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The past decade has witnessed a surge in the use of microfluidics technology in neurodegenerative diseases to gradually
minimize biomedical research dependence on in vivo models. These platforms have been widely implicated in growing 3D
gels that could be further applied in producing a three-dimensional tissue representative of human organs. With the help
of these miniaturized devices, the growth of neurons, astrocytes, and microglia have also been facilitated in the form of
triculture models.
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| 1. Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative condition in which cognition and memory formation decline
progressively due to an irreversible loss of neurons in the hippocampus and cortex regions . It is characterized by the
extracellular formation of senile plague mainly constituted by amyloid-beta 42 (AB42)peptide and intracellular
neurofibrillary tangles (NFTs), composed of hyper-phosphorylated paired helical filaments of the microtubule-associated
protein tau (MAPT) [l Apart from AB and tau pathology, processes such as impaired synaptic functions,
neurotransmission dysfunction, and microglia-mediated inflammation play a key role in AD pathogenesis &. Primary
symptoms of the disease comprise memory deterioration, apathy, depression, and changes in personality and behavior
that finally require full-time medical care €. The majority of AD cases present as a late-onset sporadic form (SAD)
occurring in individuals aged 65 or older. SAD shows a complex etiology and results from a combination of genetic and
environmental influences. To date, the only confirmed genetic risk is represented by the presence of the ¢4 allele of
Apolipoprotein E (ApoE), the main carrier of cholesterol in the central nervous system (CNS). This variant accelerates the
onset of AD by enhancing the AB deposition into plaques and reducing its clearance from the cerebral tissue . On the
contrary, the rare early-onset forms of AD are familiar with FAD with an autosomal dominant pattern of inheritance in one
of the known genes, APP , PSEN1 , and PSEN2 , encoding the AP precursor protein (APP), presenilin-1, and presenilin-2,
respectively. As all of these are involved in the maturation and processing of APP, mutations in these genes result in
increased production or aggregation of AR peptides 8. The ‘World Alzheimer Report 2019' shows that AD accounts for
more than 70% of the total dementia cases diagnosed worldwide X9, therefore an early diagnosis of AD is crucial for
disease management (11,

Despite AD prevalence and many years of research, several aspects of its complex etiology remain unexplored 1213,
Moreover, the current therapeutic strategies are merely symptomatic, attenuating only behavioral symptoms but
presenting several side-effects such as confusion, dizziness, depression, constipation, and diarrhea, reported in most
medications 4. Therefore, a more in-depth understanding of the molecular mechanisms underlying AD pathogenesis,
revisiting numerous existing concepts, and effective screening for therapies aimed at halting or preventing
neurodegeneration in AD is required 1218l The |ack of suitable experimental models has also presented a bottleneck in
understanding the AD pathological mechanism. Moreover, widely accepted notions such as the deposition of AR and
hyperphosphorylation of microtubular protein tau also lack a direct correlation between the deposition or phosphorylation
and the disease progression LAL8],

In recent years, microfluidics is emerging as an economical and versatile platform for biologists to mimic and control the
cellular microenvironment in order to model diseases, study cell behavior from single- to multi-cellular organism level, and
develop multiple experiments in miniaturized devices suitable for diagnostics, biomedical analysis, pathological studies of
neural degeneration and drug developments 1920, These devices are popular, especially for their flexibility of design,
experimental flexibility, leverage of a sufficient number of controls, handling single cells, controlled co-culture, reduced
reagent consumption, reduced contamination risk, and efficient high throughput experimentation.



The past decade has witnessed a surge in the use of microfluidics technology in neurodegenerative diseases to gradually
minimize biomedical research dependence on in vivo models 21, These platforms have been widely implicated in growing
3D gels that could be further applied in producing a three-dimensional tissue representative of human organs. With the
help of these miniaturized devices, the growth of neurons, astrocytes, and microglia have also been facilitated in the form
of triculture models 22, This review describes the latest advances in the progress of microfluidics technologies and
elaborates various ways through which the domain of microfluidics presents solutions to the management of
neurodegenerative disease, with a particular focus on AD. First, we emphasized the applications of microfluidics in the
study of disease pathophysiology and the early detection of AD with the help of known biomarkers at a miniaturized level.
Subsequently, we examined the impact of microfluidics on accelerating AD research. We then discussed the possible
challenges that this field needs to overcome and the directions to be taken before realizing its full-fledged application in
the AD field.

| 2. Application of Microfluidics in Neurodegenerative Studies

Convergence of biology with engineering is evident in microfluidic devices used extensively nowadays in different
domains of biomedical research contributing to a more powerful tool for drug delivery, point of care devices, and medical
diagnostics 23, Using microfluidics, a multichambered device can be readily prepared and used to grow neurites, glial
cells, endothelial cells, and skeletal muscle cells, along with the maintenance of fluid isolation [24. These devices can
recapitulate organ-like structures and provide an opportunity to investigate organogenesis and disease etiology,
accelerate drug discovery, screening, and toxicology studies by mimicking pathological conditions 231, Utilizing hydrostatic
pressure and chemical gradient profiles, localized areas of neurons grown in different compartments could be exposed to
different kinds of insults applied insoluble form. A vast amount of literature exists highlighting applications of microfluidics
in neurodegenerative diseases along with several neurodegenerative-disease-on-a-chip models focusing on AD,
Parkinson’s disease, and amyotrophic lateral sclerosis [28271[28129)30181] ' Fyrthermore, the microfluidic system has been
implicated in the study of regulated cell-cell interactions, elucidating the complexity of intercellular interactions in the
neuroinflammation of growing primary brain cells.

It is well known that many brain cells interact with each other under varied conditions to cause neuroinflammation. The
microfluidic devices facilitate cell culture, e.g., astrocytes in separate chambers exposed to varied situations. These
chambers can be independently regulated and monitored for analyzing morphology, vitality, calcium dynamics, and
electrophysiology parameters B2, |t has provided a platform to study neuronal cell death within the brain through
simultaneous observation of neuronal connectivity and tau pathology 23l Unlike 2D culture systems, these 3D cell
cultures and microfluidic lab-on-a-chip technologies with in vitro microfluidics systems do not lack the mobility of the
cultured cells allowing a better physiological extracellular environment, for examining, neuron-glia interactions minimizing
animal morbidity and mortality 21351361 \ith the help of 3D culture techniques, the discrepancies in the results of in vitro
culture systems and animal models in drug discovery can be avoided B7.

The lab-on-chip technologies, with features on a similar physical scale to that of cells, have facilitated the study of
complex neural signaling pathways to detect abnormalities, and check whether the application of inhibitors can reverse
these without the requirement of animals B8E9. The microfluidic entities can replicate complicated cell biological
processes that control synaptic function, visualize them and manipulate synaptic regions and presynaptic and
postsynaptic compartments independently under in vitro conditions, and manipulate synapses and presynaptic and
postsynaptic cell bodies independently 2%, Studies show that synapses lose native circuitry and order due to the
dissociating of neurons for in vitro studies. The organization of cultured neurons and their connections can be improved
and restored by mimicking the natural circuitry in vivo conditions through microfluidic approaches 9. With the help of
microfluidic culture devices, two distinct micro-environments can be established, which may be maintained in fluidic
isolation to allow for targeted investigation and treatment.

A compartmented kind of setup to co-culture a wide variety of cells is required to understand the mechanisms of a range
of neurodegenerative diseases and model neuromuscular signaling “42 The microfluidic devices fulfill all these
requirements and mimic the unique anatomical and cellular interactions of this circuit [42[43] 3D assay systems have been
developed, human brain models allowing the measurement of action potential and velocity, monitoring cell growth, drug
discovery, and study of neural-glial interactions and various neurotrophic factors (8124 Fyrthermore, microfluidic
neuromuscular co-culture enables innervation by axons crossing from the neuronal to the muscle compartment #2. The
same setup can be used to decipher the impact of genetic alterations on the synaptic function of CNS disorders 48],
Therefore, microfluidics applied widely in various studies of disease, including neurodegeneration. Similarly, its impact on
the research and development of AD is overwhelming and promising.



3. Impact of Microfluidic Tools in Alzheimer’s Disease Research: Recent
Developments

Advancements in microfluidic technology have played a significant role in accelerating the research dedicated to the field

of AD, as with other diseases, in terms of both drug discovery, exploring novel drug targets, understanding the
pathophysiology, or discovering novel biomarker-based diagnostics. A list of such initiatives has been provided in Table 1 .

Novel AD models, which are more helpful in mimicking the complex features of AD pathology, have started to replace the

traditional models. The 3D culture platforms are more suitable for studying AD pathophysiological mechanisms involving

cell-cell interactions, controlled flow dynamics, circulating blood cells, and a brain-specific microenvironment. In a study,

distinct roles of AR on microglial accumulation have been elucidated by quantifying microglial responses in order to gain

insights into the pathophysiological role of microglial migration 44,

Table 1. Details of microfluidic devices and their application in the AD research.

Cells/Peptide Flow Control Device  Flow Surface Active/Passive Application Reference(s)
Axon NA Glass P Study axonal function 48]
Neural Progenitor Osmotic ) A Study the neurotoxicity of [49]
Cell micropump amyloid beta
Neuron Qmwm Glass A&P |nmmbmmdemgw [29]
micropump throughput drug screening
Brain Cells Pn_eumatlcally- Polysulfone p To provide M!‘-’Ss for in vitro [50]
driven pumps drug discovery
AB42 Peptide Precision pump Glass A AB (1-42) detection (51
AB Peptide Syringe - A - (521
Axons N/A Glass P Study impaired axonal deficit (28]
Axons N/A MEA p Investigate axonal signals in [53]
developmental stage
. . Study durotactic behavior of [44]
Neurites Syringe Glass A cells and neurite growth
Axons Gravity/Hydrostatic PCBIGlass p Study axorjnal phyS|_oIf)gy and [54]
pressure modeling CNS injury
Compartmentalizing the
Soma and Axon N/A Glass P n.e twork structure into 58]
interconnected sub-
populations
. Probing the functional
Hippocampal synaptic connectivity between
Neuronal/Glia Pressure gradient Glass P y . p . R y [46]
mixed primary hippocampal
Cells
co-cultures
Dendrite NIA PDMS NM Investigate dendrite-to- [s6]
nucleus signaling
oOligodendrocyte NIA Glass P - 1571
Mimicking the in vivo scenario
to study the interaction
Drg/Mc3t3-E1 N/A Glass NM between the peripheral [43]
nervous system and bone
cells
Study subcellular
Nmj Pipette Glass N/A mlcrt_)enwropments, NMJ [45]
formation, maintenance, and
disruption
. Perform drug screening [58]
Axons Pipette Glass P

assays




Cells/Peptide

Flow Control Device

Flow Surface

Active/Passive

Application

Reference(s)

Dendrites and

Manipulate synaptic regions
and presynaptic and

Somata Syringe Glass postsynaptic compartments in
vitro
. Study interactions with glial
Glial CellsIMotor N/A Glass cells and other skeletal cells in [42]
Neurons
the chamber
AD triculture model showing
beta-amyloid aggregation,
Astrocyte N/A acrylic plate phosphorylated tau EY
accumulation, and
neuroinflammatory activity
Tau NIA Glass S_tudy effec_ts of tau on [59]
mitochondrial transport
Study effects of local A
(AB) Peptides N/A Glass stress on neuronal sub- (0]
compartments and networks
ADAM10 biomarker detection
ADAM10 Syringe N/A in plasma and cerebrospinal [61]
fluid
Tau NIA Glass Quantify AD-de_rlved Tau [23]
propagation
AB NIA Glass Study roles of AB o_n microglial [62]
accumulation
Study cell-to-cell
Overflow communication, role of
AB Syringe microfluidic astrocytes derived from cortex [32]
networks and hippocampus on neuronal
viability
Axons ) Glass Study mechanls_ms of |_nd|rect [63]
axonal excitotoxicity
Neurites Hydrostatic Glass and Grow neuronal culture (28]
pressure Polystyrene
Synthesize experimental
Cortical Neurons Pressure difference Glass models emulating pathological [64]
states
Grow 3D human neural cell
culture, screen novel drugs
Ren-Vilelz:n-AD N/A Glass capable of passing through [24]
the BBB to reach deeper
neural tissues
Protein N/A Glass Detect protein aggregation [65]
Axons Hydrostatic Glass or T‘itudy Icrcallzed a.xon-g.]ha [661]
pressure Polystyrene interaction and signaling
AXons N/A Glass Examine axonal trauma in 671
neuronal networks
Axons-glia Hydrostatic Glass Study axon-glia interactions [68]
pressure
Neurites Syringe Glass Investigating chemotaxis of [69]

neutrophils

Abbreviations: MPSs, Micro-physiological systems; DRG, Dorsal root ganglion; NMJ, Neuromuscular junction; MEA,
Microelectrode arrays.

The emerging role of exosomes in the detection and study of AD has created the need for large-scale separation of
exosomes, which is cumbersome and challenging with traditional techniques like ultra-centrifugation. Microfluidic devices
are emerging as an ideal tool for exosome separation and have also started to gain recognition as excellent exosome
detection tools 9. These miniaturized platforms enable quick and cheap processing of nanovesicles even in the small



volumes of liquid samples. Several microfluidic chips based on 3D neuro spheroids have been developed to mimic in vivo
brain microenvironment 22, These kinds of 3D culture-based microfluidic chip provide in vivo microenvironments for high-
throughput drug screening and allow the investigation of dendrite-to-nucleus signaling 8!, Synthetic models with AD
features such as aggregation of AR, and accumulation of phosphorylated tau protein with neuroinflammatory activities
have been produced to emulate pathological states. A triculture in vitro model comprising the combination of neurons,
astrocytes, and microglia has evolved to address the physiological features and study the durotactic behavior of cells [,
The human AD triculture model provides an opportunity to learn about microglial recruitment, neurotoxic activities, and
astrocytes (/1. A co-culture system with segregated cell bodies, while simultaneously forming myelin sheaths, could also
be obtained through a microfluidics approach B,

These studies claim to reverse the demyelination of axons which can recover the loss of sensory and motor function with
the help of co-cultures. The microfluidic devices allow the study of AD-derived tau propagation from neuron to neuron.
Application of microfluidic cell culture must be undergone only upon testing the cell lines with the PDMS formulations,
checking for leaching of toxic compounds, and examining that the medium composition is well adjusted to suit the device
and cells. Microfluidic systems present a reliable method to mimic in vivo fluid conditions of neural tissues by generating
gradients to allow the diffusion of two separate fluid phases at the interface “9. The microfluidic technology facilitates
understanding of the mechanism of AP under interstitial fluid flow conditions. These kinds of 3D culture-based microfluidic
chips provide in vivo microenvironments for high-throughput drug screening 23], These devices have also been used to
isolate axons and the cell body to study the targets of excitotoxicity observed in neurodegeneration. In another study, the
distal axon is the main target. These models can be widely used for basic mechanistic studies involved in the interaction
between neural-glial cells and drug discovery. The microfluidic approach has also been used to grow a 3D human neural
cell culture wherein a BBB-like phenotype was developed. The generation of such a phenotype helps in screening novel
drugs capable of passing through the BBB to reach deeper neural tissues 4. This technology facilitates the culturing of
cortical neurons in two distinct cell compartments of the same microfluidic device to generate neuronal networks €41, This
setup can bring axonal degeneration in the distal axon chamber without degenerative changes in the untreated somal
section €3 |nsults to the selective areas of neurons can be obtained without affecting other neurons by applying
hydrostatic pressure [28],

Details of microfluidic devices and their application in the AD research.

4. Challenges in the Application of Microfluidics in the Alzheimer’s
Disease Research

Although microfluidics provides a state-of-the-art facility that enables investigations in biomedical research, there are
many challenges that need to be addressed before the optimal utilization of this field’s potential. Experts believe that the
area of microfluidics research needs to grow further in order to outperform existing laboratory methods and overcome
barriers that hinder researchers from adopting microfluidic-based devices as a common research tool.

First of all, the lack of precise fluid handling techniques at such a microscopic level poses great difficulty in attaining the
exact quantity of reagents for performing molecular experiments. Though achieved once, it becomes difficult to replicate
the experiments with acceptable accuracy. The second major problem is that it is difficult to scale up the experiments
under the same experimental conditions with the same volume of reagents. This is because of inability in fluid handling
and duplicating culture or reaction conditions. Often cells may respond differently toa change in the substrate of
microfluidic devices. Thirdly, the majority of the culture protocols have been optimized on polystyrene culture plates, a
significant component in macroscale devices, unlike microfluidic cell culture devices that use PDMS. New production
techniques favoring mass production such as microfluidic hot embossing in polystyrene have been found useful in
minimizing the risk of translation failure in microfluidic devices, yet PDMS is the most commonly used substrate for
fabricating these devices 74,

Any variation in the reagent volume or reaction conditions leads to inaccurate results and protocols. Moreover, a direct
comparison with the macroscale experiments become very difficult as a change in the substrate may hinder the transition
of the protocols to the microscale levels. Studies indicate that PDMS may absorb or adsorb the biomolecules from the
medium, causing biased experimental conditions /3178l Apsorption and/or adsorption of reagents will alter the reaction
volumes, which is another demerit that microfluidic devices currently face. In addition, we do not know whether PDMS, a
material known for its transparency and gas permeability, has any impact on cellular behavior. Since it is the material of
choice at present, ascertaining its effect on cellular behavior is essential.



The lack of a universal blood substitute or standard culture media that supports all types of tissue is an additional setback.

Other drawbacks that must be addressed in the future for the optimal application of microfluidics in Alzheimer’s research

is its interdisciplinary nature, wherein standardized protocols are generally absent. A combined effort of engineers and

molecular biologists is required to fabricate new device designs and carry out biologically relevant experiments 42, As a

range of cell lines are cultured in these devices, generalization in device designs is difficult.
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