 
tracker (probes 

for 
permeability 

assay) 

References 

PDMS End3 (mouse)/ 
C8D1A (mouse) 

Co-culture with 
astrocytes increases BBB 
integrity 

250–
300 
Ω cm2 

1.4 kDa [106] 

PDMS 
sandwich 

hiPS derived 
BMEC (human)/ 
primary astrocyte 
(rat) 

Co-culture with 
astrocyte will enhance 
BBB integrity 

4000 to 
5000 
Ω·cm2 

70 kDa [107] 

Transwell® Endothelial cells 
directly interfaced 
with astrocytes via 
a system of 
capillaries. 

Plays a role in controlling 
capillary features and 
BBB permeability 

- 0.16 [108] 

3D ECM gel-
based 

RBE4, 
immortalized rat 
brain micro vessel 
endothelial cell line 

Transmigration of 
neutrophils 

NA 40 kDa [109] 

3D scaffolds 
Hydrogel 
GelMA and 
PEGDA 

hPSC’s Appropriate mechanical 
properties and bioactive 
sites, which are 
beneficial for cells 
viability. 

- - [110] 

Microfluidics, 
hydrogel  

Human umbilical 
vein endothelial 
cells (HUVECs) 

Generating a three-
dimensional BBB 
microfluidic platform 
which presents both 
structural and functional 
properties of the BBB in 
vivo. 

- 10 kDa [111] 

PDMS cEND 
(immortalized 
mouse cerebral 
endothelial cells) 

Strong occludin and 
claudin-5 expression at 
the tight junctions 

300 -
800 

NA [112] 
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5. CNS dysfunction in disorders 

BBB disruption is associated with a variety of different neurological disorders, including MS, 
stroke, Alzheimer's disease (AD), epilepsy, and traumatic brain trauma (Table 5). The tight junctions, 
transporters, transcytosis, and expression of LAM, among other BBB properties, can all change 
because of this dysfunction. This breakdown can result in edema, disturbed ionic balance, abnormal 
signaling, and immune infiltration, all of which can lead to dysregulated neuronal activity and 
eventual degeneration (Figure 5), despite the fact that CNS dysfunctions typically develops as a 
consequence of initial injury, BBB failure has occasionally been implicated as an etiology of some 
diseases, including MS, epilepsy, and AD [113]. 

 

Figure 5. Schematic representation of signaling regulating the blood-brain barrier in health and 
disease state. Created in biorender.com 2022 
(https://app.biorender.com/illustrations/637c94a1c9e4cb9d5f4f9c. 

Table 5. Characteristics of the main neurological diseases and genes involved. 

Dysfunction Characteristic features Symptoms Genes involved 

Alzheimer’s disease 

The gradual loss of most of the 
normal brain activity is caused 
by abnormal alterations in the 

brain. Senile plaques and 
neurofibrillary tangles. 

Gradual loss of control over 
mental and physical abilities, 

dementia & mood swings 

Presenilin 1 and 2 are 
located on chromosome 14 

and 1, respectively, and 
APP is located on 
chromosome 21. 

Parkinson’s disease 
Loss of pigmented 

dopaminergic neurons & Lewy 
bodies 

Both motor and nonmotor 
symptoms. 

 

X PINK1, PRKN, or SNCA 
gene PARK7 & LRRK2 

Multiple Sclerosis 

Axons that are demyelinated 
and transected, inflammatory 

cells and their byproducts, and 
astrogliosis form CNS plaques. 

Neurological problems as 
well as severe physical or 

cognitive impairment 
HLA-DRB1 

Huntington’s disease 
Chorea, dystonia and Slow or 

unusual eye movements 

Impatience, melancholy, and 
other mood problems, as 

well as erratic involuntary 
movements and a dramatic 

loss in thinking and 
reasoning skills 

Faulty gene on 
chromosome 4 
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Autism spectrum 
disorder 

Challenges with social 
interaction, verbal and 

nonverbal communication, the 
appearance of repetitive 
behavior, and narrowed 

interests. 
 

Struggling to make 
friendships and odd 

reactions to sensory stimuli 

ASH1L, CHD2, SHANK3, 
SYNGAP1 CHD8 & 

DYRK1A 

Neurofibromatosis 
Meningiomas and bilateral 
vestibular schwannomas 

Tumors on the skin and in 
the nerve system. 

Neurofibromin 1 (NF1) 
gene 

Guillain-Barre 
syndrome 

Autoimmune destruction of 
peripheral nervous system 

nerves 

Numbness, tingling, and 
weakness that can develop 

into paralysis 

ICAM1, HLA genes, CD-
1A, FcGR, NOD, TNF-α & 

TLR4 
ICAM1: Intercellular Adhesion Molecule 1; HLA genes: Human Leukocyte Antigen genes, CD-1A: 
Cell Surface Protein, FAS: Cell Surface Protein (CD95 or APO-1), FcGR: Fc Gamma Receptors, NOD: 
Nucleotide-binding Oli-gomerization Domain, TNF-α: Tumour Necrosis Factor alpha & TLR4: Toll 
like Receptor 4. 

Alzheimer's disease  

To describe the syndrome, Alois Alzheimer 1906 used pathological indicators (senile plaques 
and neurofibrillary tangles) together with the criteria of increasing memory loss, disorientation and 
dementia [114]. 

The main neuropathological features of AD appear to be senile plaques and neurofibrillary 
tangles. Before spreading to other cortical regions during the course of the disease, senile plaques 
appear to originate in brain regions associated with cognition [115]. 

Amyloid precursor protein (APP) is a transmembrane protein found in neurons and other cells. 
It goes through proteolytic processing by secretase enzymes, resulting in the creation of various 
fragments. A peptide is generated from APP by two sequential cleavage processes: one end of the A-
peptide is produced by proteolytic activity by secretase, while the other end is produced by secretase 
using the same mechanism [116]. 

There seem to be two different types of A: A40, which is shorter, and A42, which is longer. A42 
appears to be deposited first and may play a role in initiating the processes that eventually lead to 
amyloid deposition [117]. 

The development of neurofibrillary tangles in neurons is a second feature of AD. Specifically, 
neurofibrillary tangles are formed when tau protein, a protein involved in microtubule formation, 
undergoes chemical modification (abnormally folded and phosphorylated [118]. Although extremely 
rare, they account for less than 1% of the cases of three of these specific genetic mutations from 
chromosome 21, presenilin-1 [PS 1] on chromosome 14 and presenilin-2 [PS 2] on chromosome 1 have 
been detected in patients with early onset familial autosomal dominant AD [98-100]. All of these 
genes appear to promote cleavage of APP by beta- or gamma-secretase, which appears to increase 
cellular synthesis of A-42 [120]. The fourth AD gene is apolipoprotein E (APOE), which has three 
allelic variations (APOE-2 , -3 and -4) each changing in the amino acid exchanged and located on the 
long arm of chromosome 19 [121]. 

Only clinically significant results from cholinesterase inhibitors have been achieved in patients 
with AD. These drugs increase the amount of acetylcholine available for synaptic transmission by 
inhibiting the enzymes that break it down (i.e., acetylcholinesterase) [122]. Anti-inflammatories, 
estrogen replacement therapy, and antioxidants are also used to relieve symptoms. The BBB 
maintains the tightly regulated internal environment of the brain necessary for optimal synaptic and 
neuronal function and protects neurons from substances present in the systemic circulation. 
Breakdown of the BBB promotes the entry of neurotoxic blood-derived substances, cells and 
infections into the brain and is associated with inflammatory and immunological responses that can 
initiate numerous neurodegenerative pathways. BBB changes in AD include cortical and 
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hippocampal modifications that include capillary basement membrane changes, tight junction 
protein decreases, and microvascular reductions [123]. 

The fluorescence in situ hybridization (FISH)-based microfluidic chip platform can detect 
Alzheimer's disease (AD) at an early stage and is an effective diagnostic tool with low cost, high 
speed, and high sensitivity [124]. Researchers developed a 3D human AD triculture system that could 
show the neuroinflammatory role of microglia in AD pathogenesis. In this model, infiltrating 
microglia migrated faster and induced greater neuronal toxicity/death via a pathway involving 
interferon and TLR 4. Cho et al. cultured human microglial cells in a microfluidic platform and 
studied the role of A in microglial accumulation and its response to chemotaxis [125]. 

A microfluidic concave microwell array system was used to assess the neurotoxic effects of Aβ 
on the formed gel-free 3D spheroids of rat cortical neuronal progenitor cells with or without fluid 
flow [126]. A tripartite microfluidic device was used to study how cell proliferation can induce tau 
aggregation in downstream neurons [127]. 

Parkinson’s Disease  

James Parkinson first described this disease as shaking palsy in 1817. It is a persistent, 
progressive neurodegenerative condition with both motor and non-motor symptoms [128]. The 
motor symptoms of Parkinson's disease are thought to be caused by the death of dopaminergic 
neurons in the striatum, although the presence of non-motor symptoms is demonstrable for neuronal 
loss at non-dopaminergic sites [129]. The reduced motor function and clinical signs of the disease are 
caused by the loss of dopaminergic activity in Parkinson's disease (PD). The motor components of 
the basal ganglia are affected by the disruption of the extrapyramidal system PD [130] . 

Histopathological indicators of PD include Lewy bodies (LBs) and loss of pigmented 
dopaminergic neurons [131]. 

The role of cytokines and other mediators in the development of PD is the subject of ongoing 
research. Possible role for inflammatory responses associated with loss of dopaminergic neurons in 
PD etiology [127,128]. In vitro experiments have shown that damage to dopaminergic neurons causes 
microglial and astrocyte activation [134]. A variety of molecular signaling pathways may all play a 
role in the neuro-pathophysiology of PD, a complex neurodegenerative disorder [135] in the 
subthalamic nucleus includes microvascular degeneration, tight junction reduction and disruption, 
and changes in the capillary basement membrane [136]. 

Microfluidic systems enable research into PD with neurobiological relevance by incorporating 
3D cell cultures that better represent the complexity of the brain. Also, facilitate high-throughput 
drug screening and evaluation, particularly by creating microenvironments that mimic the BBB to 
assess the efficacy of potential therapeutics [137]. Additionally, these systems allow for precise fluid 
flow control and integration of on-chip sensors and detectors, enabling real-time monitoring and 
analysis of cellular responses and dopaminergic neuronal activity [138]. Furthermore, the 
combination of microfluidics with biosensors and lab-on-a-chip devices may lead to the development 
of personalized diagnostic and monitoring tools for PD that analyze biofluids for disease-specific 
biomarkers and help in early tracking of disease progression [139]. 

Researchers developed microfluidic platforms to study PD and associated mitochondrial 
impairment and synuclein pathology [140]. In one of the platforms, the nigrostriatal circuitry was 
mimicked, with two compartments housing midbrain dopaminergic neurons and medium-sized 
striatal spiny neurons. These compartments were connected to a central synaptic chamber via 
microgrooves, allowing active connectivity between the two neuronal populations. The study 
conducted on this platform found that the PD-OPA1 mutation resulted in abnormal morphology, 
reduced mobility, loss of mitochondria and deterioration in functional synapses. In another report, 
the microfluidic device focused on drug screening for PD and examined the effects of the CLR01 
molecular tweezers on dopaminergic neurons. It consisted of two chambers, an insult chamber, and 
a home chamber, housing induced pluripotent stem cell (iPSC)-derived dopaminergic neurons. The 
chambers were connected by microgrooves, allowing for axonal separation. Treatment with α-
synuclein oligomers in the insult chamber resulted in damage observed in the home chamber, 
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indicating active transport of the oligomers between the two compartments. The presence of CLR01 
significantly reduced this damage, demonstrating its neuroprotective properties. Furthermore, the 
device showed that CLR01 inhibited axonal transport of α-synuclein through interaction with dynein 
and kinesin, resulting in a reduction in oligomeric pathology of α-synuclein. Both microfluidic 
platforms provided valuable insights into the mechanisms underlying mitochondrial impairment 
and α-synuclein pathology in PD. By offering a controlled and interconnected neuronal environment, 
these platforms facilitated the study of disease-related processes and the screening of potential 
therapeutic interventions. Ultimately, these advancements contribute to a better understanding of 
PD pathogenesis and the development of novel treatment strategies [132-133]. 

Multiple Sclerosis 

MS, the most common neurological impairment, is an autoimmune-mediated disease affecting 
the CNS [142]. MS often leads to severe neurological problems, physical or cognitive impairments in 
young people [143]. Focal infiltrations of T lymphocytes and macrophages, multifocal zones of 
inflammation and oligodendrocyte death are the main causes of myelin sheath degradation. 
Degradation of the myelin sheath occurs in both white and gray matter, leading to the development 
of CNS plaques composed of inflammatory cells and their byproducts, demyelinated and severed 
axons, and astrogliosis [144]. CNS white and gray matter tissues become inflamed because of 
localized infiltration of immune cells and related cytokines, which is the major cause of damage in 
MS. Interleukin (IL)-12, IL-23, and IL-4 are some of the cytokines produced when pathogen-
associated molecules bind to toll-like receptors on antigen-presenting cells (APCs). Microfluidic 
systems offer valuable tools for studying MS by modeling the BBB, recreating immune cell migration 
and activation, enabling high-throughput drug screening, detecting disease-specific biomarkers, and 
supporting personalized medicine approaches. These advancements have the potential to deepen our 
understanding of MS pathogenesis and contribute to the development of more effective treatments 
for this complex autoimmune disease [145]. 

Microfluidic co-culture systems were used to study axon-microglia interactions [146]. Mouse 
embryonic stem cells differentiated into myelinating oligodendrocytes by microfluidics [147]. 

Huntington’s Disease  

Huntington's disease (HD), a degenerative brain disorder, is caused by a single defective gene 
on chromosome 4, one of the 23 human chromosomes that contains a person's complete genetic code 
[148]. The disease will eventually strike anyone who inherits this dominant defect from a parent who 
carries the disease. The disease is in honor of Dr. George Huntington, who first recognized the 
condition in the late 1800s. A defective gene produces the protein known as huntingtin. The protein 
is known as huntingtin, although its typical function is unknown because studies have linked 
Huntington's disease to a defective form of the protein. Defective huntingtin protein causes irregular 
involuntary movements, dramatic loss of thinking and reasoning skills, irritability, depression and 
other mood problems [149]. HD is mainly identified by uncontrolled movements of the arms, legs, 
head, face, and upper body. It also affects cognitive functions such as memory, concentration, 
judgment, and the ability to plan and organize. In the putamen, tight junction protein expression is 
reduced and disrupted as a result of endothelial damage [150]. Microfluidics systems can be utilized 
to create microenvironments that mimic the complex cellular interactions and biochemical conditions 
found in the brain affected by HD. By incorporating patient-derived cells or genetically modified cell 
lines, researchers can investigate disease mechanisms, study neuronal dysfunction and degeneration, 
and test potential therapeutic strategies. Microfluidic platforms also allow for high-throughput drug 
screening and evaluation, enabling the rapid screening of potential therapeutics and optimization of 
treatment strategies. Additionally, microfluidics can be integrated with biosensors and detection 
systems to analyze HD-specific biomarkers, aiding in early diagnosis, disease monitoring, and 
assessing treatment response. Overall, microfluidics provides a versatile and powerful platform for 
studying Huntington's disease, contributing to a deeper understanding of the disease and the 
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development of effective therapeutic interventions [151]. Vatine et al. used diseased iPSC lines from 
patients to create an HD-on-a-Chip and study BBB dysfunction [152]. 

Autism Spectrum Disorder 

Challenges in social contact, verbal and nonverbal communication, the occurrence of repetitive 
behavior, and narrowed interests are features of autism spectrum disorder (ASD) or autism spectrum 
condition (ASC), a spectrum of neurodevelopmental problems [153]. Two more common symptoms 
include difficulty making friends and strange responses to sensory input. The three main signs of 
autism are: (a) a qualitative impairment in social interaction (an inability to relate to others, often 
without eye contact); (b) stereotypical, ritualistic, repetitive, and restrictive patterns of interests, 
behaviors and activities; and (c) severe deficiencies in language development and other 
communication skills.  

Human embryonic stem cell (hESC) research has emerged as a promising area of developmental 
research, offering the opportunity to study early human development in vitro and to gain insight into 
neurodevelopment. However, progress in understanding neurodevelopmental diseases has been 
limited by the lack of disease-specific hESCs with genetic alterations associated with disorders such 
as ASD. To overcome this challenge, induced pluripotent stem cells (iPSCs) were developed using 
human cells. In this breakthrough technique, the genetic network landscape is reprogrammed into a 
pluripotent state using a set of transcription factors, offering a simpler and more ethical approach. 
iPSCs provide a valuable model for the study of complex hereditary and sporadic diseases by 
allowing the recapitulation of an individual's development in the laboratory. This in vitro model of 
human neurodevelopment has the potential to reveal specific cellular and biochemical features of 
human cognition and behavior that are difficult to replicate in other models. In addition, iPSC 
technology opens up opportunities to manipulate phenotypic changes in drug candidates and paves 
the way for future drug screening platforms [154]. Microfluidic systems can be utilized for the 
analysis of biomarkers in blood or cerebrospinal fluid samples, aiding in early diagnosis and 
monitoring of ASD. The integration of microfluidics with other technologies, such as biosensors and 
lab-on-a-chip devices, holds promise for personalized diagnostics and treatment strategies in ASD 
[144-145]. 

Neurofibromatosis 

A neurocutaneous disease called neurofibromatosis is characterized by tumors on the skin and 
nervous system. The most common forms of neurofibromatosis are types 1 and 2, which are separate 
diseases. An autosomal dominant disease is von Recklinghausen disease, often known as 
neurofibromatosis type 1 [146-147]. A condition known as neurofibromatosis type 2 (NF2) is 
characterized by meningiomas and bilateral vestibular Schwannomas (VS). It is inherited in an 
autosomal dominant manner [159]. 

A loss-of-function mutation on the neurofibromin 1 (NF1) gene, either acquired or de novo, leads 
to neurofibromatosis type 1. This gene codes for neurofibromin and is located on band 17q11.2. A 
tumor suppressor called neurofibromin acts in the mTOR and RAS/MAPK pathways [160]. Schwann 
cells, perineural cells, and fibroblasts are among the mixed cell types found in neurofibromas, which 
are benign tumors. Mast cells, axonal processes and a collagenous extracellular matrix are also 
present in the tumors [161]. Microfluidics allows for detailed cellular and molecular analysis, 
including the study of cell migration, proliferation, and differentiation involved in neurofibromatosis 
pathology. Although further research is needed, microfluidic systems hold promise for advancing 
our understanding of neurofibromatosis and developing improved diagnostic and therapeutic 
approaches [162]. 

Guillain-Barre Syndrome 

A rare but severe immune-mediated neuropathy caused by an infection is known as Guillain-
Barre syndrome (GBS). Numbness, tingling, and weakness that might progress to paralysis are 
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among the symptoms caused by the autoimmune destruction of peripheral nervous system nerves 
[163]. 

The scientific community has developed a variety of study models throughout the years, ranging 
from genetically engineered animals to two- and three-dimensional cell culture, to examine the 
functionality of human brain physiology and pathophysiology. These models do, however, have 
some shortcomings that make it difficult to examine neurodegeneration's pathophysiological 
characteristics precisely, impeding both therapeutic research and drug development. To correctly 
replicate neural circuits and characterize the human central nervous system in vitro, 
compartmentalized microfluidic devices offer simple settings. Our ability to enhance 
neurodegenerative models and understand the cellular and molecular factors behind the 
advancement of these issues is made possible by BoC [164] . 

Budgets for healthcare and society are significantly impacted by neurodegenerative diseases. 
Many recent clinical studies for disease-modifying medicines have had a significant failure rate. A 
major factor in this failure is the challenge of translating findings from studies using cell models based 
on animals to human patients. 2D Models of newborn mouse neurons and glia have been used for 
most studies on non-animal neurodegenerative disorders. Since patient-derived 3D brain cell models 
can now be produced using human stem cell technologies in conjunction with significantly improved 
microfluidic technology, these systems' usefulness has practically come to an end. These systems 
have illuminated neural cell function and malfunction [165].  

The interactions between different patient-derived brain cell types are made possible by them, 
and they also offer a micro physiological system that is more like the in vivo brain environment. Yet 
before these model systems replace 2D rodent models as the foundation of research on 
neurodegenerative disorders, there are still a lot of challenges to be solved (Table 3). The contrary is 
true, with these challenges, research will soon move from outmoded models to new patient-derived 
3D brain cell systems, which will undoubtedly improve the outcomes of disease therapeutics [166]. 

Microfluidics: A powerful tool for studying the intricate aspects of rare neurological conditions at 
a microscale level 

Rare diseases encompass a wide range of disorders that can affect almost any tissue, organ 
system, or biological process in the body. Human-based multi-organ models are flexible in terms of 
the organ modules, cell types and microfluidics to be included and enable the development of 
platforms for the recapitulation of highly specific disease states. In rare diseases with a genetic 
component, iPSC technology can be used to study the effect of relevant mutations or patient-specific 
cells on relevant tissues [167]. The development of drugs for orphan diseases is hampered by the 
current problems facing the entire pharmaceutical industry, namely the high costs of bringing new 
therapeutics to market combined with the low success rate for regulatory approval. Over the past 
few decades, advances in micro-nano fabrication and neuronal cell biology techniques have enabled 
the development of micro physiological systems such as OOC and HOC models. These platforms, 
combined with induced pluripotent stem cell technology, enable the development of patient-specific 
phenotypic models of rare diseases such rare hemolytic 
anemia [168]. These technical advances enabled the 2012 NIH and DARPA Micro-physiological 
Systems for Drug Efficacy and Safety Screening program initiatives and have encouraged the 
maturation and commercialization of this microfluidic technology [169].  

The characteristics of astroglia in more common neuropathologies such as AD and PD have been 
extensively studied. However, there are still numerous rare neurological disorders in which the 
involvement of astrocytes and endothelia is unknown and needs further investigation, which is 
explored in the following review [170]. In addition, the remaining neuropathologies in which the 
involvement of astrocytes along with endothelial cells have yet to be explored with this technology 
using patient-derived cells. 
Outlook 
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Microfluidics in neuronal cell biology is still in its infancy, as stringent culture conditions pose 
a challenge for maintaining and preventing cell death, especially when primary neuroglial cultures 
are used [171]. In contrast, it provides a controllable microenvironment to study the interactions of 
glial cells with chemical or physical stimuli, as well as the growth and direct connections of neurons, 
brain endothelium, dendrites, and synapses [172]. To study the neuromuscular synapse, neurons, 
glial cells, and muscle cells were combined in another microfluidic model. Another type of in vitro 
model that effectively replicates the BBB involves the insertion of capillary endothelial cells, basement 
membrane, neuroglial membrane, and glial podocytes [173]. This review article gives an overview of 
the applications of microfluidic in vitro systems in the interaction between endothelial cells and 
immune cells. Despite decades of significant effort, the fundamental processes underlying cell-cell 
communication and endothelial cell migration are still being identified and often unknown [174]. 
Both benefit from in vitro reconstitution of in vivo similar physiology and disease [175]. Before 
describing some of the models offered in the literature, we first outlined the advantages of 
microfluidic devices in this review. The use of microfluidic devices to explore the effects of 
biomechanical variables and techniques to study endothelial immune system function were then 
covered in detail. In order to replicate the entire nervous system, understanding 3D models and 
knowing how to bio-fabricate vascular and neural networks to create a neurovascular BBB unit and 
muscle-motor neuron (neuromuscular) connections is crucial. We need multidisciplinary expertise to 
understand the disease mechanisms [176]. These components can now be integrated using 
microfluidics into tiny lab-on-a-chips that could serve a range of purposes, from CNS drug discovery 
[177]. 
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