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Regulation of BBB function and
pathological evolution of PD by
microenvironment
“spatiotemporal gradient”: unique
advantages of microfluidic chips

Sixun Yu, Lingli Jiang, Min Song, Tao Yang, Ma Yuan, Xin Chen*
and Haifeng Shu*

Department of Neurosurgery, Western Theater General Hospital, Chengdu, China

Parkinson’s disease (PD), a prevalent neurodegenerative disorder, exhibits an
exceedingly intricate pathological process characterized by multifaceted neuronal
loss, inflammatory responses, protein misfolding, and blood-brain barrier (BBB)
dysfunction. In the pathogenesis of PD, the BBB serves not only as a protective
interface for the central nervous system but also actively contributes to the regulation
of neural microenvironment homeostasis. Consequently, its impaired functionality
can markedly exacerbate disease progression. Within the in vivo microenvironment,
factors such as chemical gradients, fluid shear stress, and physical-mechanical
signals play pivotal roles in modulating cellular behavior and organ function. The
spatiotemporal dynamics of these gradients critically influence BBB integrity and
neuroinflammatory responses. However, traditional in vitro models struggle to faithfully
replicate such multidimensional dynamic microenvironmental changes. Recently,
microfluidic chip technology has emerged as a transformative platform capable
of simulating in vivo conditions through precise control of microenvironmental
spatiotemporal gradients. This review examines the advancements of microfluidic
chips in reproducing in vivo dynamic microenvironment gradients, regulating
BBB function, and elucidating the pathological evolution of PD. It delves into
the fundamental principles of microfluidic technology, gradient generation and
control methodologies, and provides examples of BBB organoid models and PD
pathological environment simulations constructed on this platform. Additionally,
it systematically evaluates the technical bottlenecks, standardization challenges,
and data integration issues associated with current model development, while
exploring the potential for future technological convergence and interdisciplinary
collaboration in advancing PD precision simulation and personalized treatment.
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1 Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder,
affecting over 10 million individuals globally. With the aging of the global population, the total
number of PD cases is projected to increase steadily (Tysnes and Storstein, 2017). Clinically,
PD is defined by the progressive degeneration of dopaminergic neurons in the substantia nigra
pars compacta, resulting in hallmark motor symptoms such as resting tremor, bradykinesia,
and rigidity, as well as a variety of nonmotor features, including cognitive impairment and
autonomic dysfunction (Coundouris et al., 2020). Additionally, PD demonstrates significant
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heterogeneity in symptom manifestation, age at onset, progression
rate, and individualized treatment responses. Although therapies such
as levodopa and deep brain stimulation can alleviate symptoms, they
are unable to prevent or reverse neuronal loss. Therefore, elucidating
the multifactorial pathogenesis of PD is an urgent priority
(Chakraborty et al., 2020; Han and Hu, 2020; Reich et al., 2022).
Emerging evidence indicates that the BBB serves not merely as a
passive barrier but also as an active and dynamic regulator.
Dysfunction of the BBB actively contributes to the progression of PD
via complex spatiotemporal interactions among neuroinflammation,
a-synuclein (x-syn) propagation, and oxidative stress (Pan and
Nicolazzo, 2018; Lazdon et al., 2020; Tofaris, 2022).

In recent years, the role of the BBB in PD has evolved from a “static
barrier” to a “dynamic regulator” For instance, clinical evidence
demonstrates that the expression levels of claudin-5 and occludin in
cerebral microvessels of PD patients are significantly downregulated, and
the function of the efflux transporter P-glycoprotein (P-gp) is impaired,
leading to increased BBB permeability (Lee and Pienaar, 2014; Al-Bachari
et al,, 2020). This disruption facilitates the infiltration of peripheral
inflammatory factors (e.g, IL-6, TNF-a) and neurotoxins (e.g.,
6-hydroxydopamine, 6-OHDA) into the brain parenchyma via a
compromised BBB, establishing local concentration gradients. These
gradients further activate microglia and promote the pathological
aggregation and propagation of a-syn (Pediaditakis et al., 2021). In
addition, concentration gradients of TNF-a can activate the NF-kB
signaling pathway in endothelial cells, subsequently resulting in the
degradation of tight junction proteins and thus perpetuating a vicious
cycle of neurovascular uncoupling (Nallasamy et al., 2021). Metabolic
disturbances, including mitochondrial dysfunction and glucose
hypometabolism, generate a spatial gradient in energy distribution, which
further exacerbates oxidative damage within vulnerable neuronal
populations (Zheng et al., 2021). These findings highlight the pivotal role
of the BBB in PD pathology. Nevertheless, traditional studies
predominantly focus on single functional dimensions of the BBB (e.g.,
permeability assessments), while overlooking the critical property that
BBB function is finely regulated by spatiotemporal dynamic changes
within the microenvironment.

The in vivo microenvironment forms a complex four-dimensional
dynamic network that integrates chemical gradients, biomechanical
signals, and cell-cell interactions, which is defined by its “spatiotemporal
gradient” characteristics. The spatiotemporal gradient within the in vivo
microenvironment refers to the synergistic effects of chemical factors
(e.g., oxygen, inflammatory mediators, neurotrophic factors) and
physical factors (e.g., shear stress) on both spatial distribution and
temporal dynamics. For instance, neurotrophic factor concentration
gradients in the brain parenchyma direct neural stem cell migration,
while vascular endothelial cells preserve barrier polarity under the
influence of blood flow-induced shear forces (Xiao et al., 2018;
Pediaditakis et al,, 2021; Tung et al., 2021). These spatiotemporally
dynamic signals are indispensable for the development of the BBB, the
maintenance of homeostasis, and the repair of pathological damage.
Nevertheless, conventional in vitro models, such as the Transwell system,
are constrained by static culture conditions. Such models fail to replicate
the physiological shear forces experienced by endothelial cells or
establish chemical gradients with precise spatiotemporal resolution,
thereby creating a substantial discrepancy between the model and the
authentic in vivo microenvironment (Petrovskaya et al., 2022).

The emergence of microfluidic chip technology introduces a
transformative paradigm for overcoming this bottleneck. As depicted
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in Figure 1, a design scheme leveraging BBB microfluidics technology
explicitly highlights its technical characteristics. Through the
integration of a microchannel network with a fluid control system in a
co-design framework, this technology is capable of precisely replicating
the in vivo microscale dynamic environment, encompassing chemokine
diffusion, intermittent shear stress gradients, and the spatial
organization of multi-cellular structures. Further advantages of this
technology will be progressively unveiled in subsequent sections
(Kimura et al., 2018; Jorgensen et al., 2020). The BBB-on-chip model
developed based on this technology not only enables the bioprinting
of 3D blood vessel structures but also dynamically simulates the
interactions of neurovascular units during the pathological progression
of PD by incorporating neurons, astrocytes, and microglia (van der
Helm et al,, 2016; Kawakita et al., 2022). More significantly, the
microfluidic platform facilitates real-time monitoring of barrier
permeability, intercellular communication, and the spatiotemporal
evolution of pathological protein aggregation, offering a unique
perspective to investigate the cascade of “BBB dysregulation,
neuroinflammation, and protein misfolding” in PD progression (Vatine
etal, 2019). Additionally, it creates opportunities for high-throughput
drug screening and personalized medicine strategies.

This review highlights the pivotal role of microfluidic chip
technology in elucidating the relationship between the spatiotemporal
dynamic microenvironment of the BBB and the pathology of PD. It
systematically investigates the molecular mechanisms underlying the
dynamic gradient (chemical, physical, biomechanical) regulation of
BBB dysfunction and the pathological cascade of PD. Notably, this
review does not delve into or discuss the technical details of
microchip fabrication, which have been extensively summarized in
prior studies. Our objective is to construct a theoretical framework
linking the temporal and spatial gradients of the microenvironment
with the progression of neurodegenerative diseases by integrating
state-of-the-art research findings. Furthermore, we propose potential
development directions to offer new insights into dynamic regulation
strategies targeting the BBB.
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FIGURE 1

BBB microfluidic chip: Herein, we display an advanced multilayer
microfluidic device inspired by the design of Ross Booth et al., which
comprises four PDMS baseplates, two glass layers, and a centrally
positioned porous polycarbonate film within the PDMS structure.
The integrated device features two vertically intersecting channels
designed for dynamic fluid introduction, a porous membrane located
at the channel intersection to facilitate cell culture, and embedded
electrodes for monitoring transepithelial electrical resistance (TEER).
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2 Microfluidic chip technology and
the principle of spatiotemporal
gradient

2.1 Basic structure and working principle of
microfluidic chip

In recent years, microfluidic technology has experienced rapid
advancements. At its core, this technology employs micron-scale
channels to precisely manipulate fluids, thereby creating an in vitro
microenvironment that closely mimics biological conditions within
living organisms. Microfluidic chips are typically fabricated from
transparent, highly elastic, and biocompatible materials such as
polydimethylsiloxane (PDMS), polymethyl methacrylate (PMMA),
glass, and silicon-based substrates. These materials not only facilitate
ease of processing and functionalization but also ensure the biosafety
necessary for cell culture (Chung et al., 2010; Wu et al., 2020; Kawakita
et al., 2022). The fundamental design architecture of these chips
generally comprises key components including microflow channels,
infusion ports, sampling outlets, microreaction chambers, and
gradient generation zones, all interconnected via meticulously
engineered geometric structures. Common design strategies
encompass sandwich configurations, parallel layouts, and three-
position tubular structures (Nakagawa et al., 2009; Toth et al., 2011;
Modarres et al., 2018). Such designs collectively form an integrated
system capable of simulating the motion and transport processes of
complex fluids within biological systems.

In microfluidic chips, the fundamental principles of fluid
mechanics are predominantly governed by laminar flow characteristics
and low Reynolds number regimes, enabling smooth and predictable
fluid movement within microchannels without turbulence. Hagen-
Poiseuille’s law provides an accurate description of the relationship
between pressure differences, flow rates, and fluid viscosity in these
microchannels, facilitating precise flow control (Griep et al., 2013;
Amirifar et al., 2022). Furthermore, by designing specific channel
networks (e.g., gradient generators, forked networks, or tree-like
structures) and incorporating micromixer technologies, stable and
controllable chemical and physical gradients can be established within
the chip. For instance, introducing two solutions with differing
concentrations at the channel entrance and leveraging the diffusion
properties of microchannels enables the generation of precise spatial
gradient distributions. Additionally, the shear forces exerted by fluids
within the channels can be finely modulated, which is crucial for
replicating the mechanical stimuli experienced by cells under
physiological conditions (Chung et al., 2010; Mehta et al., 2022). This
temporal and spatial gradient, generated based on fluid mechanics and
diffusion principles, can faithfully replicate the dynamic
microenvironment within the body. Consequently, it provides a robust
experimental platform for investigating the function of the BBB and
complex neurological diseases such as PD. In general, the fundamental
architecture of microfluidic chips hinges on highly integrated
microstructure design and precisely controllable fluid dynamics. By
selecting appropriate materials and fabrication processes, these chips
not only offer a transparent, stable, and biocompatible experimental
platform but also generate dynamic gradients to meet specific
requirements by modulating channel geometry and fluid parameters.
These features enable microfluidic chips to exhibit unique technical
advantages in reconstructing physiological temporal and spatial
gradients, simulating in vivo environments, and studying disease
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progression, thereby offering a novel approach to overcome the
limitations of traditional static in vitro models.

2.2 Concept analysis of “spatiotemporal
gradient”

In living organisms, the microenvironment in which cells reside
is not static but rather a dynamic system that continuously evolves
with spatial location and temporal progression. The term
“spatiotemporal gradient” denotes the integrated effect of both the
spatial and temporal gradients present within this microenvironment.
The spatial gradient primarily reflects variations in the concentration
or distribution of chemical factors, nutrients, and oxygen across
different locations. In contrast, the temporal gradient refers to the
dynamic fluctuations of these concentrations or states over time,
encompassing both short-term pulse-like changes and continuous
flow dynamics. Together, these two gradients are intricately
intertwined, shaping the external signals that cells sense and respond
to, thereby profoundly influencing cell fate, signal transduction, and
organ function (Doupé and Perrimon, 2016; Economou and
Hill, 2020).

In terms of spatial gradients, the chemical concentration gradient
prevalent in biological systems serves as a typical example. During
development, morphogen distribution frequently exhibits a
continuous transition from high to low concentrations, providing
critical “positional” information that guides cell differentiation and
organ formation (Huang and Saunders, 2020; Hubatsch and Goehring,
2020). Similarly, in the establishment of the BBB, the non-uniform
distribution of inflammatory factors, cytokines, nutrients, and oxygen
within the local microenvironment is regarded as a key factor
influencing cellular interactions and the formation of tight junctions
(Oghabian et al., 2022). Moreover, the spatial chemical gradients
generated by mixing solutions of varying concentrations at multiple
inlets in microfluidic platforms offer an essential approach for
simulating these heterogeneous conditions observed in vivo.

The temporal gradient pertains to the variation of signals across
time scales. Under natural conditions, environmental signals are
typically not static but exhibit periodic, impulsive, or continuous
changes. For instance, the supply of oxygen and nutrients in the blood
exhibits inherent fluctuations (Smith and Ainslie, 2017); cytokine
levels also undergo significant oscillations within short timeframes
during inflammatory processes (Liu et al., 2021). These dynamic
variations play a crucial role in modulating cell function, inducing
stress responses, and regulating gene expression. However, traditional
static culture models often fail to capture such temporal dynamics,
making it challenging to fully reconstruct the intricate in vivo
signaling networks (Zhu et al., 2023).

The common types of gradients are not only chemical
concentration gradients but also encompass several other aspects: (1)
Fluid shear gradients: In vascular systems and microfluidic chips,
variations in fluid shear stress can directly influence cell morphology,
the tight junctions of endothelial cells, and gene expression, thereby
modulating vascular homeostasis and functionality (Galie et al., 2014;
Dessalles et al., 2021). (2) Temperature gradients: The heterogeneity
of local temperature distribution plays a critical role in biological
processes such as tissue repair, inflammatory responses, and tumor
microenvironment regulation. For instance, Kumar et al. (2023)
employed fluorescent polymer nanothermometers (FPNTs) to
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measure intratumoral temperature distributions in co-cultured three-
dimensional tumor spheroids. (3) Mechanical stress gradient: Spatial
and temporal variations in mechanical properties, such as matrix
stiffness and pressure distribution, play a critical role in cellular
responses. These mechanical cues are transmitted via the cytoskeleton
to modulate cell proliferation, migration, and differentiation. For
instance, stem cell phenotypes can be influenced by mechanical
factors, including matrix stiffness and surface topography.
Mesenchymal stem cells cultured on a soft matrix, which mimics the
elasticity of brain tissue, differentiate into neuronal precursors. A
matrix with intermediate stiffness, similar to that of muscle tissue,
promotes myogenic differentiation. Rigid substrates that replicate the
stiffness of collagen-rich bone tissue induce osteogenic differentiation
(Yang et al., 2015).

In summary, the spatiotemporal gradient is not merely a simple
superposition of individual gradients but rather a sophisticated system
characterized by mutual coupling and feedback regulation. In vivo,
this mechanism of spatiotemporal gradient regulation enables all cell
types to respond precisely when adapting to external stimuli, which is
essential for maintaining organ function and coordinating interactions
within multicellular systems. In recent years, aided by microfluidic
chip technology, researchers have progressively achieved in vitro
reconstruction of such complex gradients, significantly advancing
biomedical research toward higher levels of dynamic simulation and
precise regulation (Bonificio et al., 2019).

2.3 Examples of application of microfluidic
platform in physiological and pathological
simulation

The core advantage of microfluidic technology resides in its
capacity to precisely simulate dynamic spatiotemporal gradients
in vivo, demonstrating broad applicability in physiological and
pathological research. When integrated with key studies in
neuroscience, cardiovascular systems, and oncology, the following
elucidates how this technology addresses critical scientific questions
via the regulation of spatiotemporal gradients.

In neuroscience research, microfluidic platforms serve as a
transformative tool for analyzing BBB function. By incorporating the
multicellular components of the neurovascular unit (NVU) into bionic
chips, studies have demonstrated that fluid shear stress gradients play
a regulatory role in maintaining BBB integrity. For instance, endothelial
cells cultured in MOTF biochips exhibit enhanced BBB shielding
function under high shear stress conditions. This improvement is
associated with the upregulation of PECAM-1 and ZO-1, key regulators
of endothelial tight junction integrity (Crockett et al., 2010; Cong and
Kong, 2020). Additionally, prolonged lateral contact between thickened
endothelial monolayer cells, mediated by cytoskeletal rearrangement
amplification, further enhances the barrier function of the endothelial
layer under high shear stress stimulation (Cong and Kong, 2020). The
constructed neurotoxicity gradient model revealed that an acrylamide
concentration gradient could precisely modulate the axonal
degeneration rate of hippocampal neurons and induce morphological
changes in astrocytic foot processes. Additionally, ZO-1 protein
expression exhibited a 50% gradient decline corresponding to the
acrylamide concentration gradient, visually replicating the pathological
process of neuronal injury caused by the leakage of neurotoxic
substances across the barrier (Li et al., 2012).
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Similarly, the universality of the microfluidic platform has been
validated in cross-disciplinary research. In cardiovascular studies,
researchers simulated a vascular microenvironment with pulsatile
shear force gradients (1-10 dyn/cm*) and demonstrated that dynamic
mechanical stimulation induces endothelial cell alignment while
significantly upregulating the expression of VEGFR2, a key marker of
angiogenesis. This finding underscores the critical role of physiological
gradients in maintaining vascular homeostasis (Christoffersson et al.,
2018). In oncology, drug screening was performed using a
concentration gradient chip (Poddar et al., 2024; Aydin et al., 2024).
Song et al. (2023) developed a novel bionic three-dimensional tumor
culture and clinical drug screening platform for primary pancreatic
cancer cells by leveraging microfluidic electrospray technology. By
integrating encapsulated tumor spheroids into a microfluidic chip
equipped with a concentration gradient channel and culture chamber,
high-throughput evaluation of chemotherapy regimens under varying
concentrations can be achieved, providing essential parameters for
optimizing drug delivery systems. These multiscale investigations
reveal that microfluidic technology not only overcomes the limitations
of traditional static culture models through precise spatiotemporal
gradient control but also offers a systematic approach to studying
multi-factor coupled pathological mechanisms.

Based on these application examples, the microfluidic platform
has emerged as a critical tool for physiological and pathological
studies due to its ability to replicate in vivo temporal and spatial
gradients. Subsequently, we will systematically investigate how
chemical and physical gradients dynamically influence the integrity of
the BBB via molecular mechanisms, such as endothelial cell
phenotypic remodeling and regulation of tight junction protein
expression. Furthermore, we will explore how these processes
contribute to the pathological progression of Parkinson’s disease.

3 Regulation of BBB function by
microenvironmental gradients

3.1 Introduction to BBB structure and
multi-level functions

The BBB serves as a critical protective barrier for the central
nervous system. Its primary role is to maintain the homeostasis of the
brains microenvironment, prevent harmful substances from
infiltrating nervous tissue, and provide essential nutritional support
and signal transmission for neurons (Whelan et al., 2021). Recent
studies have revealed that the BBB is not merely a single-layered
structure but rather a complex “neurovascular unit” comprising
endothelial cells, pericytes, astrocytes, and other cell types. These cells
interact intricately to jointly sustain the multi-level functionality of the
BBB (Kadry et al., 2020). As the principal constituent cells of the BBB,
cerebral microvascular endothelial cells exhibit a highly specialized
phenotype. The tight junctions between these cells are formed by
proteins such as claudin-5, occludin, and zonula occludens-1 (ZO-1).
These proteins are tightly arranged, significantly restricting the
passage of substances through the intercellular space and thereby
forming an effective physical barrier (Medina-Flores et al., 2020).
Pericytes, which are located around the microvascular endothelial
cells and embedded within the basal membrane, regulate endothelial
cell growth, differentiation, and the maintenance of tight junctions via
both direct cell-cell contact and the secretion of various growth
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factors and cytokines (Roth et al., 2024). Recent in vivo imaging and
functional studies have conclusively demonstrated that perivascular
cells play an indispensable role in maintaining microvascular stability
and regulating local blood flow dynamics. Their dysfunction or loss is
strongly associated with increased BBB permeability and localized
inflammatory responses (Nicoli and Grutzendler, 2021). Astrocytes,
by enveloping the outer side of blood vessels with their abundant
peripheral structures (foot processes), provide structural and
functional support to endothelial cells. They supply essential
metabolites and growth factors, such as VEGE, and secrete a variety of
cytokines, including matrix metalloproteinases and inflammatory
mediators, which collectively regulate the physiological state of
endothelial cells (Heithoff et al., 2021). In recent years, research
employing in vivo imaging and molecular marker technologies has
revealed that astrocytes actively participate in responding to oxidative
stress, repairing vascular damage, and modulating neuroinflammation,
thereby playing a pivotal role in BBB remodeling and disease defense
mechanisms (Heithoff et al., 2021; Schiera et al., 2024).

The integrity of the BBB relies on the dense cell layer formed by
endothelial cells and its molecular mosaic of tight junctions. Key
signaling pathways, such as Wnt/f-catenin and Notch, regulate gene
expression and cell polarity associated with these tight junctions,
thereby ensuring the physical robustness of the barrier (Von Stetina
etal, 2018; Song et al,, 2022). Simultaneously, the BBB exhibits highly
selective transport functions, including receptor-mediated transport,
carrier-mediated transport, and transcytosis, which collectively control
the flux of nutrients, neurotransmitters, hormones, drugs, and other
molecules (Saidijam et al., 2018). For instance, efflux transporters such
as P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP)
act as “gatekeepers” to restrict the entry of xenobiotics into the brain,
and their activity directly influences drug distribution within the
central nervous system (Saidijam et al., 2018). Moreover, deep
bidirectional signal communication is established among the

10.3389/fnagi.2025.1599509

constituent cells of the BBB via extracellular vesicles, cell adhesion
molecules, and gap junctions. This transcellular communication
network enables the neurovascular unit to sense local environmental
changes in real time, such as inflammatory stimuli, metabolic
abnormalities, or mechanical stress, and rapidly adjust endothelial tight
junctions and transport mechanisms to maintain overall barrier
stability (Von Stetina et al., 2018). Recent single-cell transcriptomic
studies have further elucidated the complex and dynamic interactions
between endothelial cells, pericytes, and astrocytes, underscoring the
pivotal role of intercellular communication in preserving BBB
homeostasis and responding to neuropathological conditions
(Giannoni et al., 2018). The composition and key aspects of the BBB
are illustrated in Figure 1.

3.2 Influence of chemical and physical
gradients on endothelial cell phenotypes
and tight junctions

As a critical protective barrier of the central nervous system, BBB
endothelial cells establish a physical barrier through the formation of
tight intercellular junctions (primarily comprising proteins such as
claudin-5, occludin, and ZO-1). In recent years, numerous studies
have demonstrated that both chemical gradients (such as oxygen,
nutrients, and cytokines) and physical gradients (such as fluid shear
stress and dynamic mechanical signals) within the endothelial
microenvironment significantly regulate cell polarity, tight junction
protein expression, and cellular function (see Figure 2).

3.2.1 The regulatory role of chemical gradients in
cellular processes

In different regions of the microvascular network, there are often
significant oxygen distribution gradients. A hypoxic environment can
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lead to the up-regulation of hypoxia-inducible factor (HIF-1a) in
endothelial cells, thereby activating downstream signaling pathways
such as VEGE This activation subsequently regulates the expression
of tight junction proteins, including claudin-5 and occludin. For
instance, a microfluidic model was employed to precisely construct
oxygen gradient conditions. It was demonstrated that HIF-la
activation in hypoxic regions is closely associated with the remodeling
of tight junction protein expression, providing a molecular basis for
the formation of the BBB (Pefia and Vazquez, 2020; Zheng et al.,
2021). In addition, Juan et al. reported that insufficient oxygen and
nutrient supply may upregulate factors such as vascular endothelial
growth factor (VEGF) and epidermal growth factor (EGF), thereby
promoting abnormal angiogenesis and compromising the structural
integrity of the retinal blood barrier (BRB) (Pena and Vazquez, 2020).
Secondly, the uptake of glucose, amino acids, and other essential
nutrients by endothelial cells directly influences their metabolic state
and cytoskeletal remodeling, which in turn indirectly regulates the
stability of tight junctions. For instance, elevated levels of branched-
chain amino acids (BCAAs) can induce inflammation and oxidative
stress in endothelial cells, thereby promoting inflammatory cell
adhesion and endothelial dysfunction (Zhenyukh et al., 2018).
Moreover, cytokine gradients (e.g., TNF-a and IL-6) formed in the
local inflammatory microenvironment can activate signaling pathways
such as NF-kB, leading to the downregulation of tight junction protein
expression and alterations in cell polarity (Voirin et al., 2020).
Conversely, anti-inflammatory therapies are beneficial for reversing
inflammation-induced barrier dysfunction (Matsuhisa et al., 2018).
This process is particularly pronounced in acute inflammation and
certain neurodegenerative diseases, highlighting the bidirectional
regulation of endothelial barrier function by chemical gradients (Jeon
et al., 2020).

3.2.2 The regulatory role of physical gradients

The fluid shear force generated by blood flow has long been
recognized as a “mechanical signal” for endothelial cells. Under stable
shear stress, endothelial cells typically align along the flow direction,
accompanied by cytoskeletal remodeling and redistribution of tight
junction proteins, which enhances barrier function (Matsuhisa et al.,
2018; Ryu et al,, 2021). Moreover, dynamic mechanical signals, such
as pulsatile or intermittent flow, can periodically activate the PI3K/Akt
and MAPK signaling pathways, thereby regulating the local expression
and reaggregation of proteins like occludin and claudin-5. Endothelial
cells exhibit high sensitivity to changes in blood flow dynamics, and
errors in mechano-transduction may lead to abnormal physiological
functions of blood vessels, contributing to the onset and progression
of various vascular diseases, including hypertension, thrombosis,
aneurysms, and atherosclerosis (Ryu et al, 2021). By using
microfluidic platforms to simulate variations in physical parameters,
studies have demonstrated that different modes of shear force can
induce immediate and reversible regulation of endothelial cell
morphology and function, providing critical experimental evidence
for understanding the role of physical signals in maintaining the BBB
(Ryu et al., 2021).

In summary, endothelial cells exhibit remarkable sensitivity to
both chemical gradients (e.g., oxygen, nutrients, cytokines) and
physical gradients (e.g., fluid shear stress, dynamic mechanical
stimulation). Through the activation of multiple signaling pathways,
including HIF-1a, NF-kB, PI3K/Akt, and MAPK, these gradients
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synergistically regulate key processes such as the establishment of cell
polarity, expression of tight junction proteins, and cytoskeletal
remodeling. These processes constitute the fundamental molecular
mechanisms underlying the maintenance of BBB physical
barrier function.

In addition to the molecular regulation of individual endothelial
cells, chemical and physical gradients collectively drive the entire
process of BBB development, from its initial formation to a mature
functional state, via cell-cell interactions and signaling exchanges
within the neurovascular unit. This ensures the BBB’s dynamic
adaptation to both internal and external environmental changes. In
vivo, the BBB is not only composed of endothelial cells but also
includes pericytes and astrocytes. Under the influence of various
chemical gradients, these cells achieve cross-cellular signaling and
cooperative regulation by secreting growth factors (such as VEGF and
PDGF) and cytokines. Simultaneously, extracellular vesicles and gap
junctions facilitate intercellular communication, enabling the entire
BBB system to rapidly respond to fluctuations in local chemical and
physical gradients.

4 The role of microenvironmental
g;aléj[i)ents in the pathological evolution
o)

4.1 Microenvironmental alterations during
the pathological progression of PD

In recent years, an increasing number of studies have
demonstrated that PD is not solely attributable to the selective loss of
dopaminergic neurons but is also associated with multiple pathological
processes, including oxidative stress, inflammatory responses, and
metabolic disturbances within the local microenvironment. These
pathological conditions often exhibit gradient distribution
characteristics in the brain. Specifically, in affected regions, the
concentrations of oxygen, nutrients, and cytokines display pronounced
spatial or temporal imbalances, thereby creating a localized “gradient
imbalance” state.

Oxidative stress is a critical factor in the degeneration of
dopaminergic neurons in PD. Specifically, when the physiological
REDOX balance in neurons is disrupted, it interferes with numerous
biological processes, ultimately leading to apoptosis or necrosis. In PD
patients, mitochondrial dysfunction and inadequate antioxidant defense
mechanisms result in significantly elevated levels of reactive oxygen
species (ROS), creating oxidative stress gradients around local nerve cells
(Ryu et al,, 2021). This state of localized hypoxia or high oxidative stress
not only causes cellular damage but also induces protein modifications
and misfolding, which subsequently promotes the abnormal aggregation
of a-syn, serving as a key trigger for the pathological progression of
PD. Consequently, many studies have focused on extracting antioxidant
compounds from natural products as potential therapeutic strategies for
PD (Ryu et al,, 2021; Sharma et al., 2021).

Long-term low-grade chronic inflammation is a critical feature in the
pathological progression of PD. Research has demonstrated that the local
concentrations of pro-inflammatory cytokines, such as TNF-o, IL-1f, and
IL-6, are markedly elevated in affected regions compared to adjacent
normal areas, establishing a pronounced concentration gradient (Pajares
et al,, 2020; Forloni et al., 2021). This gradient-driven inflammatory
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milieu not only activates resident glial cells and peripheral immune cells
but also disrupts the homeostasis of the neuro-microenvironment.
Furthermore, it exacerbates the pathological aggregation of a-syn, thereby
accelerating neurodegeneration (Pajares et al., 2020; Forloni et al,, 2021).
In addition, the energy metabolism in the brains of PD patients exhibits
an imbalanced state. Multiple studies have demonstrated that
mitochondrial dysfunction and glucose metabolism disorders result in
gradient differences in energy supply and metabolite concentrations
between diseased and healthy regions (Rocha et al., 2018). This metabolic
gradient may potentiate local cellular stress responses and apoptotic
signaling, thereby creating a conducive environment for the progression
of neuronal degeneration and abnormal aggregation of a-syn.

In conclusion, oxidative stress, inflammatory response, and
metabolic disorder in PD pathology are not isolated phenomena
but dynamically interact to form a positive feedback loop through
the spatiotemporal coupling of multiple gradients. Specifically, the
local ROS gradient induces degradation of tight junction proteins
in endothelial cells, thereby increasing BBB permeability. The
extravasation of peripheral inflammatory factors, such as TNF-a,
establishes a concentration gradient that activates microglia and
facilitates the pathological propagation of a-syn. Simultaneously,
the disruption of energy metabolism gradients exacerbates neuronal
oxidative damage by inhibiting mitochondrial function. By
simultaneously simulating these interacting gradients, microfluidic
chips provide a powerful tool to unravel this intricate network.

5 Reproducing spatiotemporal
gradients using microfluidic chips:
experimental design and modeling
construction

As an advanced platform capable of reproducing in vivo space-time
gradients, microfluidic chips have gained widespread application in
biomedical research over the past few years. Their success hinges on the
precise control of multiparameter fluid dynamics and chemical gradients.

5.1 The strategy for chip design

The current chip design tends to integrate a multi-channel fluid
control system and dynamic gradient generation technology. The design
concepts are as follows: (1) Multi-channel configuration: parallel or
cross channels are employed to generate simultaneous concentration
gradients of varying levels, thereby fulfilling the simulation requirements
for complex physiological microenvironments (Kawakita et al., 2022);
(2) Dynamic gradient generation: by regulating flow rates through
pumping control systems and micro-valves, precise adjustments to the
amplitude and slope of gradients can be achieved across different time
scales (Wang et al., 2021); (3) Online real-time monitoring: integrated
micro-sensors, live cell imaging systems, or 3D printing technologies
enable real-time monitoring of gradient distribution, fluid velocity, and
changes in cellular behavior (Arandian et al., 2019; Meghani et al., 2020).

5.1.1 Multi-parameter integrated control

Integrated control technology is the core of the platform. Current
research has realized multi-parameter coordination of flow rate,
gradient amplitude, and time regulation, and continuously optimized
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the material distribution in the chip through feedback control algorithm,
thus truly simulating the complex space-time ladder in the body
(Shinohara, 2016; Frossard et al., 2019). Therefore, in the past decade,
the integration of inline sensors into BBB-on-a-chip devices has been
an active research field, with TEER sensors being a typical example.
These systems have been used in the study of neurodegenerative diseases
such as Alzheimer’s disease (Mir et al., 2022; Palma-Florez et al., 2023).

5.2 Constructing functional BBB organoids
or co-culture systems

The utilization of microfluidic chips for constructing functional
BBB organoids or multicellular co-culture systems offers a distinctive
platform to investigate the regulation of the neural microenvironment
and the mechanisms underlying pathological processes.

5.2.1 Construction of multi-cell co-culture
system

The multi-cell co-culture of endothelial cells, pericytes, and
astrocytes has been successfully established on the microfluidic chip
platform, enabling an effective simulation of the neurovascular unit
through precise control of gradient conditions. In this system, different
cell types collaboratively maintain the structure and function of the
blood-brain barrier (BBB) via intimate physical interactions and
secretory signaling coupling (Cucullo et al., 2007; Booth and Kim, 2012;
Canfield et al,, 2017; Andrews et al., 2018). Multilevel co-culture not
only ensures authentic cell-cell interactions but also provides a robust
model for further investigation of cell behavior under gradient influences.

5.2.2 Gradient regulation improves tissue
maturity and functional stability

Using precisely controlled chemical and physical gradients within
the chip, researchers can induce polarity remodeling in endothelial cells
and upregulate tight-junction proteins, thereby enhancing the maturity
and stability of the constructed BBB model (Booth et al., 2014; Shemesh
et al, 2015). In the design of the micro-platform, the hydrogel’s
performance and structural characteristics enable it to provide an
appropriate spatiotemporal model for the biochemical and
biomechanical processes that regulate cell behavior. Consequently,
through dynamic gradient regulation, not only can the distribution of
nutrients and signals under physiological conditions be accurately
reproduced, but also the imbalances of oxygen, metabolites, and
inflammatory factors under pathological conditions be effectively
simulated. This provides an ideal experimental platform for studying
neurodegenerative diseases, including BBB dysfunction in Parkinson’s
disease (PD) (Canfield et al., 2017; Pasman et al., 2018; Dura et al., 2021).

6 Current status and prospects of a
Chl?} model that can simulate PD
pathological environment

6.1 Feasibility of constructing PD
microenvironment chip model

In recent years, a series of in vitro model experiments conducted
using microfluidic and dynamic gradient simulation platforms have
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provided compelling evidence for investigating the relationship
between gradient imbalances in the PD microenvironment and
neurodegenerative changes.

6.1.1 Dynamic gradients simulate the distribution
of inflammatory factors

Kim et al. (2012) was the pioneer in constructing a microfluidic
chip for studying WNT-f-catenin signaling and Rifes et al. (2020)
subsequently utilized a microfluidic device to culture human
embryonic stem cells and establish WNT gradient activation, thereby
forming in vitro neural tissue. While this technology was primarily
employed to investigate the differentiation and maturation processes
of neural tissues, the dynamic gradient regulation approach
implemented by the chip also served as a technical reference for
subsequent simulations of inflammatory gradients in PD. By
modulating the concentration distribution of inflammatory factors
such as IL-6 and TNF-o within the chip, this model revealed the
substantial impact of localized high-concentration areas on disrupting
endothelial cell tight junctions and enhancing permeability. These
findings suggest that variations in inflammatory gradients may
contribute to the damage of peripheral nerve cells (Brown et al., 2014).

6.1.2 Mitochondrial damage model under high
glucose conditions

Some researchers have designed a single-channel microfluidic
device capable of capturing Caenorhabditis elegans and enabling
precise imaging of mitochondria within its body wall muscle. These
microfluidic chips are employed to investigate the impact of
hyperglycemia on mitochondrial fluorescence intensity, evaluate the
extent of mitochondrial damage, and verify that methyl metformin
mitigates the adverse effects of hyperglycemia on mitochondrial
integrity (Sofela et al., 2020). This model elucidates how metabolic
imbalance dynamically regulates glucose gradients and thereby
exacerbates mitochondrial dysfunction in PD.

6.1.3 Oxygen gradient and nerve cell damage
model

Another study conducted by Taylor et al. utilized a microfluidics
platform to construct a localized hypoglycemic and hypoxic model of
neurons. While this model has primarily been applied in the
investigation of cranial trauma, its characteristics closely resemble the
oxygen supply deficiency environment induced by mitochondrial
dysfunction in PD pathology. Therefore, it holds promise for
adaptation to the study of hypoxic mitochondria in PD.

6.1.4 "Substantia nigra on a chip” model and
a-syn intercellular diffusion model

In a recent study by Pediaditakis et al. (2021), a “BBB chip” was
utilized to co-culture BBB endothelial cells, pericytes, astrocytes,
microglia, and dopaminergic neurons derived from human induced
pluripotent stem cells. Within the brain channel of the chip, these cells
were exposed to a-syn pre-formed fibrils, thereby inducing the
pathogenesis of PD. This innovative “substantia nigra brain chip” not
only recapitulates key pathological hallmarks of PD, such as the
accumulation of phosphorylated serine 129 a-syn (pSer129-aSyn),
reduced mitochondrial function, neuroinflammation, and neuronal
loss, but also demonstrates disruption of the BBB, evidenced by
increased permeability to various tracer molecules.
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Fernandes et al. (2016) has developed a novel microfluidic cell
culture platform for investigating communication between two
distinct cell populations. The integration of microvalves in the device
enables researchers to precisely control fluid pathways, the cellular
microenvironment, and simulate paracrine signaling. Co-culture
experiments were conducted to study the propagation of a-SYN
between cells. Results indicated that a-Syn-GFP is not internalized by
cells under normal conditions but can enter cells when the cell
membrane is compromised. This study elucidates the diffusion
mechanism of a-Syn in the pathogenesis of PD.

6.1.5 Toxicity model of 6-hydroxydopa
concentration gradient

The researchers cultured PCI12 cells in a microfluidic channel and
utilized the forward and backward movement of the fluid to establish
a 6-OHDA concentration gradient within the channel. Subsequently,
apoptosis was analyzed along the gradient. The results indicated that
at higher concentrations, 6-OHDA primarily induced cell death
through necrosis. Therefore, this concentration can serve as an
effective in vitro model for PD by inducing the maximum level of
apoptosis in PC12 cells (Seidi et al., 2011).

6.1.6 Comprehensive analysis and mechanism
discussion

In addition, as previously discussed, integrated computational
simulations and in vitro experiments have validated the impact of
chemical gradients (including inflammatory factors and metabolites)
on cellular communication between nerve cells and the BBB. Research
has demonstrated that variations in these gradients can substantially
modulate transcellular signaling pathways, resulting in alterations in
cytokine expression profiles and functional impairments (Voirin
et al., 2020).

In conclusion, these findings underscore the critical role of
microenvironment gradient disruption in neurodegenerative changes
and oa-syn pathological aggregation during the pathological
progression of PD. Furthermore, they substantiate the feasibility of
developing microenvironment chip models of PD from multiple
perspectives, thereby providing a robust foundation for subsequent
model validation and data analysis.

6.2 Strategies for model validation

In order to validate the functional performance of the chip model
under gradient regulation, a range of experimental methods have been
employed for model characterization: (1) TEER measurement:
Transendothelial electrical resistance (TEER) measurement allows for
real-time monitoring of the integrity and permeability changes in the
BBB model. A decrease in the TEER value typically signifies damage
to tight junction proteins and impairment of barrier function
(Fernandes et al., 2016). (2) Fluorescence tracer analysis: Fluorescently
labeled tracer molecules are utilized to detect substance transport
across the barrier, enabling quantitative analysis of molecular
transport influenced by gradient changes through real-time
monitoring of fluorescence intensity and distribution (Frost et al.,
2019; Noorani et al., 2021). (3) Molecular biomarker detection:
Techniques such as real-time quantitative PCR, Western blot, or
immunofluorescence are applied to assess expression changes in key
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signaling molecules (e.g., HIF-1a, claudin-5, occludin), thereby
verifying the effects of gradient regulation at the molecular level.
Through these methods, we can not only evaluate the overall
performance of the model at a macro level but also gain a deeper
insight into the impact of gradient regulation on cell behavior at a
micro level, thereby ensuring the reliability and validity of the model.

6.3 Data integration and multi-scale
analysis

After validating the reliability of the model, the subsequent step
involves analyzing experimental data to comprehensively reveal the
impact of gradient adjustment on microflow control chips. Currently,
the experimental data is integrated with computational simulations
and multi-group datasets, enabling multi-scale and holistic analyses.
At the cellular level, the experimental data regarding changes in cell
behavior were analyzed to reflect the effects of gradient adjustment on
cell function. At the systemic level, multiple datasets were
consolidated, incorporating gene expression profiles and protein
modifications, to elucidate the response mechanisms of cells to
microenvironmental gradients. This approach ultimately achieves a
comprehensive understanding of the influence of gradient adjustments.

6.3.1 Computational fluid dynamics simulation
Computational fluid dynamics (CFD) technology can accurately
model the fluid dynamics behavior within the chip, simulate gradient
distribution, shear force fields, and solute dispersion. By constructing
a chip model based on numerical calculations (such as finite element
analysis), researchers can predict the distribution patterns of wall
concentration and shear force under various operating parameters
(flow rate, gradient amplitude, and geometric structure). This provides
a theoretical foundation for experimental design and in-depth analysis
of the gradient regulation mechanism (Shen et al., 2014; Noorani et al.,
2021). Such multi-parameter numerical simulations not only aid in
optimizing chip design but also elucidate the key variables and control
points involved in the processes of gradient formation and transfer.

6.3.2 Integrated analysis of multi-omics data

The integrated analysis of multi-omics data offers a
comprehensive framework for elucidating the molecular
mechanisms underlying cellular responses to microenvironmental
gradient stimulation. By combining transcriptome data from
RNA-seq with proteome data detected via mass spectrometry, a
complete regulatory network of gradient signals on cell function can
be revealed. Specifically, at the gene expression level, differential
expression analysis enables the precise identification of dynamic
patterns of key regulatory genes (e.g., NF-kB, HIF-la, and
components of the WNT pathway) under gradient conditions,
thereby clarifying the hierarchical relationships and regulatory logic
of signaling pathway activation. Furthermore, at the protein level,
quantitative analysis of the expression abundance and modification
states of tight-junction proteins, inflammatory factors, and
metabolism-related proteins directly validates the immediate effects
of chemical/physical gradients on cellular structural and functional
remodeling. To establish the correlation between molecular

mechanisms and the physical environment, we innovatively coupled
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CFD simulation data with multi-omics detection results to construct
a cross-scale quantitative model. This model facilitates full-chain
mechanism analysis, bridging fluid mechanics parameters to
molecular event responses. This integrative analysis strategy,
spanning from molecular characteristics to system behavior, not
only provides novel insights into the mechanisms of
microenvironmental gradient imbalance in the pathological
progression of PD but also establishes a robust data foundation for
the development of targeted intervention strategies by identifying

critical driving factors (Shen et al., 2014).

7 Current challenges, limitations, and
future prospects

7.1 Standardization of technology and
modeling

In recent years, microfluidic chip technology has shown
significant advancements in constructing BBB organoids and
simulating complex in vitro microenvironmental gradients. However,
critical challenges persist in achieving technical standardization and
ensuring model reproducibility. Current microfluidic chip
manufacturing processes exhibit substantial variability across research
groups, particularly regarding substrate materials (such as PDMS,
glass, thermoplastic polymers) and fabrication methodologies. These
variations lead to inconsistencies in microstructural geometries,
surface modifications, and channel designs, thereby undermining
batch-to-batch reproducibility and inter-platform stability (Saorin
et al., 2023). For example, differences in fluid dynamic parameters,
gradient generation accuracy, and sensor integration protocols across
chip designs directly compromise the comparability of experimental
outcomes, such as drug permeability assays. Moreover, while real-time
monitoring modules (e.g., in-line sensors, live-cell imaging systems)
are continuously being refined, their long-term operational stability
and durability require thorough validation. To address these issues,
interdisciplinary collaboration is essential to prioritize standardized
chip designs (e.g., 3D-printed modular chips) and open-access
manufacturing protocols, particularly for resolving challenges related
to functional unit interface standardization and long-term
system reliability.

The long-term maintenance and dynamic monitoring of BBB
organoids pose significant technical challenges. While current
multicellular co-culture models effectively mimic key features of the
in vivo microenvironment, they often fail to maintain functional
stability over extended culture durations (ranging from weeks to
months). Factors such as heterogeneous cellular proliferation, complex
cell-matrix interactions, and temporal variations in biochemical
gradients collectively lead to a gradual loss of endothelial cell polarity
and impaired transmembrane transport, which can compromise the
accuracy of high-throughput drug screening data (Cui and Cho, 2022;
Dao et al., 2024). Importantly, integrating dynamic perfusion systems
with mechanical stress simulations (e.g., pulsatile flow) represents a
promising strategy. By finely tuning shear stress patterns and
optimizing the temporal delivery of nutrients, these systems can
sustain endothelial barrier integrity and metabolic activity.
Nevertheless, robust between

achieving synchronization
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biomechanical stimuli and biochemical microenvironmental cues
remains a critical hurdle for improving model durability.

7.2 Physiological correlations and
differences between in vivo and in vitro
studies

While in vitro microfluidic BBB models enable precise control
over biochemical gradients, mechanical stresses, and cellular
interactions, they remain physiologically incomplete compared to
in vivo systems. Key limitations include inadequate recapitulation
of multicellular crosstalk (e.g., neuroimmune interactions),
systemic metabolic coupling, and dynamic extracellular matrix
remodeling. Current platforms often prioritize isolated parameter
validation (e.g., single gradient effects) over multiscale integration,
leading to fragmented interpretations of disease mechanisms.
Bridging in vitro data with clinical relevance requires advanced
analytical frameworks for cross-scale parameter correlation
(molecular to organ-level) and incorporation of patient-derived
cells or multi-organ interfaces. Emerging solutions leveraging
machine learning and adaptive biosensor networks may enhance
physiological fidelity, but achieving clinically predictive models
demands systematic mimicry of self-regulating homeostasis and
longitudinal pathophysiological progression.

7.3 Multi-technology integration and future
development trends

In order to address the existing challenges, future research should
focus on further exploration in technology integration and
interdisciplinary collaboration, thereby facilitating the development
of chip models toward high throughput, precision, and multi-system
co-modeling.

First of all, using Al and big data technology, a large number of
experimental data in the microfluidic chip can be mined and model
optimized to achieve parameter optimization and high-throughput
screening. For example, by analyzing different flow velocity, gradient
amplitude and cell response data through machine learning
algorithms, it is expected to establish a more accurate in vitro and
in vivo association database and realize the construction of predictive
models (Lashkaripour et al., 2021; McIntyre et al., 2022). This kind of
data-driven analysis will provide strong support for chip design and
optimization of experimental parameters. Secondly, in the future, in
the field of chip manufacturing and functional expansion, emerging
methods such as CRISPR gene editing technology, advanced sensor
technology, and 3D printing are expected to further enhance the
quality and functionality of model construction. By regulating key
signaling pathways through CRISPR technology, integrating real-time
monitoring sensors to precisely detect gradient changes, and
reconstructing complex structures with 3D printing technology, these
approaches can provide innovative ideas for improving chip design
(de Almeida Monteiro Melo Ferraz et al., 2020; Zhou et al., 2020; Chen
et al, 2022; Monia Kabandana et al, 2022). Additionally, the
construction of cross-organ chips (such as brain-intestine and brain-
liver combined models) will help reveal the interrelationship
mechanisms of multi-system diseases and promote the integrated
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application of in vivo and in vitro models (Monia Kabandana
etal., 2022).

Finally, it is recommended that standards be established through
interdisciplinary collaboration. There is an urgent need to consolidate
resources from multiple disciplines, including engineering, biology,
clinical medicine, and computer science, to collaboratively develop a
standardized framework for chip manufacturing, experimental
procedures, and data analysis. This will effectively reduce the
discrepancies between in vivo and in vitro studies and enhance the
The trend toward
interdisciplinary collaboration and multi-technology integration will

physiological relevance of the model.

offer advanced technical support and a robust theoretical foundation
for exploring the mechanisms underlying neurodegenerative diseases
such as Parkinson’s disease and other complex conditions.

Author contributions

SY: Writing - review & editing, Writing - original draft, Funding
acquisition, Resources. L]: Conceptualization, Writing - original draft,
Investigation. MS: Investigation, Writing — review & editing. TY:
Writing - original draft, Writing - review & editing. MY: Writing —
review & editing, Writing - original draft, Investigation, Data curation.
XC: Funding acquisition, Writing - original draft, Writing - review &
editing. HS: Validation, Funding acquisition, Writing — review &
editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported by
Department of Science and Technology of Sichuan Province (Grant No.
2024NSFSC0619); Medical Innovation Project (Grant No. 21WQO040);
Hospital Management Project of Western Command General Hospital
(Grant Nos. 2021-XZYG-B22 and 2021-XZYG-B21).

Conflict of interest
The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1599509
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Yu et al.

References

Al-Bachari, S., Naish, J. H., Parker, G. J. M., Emsley, H. C. A., and Parkes, L. M. (2020).
Blood-brain barrier leakage is increased in Parkinson’s disease. Front. Physiol. 11:593026.
doi: 10.3389/fphys.2020.593026

Anmirifar, L., Shamloo, A., Nasiri, R., de Barros, N. R., Wang, Z. Z., Unluturk, B. D,
etal. (2022). Brain-on-a-chip: recent advances in design and techniques for microfluidic
models of the brain in health and disease. Biomaterials 285:121531. doi:
10.1016/j.biomaterials.2022.121531

Andrews, A. M., Lutton, E. M., Cannella, L. A., Reichenbach, N., Razmpour, R.,
Seasock, M. J., et al. (2018). Characterization of human fetal brain endothelial cells
reveals barrier properties suitable for in vitro modeling of the BBB with syngenic co-
cultures. J. Cereb. Blood Flow Metab. 38, 888-903. doi: 10.1177/0271678X17708690

Arandian, A., Bagheri, Z., Ehtesabi, H., Najafi Nobar, S., Aminoroaya, N., Samimi, A.,
et al. (2019). Optical imaging approaches to monitor static and dynamic cell-on-chip
platforms: a tutorial review. Small 15:€1900737. doi: 10.1002/smll.201900737

Aydin, H. B., Moon, H. R,, Han, B., Ozcelikkale, A., and Acar, A. (2024). Tumor-
microenvironment-on-chip platform for assessing drug response in 3D dynamic culture.
Methods Mol. Biol. 2764, 265-278. doi: 10.1007/978-1-0716-3674-9_17

Bonificio, E. D., Gonzalez-Torres, L. A., Meireles, A. B., Guimaries, M. V., and
Araujo, C. A. (2019). Spatiotemporal pattern of glucose in a microfluidic device depend
on the porosity and permeability of the medium: a finite element study. Comput.
Methods Prog. Biomed. 182:105039. doi: 10.1016/j.cmpb.2019.105039

Booth, R., and Kim, H. (2012). Characterization of a microfluidic in vitro model of
the blood-brain barrier (1BBB). Lab Chip 12, 1784-1792. doi: 10.1039/c21c40094d

Booth, R., Noh, S., and Kim, H. (2014). A multiple-channel, multiple-assay platform
for characterization of full-range shear stress effects on vascular endothelial cells. Lab
Chip 14, 1880-1890. doi: 10.1039/C3LC51304A

Brown, J. A,, Sherrod, S. D., Goodwin, C. R., Brewer, B., Yang, L., Garbett, K. A, et al.
(2014). Metabolic consequences of interleukin-6 challenge in developing neurons and
astroglia. J. Neuroinflammation 11:183. doi: 10.1186/s12974-014-0183-6

Canfield, S. G., Stebbins, M. J., Morales, B. S., Asai, S. W., Vatine, G. D., Svendsen, C. N.,
etal. (2017). An isogenic blood-brain barrier model comprising brain endothelial cells,
astrocytes, and neurons derived from human induced pluripotent stem cells. .
Neurochem. 140, 874-888. doi: 10.1111/jnc.13923

Chakraborty, A., Brauer, S., and Diwan, A. (2020). A review of possible therapies for
Parkinson’s disease. J. Clin. Neurosci. 76, 1-4. doi: 10.1016/j.jocn.2020.03.047

Chen, B, Li, Y, Xu, E, and Yang, X. (2022). Powerful CRISPR-based biosensing
techniques and their integration with microfluidic platforms. Front. Bioeng. Biotechnol.
10:851712. doi: 10.3389/fbioe.2022.851712

Christoffersson, J., Meier, E.,, Kempf, H., Schwanke, K., Coffee, M., Beilmann, M., et al.
(2018). A cardiac cell outgrowth assay for evaluating drug compounds using a cardiac
spheroid-on-a-chip device. Bioengineering 5:36. doi: 10.3390/bioengineering5020036

Chung, S., Sudo, R., Vickerman, V., Zervantonakis, I. K., and Kamm, R. D. (2010).
Microfluidic platforms for studies of angiogenesis, cell migration, and cell-cell
interactions. Sixth International Bio-Fluid Mechanics Symposium and Workshop March
28-30, 2008 Pasadena, California. Ann. Biomed. Eng. 38, 1164-1177. doi:
10.1007/s10439-010-9899-3

Cong, X., and Kong, W. (2020). Endothelial tight junctions and their regulatory
signaling pathways in vascular homeostasis and disease. Cell. Signal. 66:109485. doi:
10.1016/j.cellsig.2019.109485

Coundouris, S. P, Terrett, G., Laakso, L., Schweitzer, D., Kneebone, A., Rendell, P. G.,
et al. (2020). A meta-analytic review of prospection deficits in Parkinson’s disease.
Neurosci. Biobehav. Rev. 108, 34-47. doi: 10.1016/j.neubiorev.2019.10.016

Crockett, J., Newman, D. K., and Newman, P. J. (2010). PECAM-1 functions as a
negative regulator of laminin-induced platelet activation. J. Thromb. Haemost. 8,
1584-1593. doi: 10.1111/j.1538-7836.2010.03883.x

Cucullo, L., Hossain, M., Rapp, E., Manders, T., Marchi, N., and Janigro, D. (2007).
Development of a humanized in vitro blood-brain barrier model to screen for brain
penetration  of  antiepileptic ~ drugs.  Epilepsia 48,  505-516.  doi:
10.1111/j.1528-1167.2006.00960.x

Cui, B., and Cho, S. W. (2022). Blood-brain barrier-on-a-chip for brain disease
modeling and drug testing. BMB Rep. 55, 213-219. doi: 10.5483/BMBRep.2022.55.5.043

Dao, L., You, Z,, Lu, L., Xu, T., Sarkar, A. K, Zhu, H., et al. (2024). Modeling blood-
brain barrier formation and cerebral cavernous malformations in human PSC-derived
organoids. Cell Stem Cell 31, 818-833.e11. doi: 10.1016/j.stem.2024.04.019

de Almeida Monteiro Melo Ferraz, M., Nagashima, J. B., Venzac, B., Le Gac, S., and
Songsasen, N. (2020). 3D printed mold leachates in PDMS microfluidic devices. Sci. Rep.
10:994. doi: 10.1038/s41598-020-57816-y

Dessalles, C. A., Ramo6n-Lozano, C., Babataheri, A., and Barakat, A. 1. (2021). Luminal
flow actuation generates coupled shear and strain in a microvessel-on-chip.
Biofabrication 14:015003. doi: 10.1088/1758-5090/ac2baa

Doupé, D. P, and Perrimon, N. (2016). Toward a systems understanding of signaling
pathway function. Curr. Top. Dev. Biol. 117, 221-236. doi: 10.1016/bs.ctdb.2015.11.005

Frontiers in Aging Neuroscience

11

10.3389/fnagi.2025.1599509

Dura, G., Crespo-Cuadrado, M., Waller, H., Peters, D. T., Ferreira, A. M., Lakey, J. H.,
et al. (2021). Hydrogels of engineered bacterial fimbriae can finely tune 2D human cell
culture. Biomater. Sci. 9, 2542-2552. doi: 10.1039/DOBM01966F

Economou, A. D., and Hill, C. S. (2020). Temporal dynamics in the formation and
interpretation of nodal and BMP morphogen gradients. Curr. Top. Dev. Biol. 137,
363-389. doi: 10.1016/bs.ctdb.2019.10.012

Fernandes, J. T., Chutna, O., Chu, V., Conde, J. P,, and Outeiro, T. F. (2016). A novel
microfluidic cell co-culture platform for the study of the molecular mechanisms of
Parkinson’s disease and other synucleinopathies. Front. Neurosci. 10:511. doi:
10.3389/fnins.2016.00511

Forloni, G., La Vitola, P,, Cerovic, M., and Balducci, C. (2021). Inflammation and
Parkinson’s disease pathogenesis: mechanisms and therapeutic insight. Prog. Mol. Biol.
Transl. Sci. 177, 175-202. doi: 10.1016/bs.pmbts.2020.11.001

Frossard, L., Leech, B., and Pitkin, M. (2019). Inter-participant variability data in
characterization of anthropomorphicity of prosthetic feet fitted to bone-anchored
transtibial prosthesis. Data Brief 25:104195. doi: 10.1016/j.dib.2019.104195

Frost, T. S., Jiang, L., Lynch, R. M., and Zohar, Y. (2019). Permeability of epithelial/
endothelial barriers in Transwells and microfluidic bilayer devices. Micromachines
10:533. doi: 10.3390/mi10080533

Galie, P. A., Nguyen, D. H., Choi, C. K., Cohen, D. M., Janmey, P. A, and Chen, C. S.
(2014). Fluid shear stress threshold regulates angiogenic sprouting. Proc. Natl. Acad. Sci.
U.S.A. 111, 7968-7973. doi: 10.1073/pnas.1310842111

Giannoni, P, Badaut, J., Dargazanli, C., Fayd’'Herbe De Maudave, A., Klement, W,
Costalat, V., et al. (2018). The pericyte-glia interface at the blood-brain barrier. Clin. Sci.
132, 361-374. doi: 10.1042/CS20171634

Griep, L. M., Wolbers, F, de Wagenaar, B., ter Braak, P. M., Weksler, B. B.,
Romero, I. A,, et al. (2013). BBB on chip: microfluidic platform to mechanically and
biochemically modulate blood-brain barrier function. Biomed. Microdevices 15,
145-150. doi: 10.1007/s10544-012-9699-7

Han, F, and Hu, B. (2020). Stem cell therapy for Parkinson’s disease. Adv. Exp. Med.
Biol. 1266, 21-38. doi: 10.1007/978-981-15-4370-8_3

Heithoff, B. P, George, K. K., Phares, A. N., Zuidhoek, I. A., Munoz-Ballester, C., and
Robel, S. (2021). Astrocytes are necessary for blood-brain barrier maintenance in the
adult mouse brain. Glia 69, 436-472. doi: 10.1002/glia.23908

Huang, A., and Saunders, T. E. (2020). A matter of time: formation and interpretation
of the bicoid morphogen gradient. Curr. Top. Dev. Biol. 137, 79-117. doi:
10.1016/bs.ctdb.2019.11.016

Hubatsch, L., and Goehring, N. W. (2020). Intracellular morphogens: specifying
patterns at the subcellular scale. Curr. Top. Dev. Biol. 137, 247-278. doi:
10.1016/bs.ctdb.2019.11.006

Jeon, H., Kim, H. Y., Bae, C. H,, Lee, Y., and Kim, S. (2020). Korean red ginseng
regulates intestinal tight junction and inflammation in the colon of a Parkinson’s disease
mouse model. J. Med. Food 23, 1231-1237. doi: 10.1089/jmf.2019.4640

Jorgensen, L. H., Moller, V. S., and Revsholm, J. (2020). Plasma viscosity: evaluation
of a new measuring method using microfluidic chip technology (micro Visc™) for
clinical use and determination of a new reference range. Ann. Clin. Biochem. 57,
249-252. doi: 10.1177/0004563220920903

Kadry, H., Noorani, B., and Cucullo, L. (2020). A blood-brain barrier overview on
structure, function, impairment, and biomarkers of integrity. Fluids Barriers CNS 17:69.
doi: 10.1186/s12987-020-00230-3

Kawakita, S., Mandal, K., Mou, L., Mecwan, M. M., Zhu, Y., Li, S., et al. (2022). Organ-
on-a-chip models of the blood-brain barrier: recent advances and future prospects.
Small 18:€2201401. doi: 10.1002/smll.202201401

Kim, C., Kreppenhofer, K., Kashef, J., Gradl, D., Herrmann, D., Schneider, M., et al.
(2012). Diffusion- and convection-based activation of Wnt/f-catenin signaling in a
gradient generating microfluidic chip. Lab Chip 12, 5186-5194. doi: 10.1039/c21c40172j

Kimura, H., Sakai, Y., and Fujii, T. (2018). Organ/body-on-a-chip based on
microfluidic technology for drug discovery. Drug Metab. Pharmacokinet. 33, 43-48. doi:
10.1016/j.dmpk.2017.11.003

Kumar, A., Goudar, V. S., Kaladharan, K., Santra, T. S., and Tseng, E. G. (2023).
Synthesis and characterization of a fluorescent polymeric nano-thermometer: dynamic
monitoring of 3D temperature distribution in co-cultured tumor spheroids. Analyst 148,
2045-2057. doi: 10.1039/D2AN01968]

Lashkaripour, A., Rodriguez, C., Mehdipour, N., Mardian, R., McIntyre, D., Ortiz, L.,
etal. (2021). Machine learning enables design automation of microfluidic flow-focusing
droplet generation. Nat. Commun. 12:25. doi: 10.1038/s41467-020-20284-z

Lazdon, E., Stolero, N., and Frenkel, D. (2020). Microglia and Parkinson’s disease:
footprints to pathology. J. Neural Transm. 127,149-158. doi: 10.1007/500702-020-02154-6

Lee, H., and Pienaar, I. S. (2014). Disruption of the blood-brain barrier in Parkinson’s
disease: curse or route to a cure? Front. Biosci. 19, 272-280. doi: 10.2741/4206

Li, L., Ren, L,, Liu, W,, Wang, J. C., Wang, Y., Tu, Q,, et al. (2012). Spatiotemporally
controlled and multifactor involved assay of neuronal compartment regeneration after

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1599509
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2020.593026
https://doi.org/10.1016/j.biomaterials.2022.121531
https://doi.org/10.1177/0271678X17708690
https://doi.org/10.1002/smll.201900737
https://doi.org/10.1007/978-1-0716-3674-9_17
https://doi.org/10.1016/j.cmpb.2019.105039
https://doi.org/10.1039/c2lc40094d
https://doi.org/10.1039/C3LC51304A
https://doi.org/10.1186/s12974-014-0183-6
https://doi.org/10.1111/jnc.13923
https://doi.org/10.1016/j.jocn.2020.03.047
https://doi.org/10.3389/fbioe.2022.851712
https://doi.org/10.3390/bioengineering5020036
https://doi.org/10.1007/s10439-010-9899-3
https://doi.org/10.1016/j.cellsig.2019.109485
https://doi.org/10.1016/j.neubiorev.2019.10.016
https://doi.org/10.1111/j.1538-7836.2010.03883.x
https://doi.org/10.1111/j.1528-1167.2006.00960.x
https://doi.org/10.5483/BMBRep.2022.55.5.043
https://doi.org/10.1016/j.stem.2024.04.019
https://doi.org/10.1038/s41598-020-57816-y
https://doi.org/10.1088/1758-5090/ac2baa
https://doi.org/10.1016/bs.ctdb.2015.11.005
https://doi.org/10.1039/D0BM01966F
https://doi.org/10.1016/bs.ctdb.2019.10.012
https://doi.org/10.3389/fnins.2016.00511
https://doi.org/10.1016/bs.pmbts.2020.11.001
https://doi.org/10.1016/j.dib.2019.104195
https://doi.org/10.3390/mi10080533
https://doi.org/10.1073/pnas.1310842111
https://doi.org/10.1042/CS20171634
https://doi.org/10.1007/s10544-012-9699-7
https://doi.org/10.1007/978-981-15-4370-8_3
https://doi.org/10.1002/glia.23908
https://doi.org/10.1016/bs.ctdb.2019.11.016
https://doi.org/10.1016/bs.ctdb.2019.11.006
https://doi.org/10.1089/jmf.2019.4640
https://doi.org/10.1177/0004563220920903
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1002/smll.202201401
https://doi.org/10.1039/c2lc40172j
https://doi.org/10.1016/j.dmpk.2017.11.003
https://doi.org/10.1039/D2AN01968J
https://doi.org/10.1038/s41467-020-20284-z
https://doi.org/10.1007/s00702-020-02154-6
https://doi.org/10.2741/4206

Yu et al.

chemical injury in an integrated microfluidics. Anal. Chem. 84, 6444-6453. doi:
10.1021/ac3013708

Liu, C., Chu, D., Kalantar-Zadeh, K., George, J., Young, H. A, and Liu, G. (2021).
Cytokines: from clinical significance to quantification. Adv. Sci. 8:22004433. doi:
10.1002/advs.202004433

Matsuhisa, K., Watari, A., Iwamoto, K., Kondoh, M., and Yagi, K. (2018). Lignosulfonic
acid attenuates NF-kB activation and intestinal epithelial barrier dysfunction induced
by TNF-o/TFN-y in Caco-2 «cells. J. Nat. Med. 72, 448-455. doi:
10.1007/s11418-017-1167-5

Mclntyre, D., Lashkaripour, A., Fordyce, P, and Densmore, D. (2022). Machine
learning for microfluidic design and control. Lab Chip 22, 2925-2937. doi:
10.1039/D2LC00254]

Medina-Flores, E, Hurtado-Alvarado, G., Contis-Montes de Oca, A,
Lépez-Cervantes, S. P, Konigsberg, M., Deli, M. A., et al. (2020). Sleep loss disrupts
pericyte-brain endothelial cell interactions impairing blood-brain barrier function.
Brain Behav. Immun. 89, 118-132. doi: 10.1016/j.bbi.2020.05.077

Meghani, N., Kim, K. H,, Kim, S. H,, Lee, S. H., and Choi, K. H. (2020). Evaluation
and live monitoring of pH-responsive HSA-ZnO nanoparticles using a lung-on-a-chip
model. Arch. Pharm. Res. 43, 503-513. doi: 10.1007/s12272-020-01236-z

Mehta, A., Desai, A., Rudd, D., Siddiqui, G., Nowell, C. J., Tong, Z., et al. (2022). Bio-
mimicking brain vasculature to investigate the role of heterogeneous shear stress in
regulating barrier integrity. Adv. Biol. 6:¢2200152. doi: 10.1002/adbi.202200152

Mir, M., Palma-Florez, S., Lagunas, A., Lopez-Martinez, M. ]., and Samitier, J. (2022).
Biosensors integration in blood-brain barrier-on-a-chip: emerging platform for
monitoring  neurodegenerative diseases. ACS Sems. 7, 1237-1247. doi:
10.1021/acssensors.2c00333

Modarres, H. P, Janmaleki, M., Novin, M., Saliba, J., El-Hajj, F, Rezayati Charan, M.,
et al. (2018). In vitro models and systems for evaluating the dynamics of drug delivery
to the healthy and diseased brain. J. Control. Release 273, 108-130. doi:
10.1016/j.jconrel.2018.01.024

Monia Kabandana, G. K., Zhang, T., and Chen, C. (2022). Emerging 3D printing
technologies and methodologies for microfluidic development. Anal. Methods 14,
2885-2906. doi: 10.1039/D2AY00798C

Nakagawa, S., Deli, M. A., Kawaguchi, H., Shimizudani, T., Shimono, T,, Kittel, A.,
etal. (2009). A new blood-brain barrier model using primary rat brain endothelial cells,
pericytes and astrocytes. Neurochem. Int. 54, 253-263. doi: 10.1016/j.neuint.2008.12.002

Nallasamy, P,, Kang, Z. Y., Sun, X., Anandh Babu, P. V,, Liu, D,, and Jia, Z. (2021).
Natural compound resveratrol attenuates TNF-alpha-induced vascular dysfunction in
mice and human endothelial cells: the involvement of the NF-kB signaling pathway. Int.
J. Mol. Sci. 22:12486. doi: 10.3390/ijms222212486

Nicoli, S., and Grutzendler, J. (2021). Unlocking pericyte function in the adult blood
brain barrier one «cell at a time. Circ. Res. 128, 511-512. doi:
10.1161/CIRCRESAHA.121.318799

Noorani, B., Bhalerao, A., Raut, S., Nozohouri, E., Bickel, U., and Cucullo, L. (2021).
A quasi-physiological microfluidic blood-brain barrier model for brain permeability
studies. Pharmaceutics 13:1474. doi: 10.3390/pharmaceutics13091474

Oghabian, M. A., Fatemidokht, A., and Haririchian, M. H. (2022). Quantification of
blood-brain-barrier permeability dysregulation and inflammatory activity in MS lesions
by dynamic-contrast enhanced MR imaging. Basic Clin. Neurosci. 13, 117-128. doi:
10.32598/bcn.2022.575.1

Pajares, M., A, I. R., Manda, G., Bosca, L., and Cuadrado, A. (2020). Inflammation in
Parkinson’s disease: mechanisms and therapeutic implications. Cells 9:1687. doi:
10.3390/cells9071687

Palma-Florez, S., Lopez-Canosa, A., Moralez-Zavala, F,, Castafio, O., Kogan, M. J.,
Samitier, J., et al. (2023). BBB-on-a-chip with integrated micro-TEER for permeability
evaluation of multi-functionalized gold nanorods against Alzheimer’s disease. J.
Nanobiotechnology 21:115. doi: 10.1186/s12951-023-01798-2

Pan, Y., and Nicolazzo, J. A. (2018). Impact of aging, Alzheimer’s disease and
Parkinson’s disease on the blood-brain barrier transport of therapeutics. Adv. Drug Deliv.
Rev. 135, 62-74. doi: 10.1016/j.addr.2018.04.009

Pasman, T., Grijpma, D., Stamatialis, D., and Poot, A. (2018). Flat and microstructured
polymeric membranes in organs-on-chips. J. R. Soc. Interface 15:20180351. doi:
10.1098/rsif.2018.0351

Pediaditakis, I., Kodella, K. R., Manatakis, D. V,, Le, C. Y., Hinojosa, C. D.,
Tien-Street, W,, et al. (2021). Modeling alpha-synuclein pathology in a human brain-
chip to assess blood-brain barrier disruption. Nat. Commun. 12:5907. doi:
10.1038/541467-021-26066-5

Pena, J. S., and Vazquez, M. (2020). VEGF upregulates EGFR expression to stimulate
chemotactic behaviors in the rMC-1 model of Miiller glia. Brain Sci. 10:330. doi:
10.3390/brainscil0060330

Petrovskaya, A. V., Barykin, E. P,, Tverskoi, A. M., Varshavskaya, K. B., Mitkevich, V. A.,
Petrushanko, I Y,, et al. (2022). Blood-brain barrier Transwell modeling. Mol. Biol. 56,
1086-1094. doi: 10.31857/50026898422060179

Poddar, M. S., Chu, Y. D,, Yeh, C. T., and Liu, C. H. (2024). Deciphering hepatoma cell
resistance to tyrosine kinase inhibitors: insights from a liver-on-a-chip model unveiling
tumor endothelial cell mechanisms. Lab Chip 24, 3668-3678. doi: 10.1039/D4LC00238E

Frontiers in Aging Neuroscience

12

10.3389/fnagi.2025.1599509

Reich, M. M., Hsu, J., Ferguson, M., Schaper, E, Joutsa, J., Roothans, ., et al. (2022).
A brain network for deep brain stimulation induced cognitive decline in Parkinson’s
disease. Brain 145, 1410-1421. doi: 10.1093/brain/awac012

Rifes, P, Isaksson, M., Rathore, G. S., Aldrin-Kirk, P, Moller, O. K., Barzaghi, G., et al.
(2020). Publisher correction: modeling neural tube development by differentiation of
human embryonic stem cells in a microfluidic WNT gradient. Nat. Biotechnol. 38:1357.
doi: 10.1038/s41587-020-0590-4

Rocha, E. M., De Miranda, B., and Sanders, L. H. (2018). Alpha-synuclein: pathology,
mitochondrial dysfunction and neuroinflammation in Parkinson’s disease. Neurobiol.
Dis. 109, 249-257. doi: 10.1016/j.nbd.2017.04.004

Roth, M., Carlsson, R., Buizza, C., Enstrom, A., and Paul, G. (2024). Pericyte response
to ischemic stroke precedes endothelial cell death and blood-brain barrier breakdown.
J. Cereb. Blood Flow Metab. 45, 617-629. doi: 10.1177/0271678X241261946

Ryu,]. Y, Kim, Y. H, Lee, J. S., Lee, J. W,, Oh, E. J., Kim, H. M., et al. (2021). Oscillatory
shear stress promotes angiogenic effects in arteriovenous malformations endothelial
cells. Mol. Med. 27:31. doi: 10.1186/s10020-021-00291-6

Saidijam, M., Karimi Dermani, E, Sohrabi, S., and Patching, S. G. (2018). Efflux
proteins at the blood-brain barrier: review and bioinformatics analysis. Xenobiotica 48,
506-532. doi: 10.1080/00498254.2017.1328148

Saorin, G., Caligiuri, I, and Rizzolio, F. (2023). Microfluidic organoids-on-a-chip: the
future of human models. Semin. Cell Dev. Biol. 144, 41-54. doi:
10.1016/j.semcdb.2022.10.001

Schiera, G., Di Liegro, C. M., Schiro, G., Sorbello, G., and Di Liegro, I. (2024).
Involvement of astrocytes in the formation, maintenance, and function of the blood-
brain barrier. Cells 13:150. doi: 10.3390/cells13020150

Seidi, A., Kaji, H. Annabi, N., Ostrovidov, S., Ramalingam, M., and
Khademhosseini, A. (2011). A microfluidic-based neurotoxin concentration gradient
for the generation of an in vitro model of Parkinson’s disease. Biomicrofluidics 5:22214.
doi: 10.1063/1.3580756

Sharma, S., Trivedi, S., Pandey, T., Ranjan, S., Trivedi, M., and Pandey, R. (2021).
Wedelolactone mitigates parkinsonism via alleviating oxidative stress and mitochondrial
dysfunction  through NRF2/SKN-1. Mol.  Neurobiol. 58, 65-77. doi:
10.1007/s12035-020-02080-4

Shemesh, J., Jalilian, I., Shi, A., Heng Yeoh, G., Knothe Tate, M. L., and Ebrahimi
‘Warkiani, M. (2015). Flow-induced stress on adherent cells in microfluidic devices. Lab
Chip 15, 4114-4127. doi: 10.1039/C5LC00633C

Shen, E, Li, X, and Li, P. C. (2014). Study of flow behaviors on single-cell manipulation
and shear stress reduction in microfluidic chips using computational fluid dynamics
simulations. Biomicrofluidics 8:014109. doi: 10.1063/1.4866358

Shinohara, H. (2016). Another big discovery-metallofullerenes. Philos. Trans. R. Soc.
A 374:20150325. doi: 10.1098/rsta.2015.0325

Smith, K. J., and Ainslie, P. N. (2017). Regulation of cerebral blood flow and
metabolism during exercise. Exp. Physiol. 102, 1356-1371. doi: 10.1113/EP086249

Sofela, S., Sahloul, S., Bhattacharjee, S., Bose, A., Usman, U,, and Song, Y. A. (2020).
Quantitative fluorescence imaging of mitochondria in body wall muscles of
Caenorhabditis elegans under hyperglycemic conditions using a microfluidic chip. Integr.
Biol. 12, 150-160. doi: 10.1093/intbio/zyaa011

Song, D, Ji, Y. B., Huang, X. W,, Ma, Y. Z,, Fang, C,, Qiu, L. H,, et al. (2022). Lithium
attenuates blood-brain barrier damage and brain edema following intracerebral
hemorrhage via an endothelial Wnt/f-catenin signaling-dependent mechanism in mice.
CNS Neurosci. Ther. 28, 862-872. doi: 10.1111/cns.13832

Song, T., Zhang, H., Luo, Z., Shang, L., and Zhao, Y. (2023). Primary human pancreatic
cancer cells cultivation in microfluidic hydrogel microcapsules for drug evaluation. Adv.
Sci. 10:e2206004. doi: 10.1002/advs.202206004

Tofaris, G. K. (2022). Initiation and progression of a-synuclein pathology in
Parkinson’s disease. Cell. Mol. Life Sci. 79:210. doi: 10.1007/s00018-022-04240-2

Toth, A., Veszelka, S., Nakagawa, S., Niwa, M., and Deli, M. A. (2011). Patented in vitro
blood-brain barrier models in CNS drug discovery. Recent Pat. CNS Drug Discov. 6,
107-118. doi: 10.2174/157488911795933910

Tung, B. S., Toprak, E, Toprak, S. E, and Sozer, S. (2021). In vitro investigation of
growth factors including MGF and IGF-1 in neural stem cell activation, proliferation,
and migration. Brain Res. 1759:147366. doi: 10.1016/j.brainres.2021.147366

Tysnes, O. B., and Storstein, A. (2017). Epidemiology of Parkinson’ disease. J. Neural
Transm. 124, 901-905. doi: 10.1007/s00702-017-1686-y

van der Helm, M. W,, Meer, A. D,, Eijkel, J. C., van den Berg, A., and Segerink, L. I.
(2016). Microfluidic organ-on-chip technology for blood-brain barrier research. Tissue
Barriers 4:1142493. doi: 10.1080/21688370.2016.1142493

Vatine, G. D., Barrile, R., Workman, M. J,, Sances, S., Barriga, B. K., Rahnama, M.,
et al. (2019). Human iPSC-derived blood-brain barrier chips enable disease modeling
and personalized medicine applications. Cell Stem Cell 24, 995-1005. doi:
10.1016/j.stem.2019.05.011

Voirin, A. C., Perek, N., and Roche, F. (2020). Inflammatory stress induced by a
combination of cytokines (IL-6, IL-17, TNF-a) leads to a loss of integrity on bEnd.3
endothelial cells in vitro BBB model. Brain Res. 1730:146647. doi:
10.1016/j.brainres.2020.146647

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1599509
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1021/ac3013708
https://doi.org/10.1002/advs.202004433
https://doi.org/10.1007/s11418-017-1167-5
https://doi.org/10.1039/D2LC00254J
https://doi.org/10.1016/j.bbi.2020.05.077
https://doi.org/10.1007/s12272-020-01236-z
https://doi.org/10.1002/adbi.202200152
https://doi.org/10.1021/acssensors.2c00333
https://doi.org/10.1016/j.jconrel.2018.01.024
https://doi.org/10.1039/D2AY00798C
https://doi.org/10.1016/j.neuint.2008.12.002
https://doi.org/10.3390/ijms222212486
https://doi.org/10.1161/CIRCRESAHA.121.318799
https://doi.org/10.3390/pharmaceutics13091474
https://doi.org/10.32598/bcn.2022.575.1
https://doi.org/10.3390/cells9071687
https://doi.org/10.1186/s12951-023-01798-2
https://doi.org/10.1016/j.addr.2018.04.009
https://doi.org/10.1098/rsif.2018.0351
https://doi.org/10.1038/s41467-021-26066-5
https://doi.org/10.3390/brainsci10060330
https://doi.org/10.31857/S0026898422060179
https://doi.org/10.1039/D4LC00238E
https://doi.org/10.1093/brain/awac012
https://doi.org/10.1038/s41587-020-0590-4
https://doi.org/10.1016/j.nbd.2017.04.004
https://doi.org/10.1177/0271678X241261946
https://doi.org/10.1186/s10020-021-00291-6
https://doi.org/10.1080/00498254.2017.1328148
https://doi.org/10.1016/j.semcdb.2022.10.001
https://doi.org/10.3390/cells13020150
https://doi.org/10.1063/1.3580756
https://doi.org/10.1007/s12035-020-02080-4
https://doi.org/10.1039/C5LC00633C
https://doi.org/10.1063/1.4866358
https://doi.org/10.1098/rsta.2015.0325
https://doi.org/10.1113/EP086249
https://doi.org/10.1093/intbio/zyaa011
https://doi.org/10.1111/cns.13832
https://doi.org/10.1002/advs.202206004
https://doi.org/10.1007/s00018-022-04240-2
https://doi.org/10.2174/157488911795933910
https://doi.org/10.1016/j.brainres.2021.147366
https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1080/21688370.2016.1142493
https://doi.org/10.1016/j.stem.2019.05.011
https://doi.org/10.1016/j.brainres.2020.146647

Yu et al.

Von Stetina, J. R., Frawley, L. E., Unhavaithaya, Y., and Orr-Weaver, T. L. (2018).
Variant cell cycles regulated by Notch signaling control cell size and ensure a functional
blood-brain barrier. Development 145:dev157115. doi: 10.1242/dev.157115

Wang, E. Y., Kuzmanov, U,, Smith, J. B., Dou, W,, Rafatian, N., Lai, B. E. L,, et al. (2021).
An organ-on-a-chip model for pre-clinical drug evaluation in progressive non-genetic
cardiomyopathy. J. Mol. Cell. Cardiol. 160, 97-110. doi: 10.1016/j.yjmcc.2021.06.012

Whelan, R., Hargaden, G. C., and Knox, A. J. S. (2021). Modulating the blood-brain
barrier:a comprehensive review. Pharmaceutics 13:1980. doi: 10.3390/pharmaceutics13111980

Wu, Q, Liu, J., Wang, X,, Feng, L., Wu, J., Zhu, X,, et al. (2020). Organ-on-a-chip:
recent breakthroughs and future prospects. Biomed. Eng. Online 19:9. doi:
10.1186/512938-020-0752-0

Xiao, N., Yu, W. Y., and Liu, D. (2018). Glial cell-derived neurotrophic factor promotes
dental pulp stem cell migration. J. Tissue Eng. Regen. Med. 12, 705-714. doi:
10.1002/term.2490

Yang, C., Zhang, X., Guo, Y., Meng, E, Sachs, E, and Guo, J. (2015). Mechanical

dynamics in live cells and fluorescence-based force/tension sensors. Biochim. Biophys.
Acta 1853, 1889-1904. doi: 10.1016/j.bbamcr.2015.05.001

Frontiers in Aging Neuroscience

13

10.3389/fnagi.2025.1599509

Zheng, Y., Luo, A., and Liu, X. (2021). The imbalance of mitochondrial fusion/fission
drives high-glucose-induced vascular injury. Biomol. Ther. 11:1779. doi:
10.3390/biom11121779

Zheng, L., Wang, B., Sun, Y,, Dai, B., Fu, Y., Zhang, Y., et al. (2021). An oxygen-
concentration-controllable multiorgan microfluidic platform for studying hypoxia-
induced lung cancer-liver metastasis and screening drugs. ACS Sens. 6, 823-832. doi:
10.1021/acssensors.0c01846

Zhenyukh, O., Gonzilez-Amor, M., Rodrigues-Diez, R. R., Esteban, V.,
Ruiz-Ortega, M., Salaices, M., et al. (2018). Branched-chain amino acids promote
endothelial dysfunction through increased reactive oxygen species generation and
inflammation. J. Cell. Mol. Med. 22, 4948-4962. doi: 10.1111/jcmm.13759

Zhou, T., Huang, R., Huang, M., Shen, J., Shan, Y., and Xing, D. (2020). CRISPR/
Casl13a powered portable electrochemiluminescence chip for ultrasensitive and specific
miRNA detection. Adv. Sci. 7:1903661. doi: 10.1002/advs.201903661

Zhu, L., Tang, Q., Mao, Z., Chen, H., Wu, L., and Qin, Y. (2023). Microfluidic-based
platforms for cell-to-cell communication studies. Biofabrication 16:012005. doi:
10.1088/1758-5090/ad1116

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1599509
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1242/dev.157115
https://doi.org/10.1016/j.yjmcc.2021.06.012
https://doi.org/10.3390/pharmaceutics13111980
https://doi.org/10.1186/s12938-020-0752-0
https://doi.org/10.1002/term.2490
https://doi.org/10.1016/j.bbamcr.2015.05.001
https://doi.org/10.3390/biom11121779
https://doi.org/10.1021/acssensors.0c01846
https://doi.org/10.1111/jcmm.13759
https://doi.org/10.1002/advs.201903661
https://doi.org/10.1088/1758-5090/ad1116

	Regulation of BBB function and pathological evolution of PD by microenvironment “spatiotemporal gradient”: unique advantages of microfluidic chips
	1 Introduction
	2 Microfluidic chip technology and the principle of spatiotemporal gradient
	2.1 Basic structure and working principle of microfluidic chip
	2.2 Concept analysis of “spatiotemporal gradient”
	2.3 Examples of application of microfluidic platform in physiological and pathological simulation

	3 Regulation of BBB function by microenvironmental gradients
	3.1 Introduction to BBB structure and multi-level functions
	3.2 Influence of chemical and physical gradients on endothelial cell phenotypes and tight junctions
	3.2.1 The regulatory role of chemical gradients in cellular processes
	3.2.2 The regulatory role of physical gradients

	4 The role of microenvironmental gradients in the pathological evolution of PD
	4.1 Microenvironmental alterations during the pathological progression of PD

	5 Reproducing spatiotemporal gradients using microfluidic chips: experimental design and modeling construction
	5.1 The strategy for chip design
	5.1.1 Multi-parameter integrated control
	5.2 Constructing functional BBB organoids or co-culture systems
	5.2.1 Construction of multi-cell co-culture system
	5.2.2 Gradient regulation improves tissue maturity and functional stability

	6 Current status and prospects of a chip model that can simulate PD pathological environment
	6.1 Feasibility of constructing PD microenvironment chip model
	6.1.1 Dynamic gradients simulate the distribution of inflammatory factors
	6.1.2 Mitochondrial damage model under high glucose conditions
	6.1.3 Oxygen gradient and nerve cell damage model
	6.1.4 “Substantia nigra on a chip” model and α-syn intercellular diffusion model
	6.1.5 Toxicity model of 6-hydroxydopa concentration gradient
	6.1.6 Comprehensive analysis and mechanism discussion
	6.2 Strategies for model validation
	6.3 Data integration and multi-scale analysis
	6.3.1 Computational fluid dynamics simulation
	6.3.2 Integrated analysis of multi-omics data

	7 Current challenges, limitations, and future prospects
	7.1 Standardization of technology and modeling
	7.2 Physiological correlations and differences between in vivo and in vitro studies
	7.3 Multi-technology integration and future development trends


	References

