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Advances in in vitro blood-brain barrier models:
Integrating bioprinting with microfluidic chips
for compound evaluation

Yating Du'?"”, Zezhi Li? Xiang Li**, and Jianping Xie?*
"Beijing Technology and Business University, Beijing 100048, China
2Beijing Life Science Academy, Beijing 102209, China

(This article belongs to the Special Issue: Biofabrication Breakthroughs: Innovation and Application in
Bioprinting, Biomaterials, and Organoid)

Abstract

The blood-brain barrier (BBB), a vital defense interface of the central nervous
system, selectively regulates molecular transport into the brain and maintains brain
homeostasis. Disruption of BBB integrity contributes to various neurological diseases,
making the BBB a key target for therapeutic compounds. However, traditional in vitro
models struggle to recreate the BBB's complex structure and dynamic functions.
Recent advances in microfluidics and three-dimensional bioprinting have enabled
the construction of high-fidelity in vitro BBB models that recapitulate key aspects
of the brain’s vascular microenvironment. By integrating principles from materials
science, microfabrication, and cell biology, these “BBB-on-a-chip” platforms support
physiologically relevant shear stress, cell-cell interactions, and barrier properties,
making them powerful tools for compound screening and mechanistic research.
This review summarizes the advances in in vitro BBB models and the application of
bioprinting and microfluidic technology for compound evaluation.

Keywords: Bioprinting; Blood-brain barrier; Compound evaluation; In vitro model;
Microfluidic chip

1. Introduction

The brain’s vascular system stretches approximately 400 miles, with the blood-brain
barrier (BBB) serving as a crucial component of the neurovascular unit (NVU) in the
central nervous system (CNS). The BBB consists of brain microvascular endothelial
cells (BMECs), astrocytes, microglia, pericytes, oligodendrocytes, and neurons, along
with tight junction proteins and extracellular matrix (ECM) constituents.' Structurally,
it comprises a luminal glycocalyx layer (a polysaccharide—protein complex), as well as
two different basement membranes: the endothelial (vascular) basement membrane and
the parenchymal basement membrane.? The glycocalyx is a dynamic, carbohydrate-rich
network structure that coats the apical surface of endothelial cells. Composed primarily
of glycolipids, glycoproteins, and mucopolysaccharides, it is often referred to as the
“cell coat” This layer performs several core functions, including preserving cellular
morphology, facilitating signal transduction, and regulating molecular exchange.>
The BBB’s barrier properties are primarily attributed to specialized endothelial
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cells and are characterized by significantly reduced
paracellular permeability. These cells secrete a range of
adhesion molecules and tight junction proteins—such as
claudin-5, occludin, zonula occludens (ZO; ZO-1, ZO-2,
Z0-3), and junctional adhesion molecules—which are
anchored to the actin cytoskeleton through cytoplasmic
adaptors like cingulin. This protein complex stabilizes
intercellular junctions and restricts the diffusion of solutes.
Consequently, only a limited subset of molecules, typically
those recognized by specific receptors, are permitted to
cross the BBB via receptor-mediated endocytosis.™*

Pericytes, which are embedded within the basement
membrane, are positioned along the outer surfaces of
parenchymal collateral vessels and capillaries, maintaining
direct contact with adjacent endothelial cells. They play
a vital role in the formation and maintenance of the
basement membrane by secreting structural components
such as collagen, laminin, and other ECM proteins.’
In addition to providing mechanical support to blood
vessels and regulating vascular tone, pericytes are essential
for preserving the integrity of the BBB.” Disruption of
genes specifically expressed by pericytes significantly
compromises BBB function, demonstrating their critical
regulatory role.® Astrocytes contribute to BBB stability
through their end-feet, which envelop the blood vessels and
provide physical scaffolding. These end-feet are involved in
the regulation of water transport across the BBB, primarily
mediated by the aquaporin-4 water channel. Furthermore,
molecular interactions between astrocytes and endothelial
cells are crucial in modulating the structural and functional
integrity of the BBB.”* Neurons are closely associated
with astrocytes and rely on oligodendrocytes for axonal
insulation. Oligodendrocytes form myelin sheaths around
neuronal processes, enhancing electrical conductivity
and protecting neural pathways.” Microglia, the resident
macrophages of the CNS, typically cover distinct, non-
overlapping domains but can migrate toward cerebral
blood vessels during injury or inflammation. In doing
so, they contribute to the maintenance and restoration
of BBB integrity under pathological conditions.” Figure 1
presents a schematic representation of the major cellular
components of the BBB structure.

The integrity of the BBB is vital for preserving brain
homeostasis and normal neurological function. By tightly
regulating the transport of small molecules and biological
agents, the BBB maintains a stable microenvironment
within the CNS.” Disruption of this barrier has been
implicated in a range of neurological diseases, including
Alzheimer’s disease (AD), multiple sclerosis, stroke,
and epilepsy.!” Increased BBB permeability enables
the migration of neurotoxic substances and immune
cells into the brain parenchyma via the paracellular

pathway, potentially inducing inflammatory responses.'
Compromised BBB integrity is a hallmark of several
pathological conditions. In acute ischemic stroke,
both ischemia and reperfusion lead to the excessive
generation of reactive oxygen and nitrogen radicals in the
microvascular endothelium, resulting in vascular injury
and BBB breakdown.'? In brain tumors, whether primary
brain cancers or metastases, BBB permeability is often
elevated, facilitating tumor cell invasion into CNS tissues."
Sepsis-associated encephalopathy, a serious complication
of systemic infection, is characterized by microglial
hyperactivation, endothelial barrier dysfunction, and
BBB disruption, inducing symptoms ranging from mild
cognitive disturbances to severe neurological impairment
or coma."

Current in vitro models of the BBB primarily consist
of two-dimensional (2D) systems, such as conventional
dish cultures and Transwell platforms, as well as three-
dimensional (3D) models, including spheroids, organoids,
and microfluidic chips.”>'® The emergence of bioprinting
introduces new opportunities for advancing these
traditional BBB models.””*® Bioprinting refers to the
fabrication of tissue-like or organoid structures using
3D printing technologies with biological materials,
enabling precise spatial control of cellular organization
and extracellular architecture.”” This level of control
significantly enhances the functional fidelity and
physiological relevance of BBB models, particularly in
compound evaluation.”” Reliable and physiologically
representative in vitro BBB models are indispensable tools
for disease modeling and high-throughput screening
of therapeutic compounds targeting the CNS. In recent
years, biomimetic BBB-on-a-chip platforms have emerged
as accurate and dynamic systems for simulating in vivo
conditions and evaluating compound permeability and
toxicity. This review provides a comprehensive overview of
recent advances in BBB in vitro modeling, with a particular
focus on microfluidic chip-based platforms for compound
evaluation. Additionally, we examine the contributions
of bioprinting technology to the development of next-
generation BBB models and discuss the current challenges
and prospects in this evolving field.

2. In vitro blood-brain barrier models

In vitro BBB models are essential tools for recapitulating
the structure and function of the BBB under controlled
laboratory conditions. With continuous advancements
in biomedical engineering and tissue modeling, these
models have undergone significant evolution. Figure 2
illustrates the development of in vitro biomimetic BBB
models. The earliest models were simple 2D systems,
followed by the introduction of the Transwell model,*
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Figure 1. Schematic representation of the primary cellular components of the BBB structure. (A) Cross-sectional schematic of a brain microvessel illustrating
the spatial organization of BBB key cellular components. (B) Tight junctions between BMECs under healthy physiological conditions. (C) Disrupted tight
junctions in pathological states, contributing to increased BBB permeability. Illustrations (A-C) were modified from Vetter et al.* (D) Three-dimensional

reconstructionofaconfocalz-stackshowing theorganization of BMECs, peri

icytes,astrocytes,microglia,and neuronsinan SN brain-chipmodel. Imageadapted

from Pediaditakis et al.' The selected cell images used in the figure were sourced or adapted from Servier Medical Art via the scifig.bio plugin (version 1.3.2).
Abbreviations: BBB, blood-brain barrier; BMEC, brain microvascular endothelial cell; JAM, junction adhesion molecule; SN, substantia nigra; ZO, zonula

occludens.

which enabled the co-culture of multiple cell types across a
semipermeable membrane. Subsequently, 3D models such
as spheroids* and organoids®® were developed, offering
improved cellular interactions and structural complexity.
Currently, microfluidic chip-based models represent
the most advanced form of dynamic 3D BBB models,
closely mimicking in vivo physiological conditions.” As
an emerging approach, bioprinting holds considerable
promise for addressing the limitations of traditional
models,” such as the static nature of conventional 3D
cultures, particularly when integrated with microfluidic
systems.” Table 1 summarizes several relevant studies on
the development of in vitro BBB models, detailing the cell

types, the apparatuses, the applications, the advantages,
and the limitations associated with each model.

2.1. Two-dimensional model

The Petri dish model, one of the earliest 2D cell culture
systems, remains widely used due to its low cost, ease of
handling, and suitability for observing and analyzing
cellular characteristics. Despite its simplicity, this model
has been proven effective in simulating certain structural
and functional aspects of the BBB. For instance, in 1986,
Audus et al” established a monolayer BBB model using
bovine BMECs, demonstrating its utility in evaluating the
permeability of centrally acting drugs and other substances
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Figure 2. The development of in vitro biomimetic BBB models. (A) Representative immunofluorescence staining of tight junction proteins ZO-1 and
claudin-5 in cultured brain endothelial cells, demonstrating tight junction formation. Scale bar: 50 pm, magnification: 63 x. Image adapted from Li
et al”' (B) Representative confocal images showing the organization of human astrocytes (hAs; white), HBVP (blue), and primary HBMEC (red) when
co-cultured to form a spheroid. Scale bar: 100 um. Image adapted from Cho et al.** (C) Schematics showing the concept of generating spatially self-
organized neural concentroid from hPSC-derived neuroprogenitor cells. Image adapted from Chai et al** (D) NVU-on-a-chip microfluidic model.
(i) Open-top microfluidic chip integrated into a 6-well plate. The bottom channel (yellow) supports endothelial cell culture, while the open-top channel
(blue) enables neuronal differentiation. (ii) Immunofluorescence staining of endothelial cell monoculture in the bottom channel on a polyester membrane
showing a confluent monolayer (Blue: nuclei; red: F-actin). Scale bar: 50 um, magnification: 10 x. (iii) Immunostaining of neurons in the top channel
showing neuronal markers (Blue: nuclei, green: MAP2, and red: synapsin-1/2). Scale bar: 50 pm, magnification: 10 x. Image adapted from Middelkamp
et al.”* (E) Schematic representation of the steps for the fabrication of the scaffold with a 3D vascular network. The bioprinting steps include generating a
computer-aided design file (STL) of a 3D microvascular network using a computer graphics software tool (i.e., Blender) and uploading it to the bioprinter.
Bioinks were prepared by mixing PEGDA and GelMA, heating at 60°C, and then incubating at 37°C. The liquid bioink was then polymerized using DLP
bioprinting to form a scaffold with channels. Red food coloring dissolved in PBS was then perfused to validate the integrity of the hollow channels. Image
adapted from Don et al.* Selected cell graphics in this figure were sourced or adapted from Servier Medical Art via the scifig.bio plugin (version 1.3.2).
Abbreviations: 3D, three-dimensional; BBB, blood-brain barrier; DLP, digital light-based; GelMA, gelatin methacryloyl; HBMEC, human brain
microvascular endothelial cells; HBVP, human brain vascular pericytes; MAP2, microtubule associated protein 2; NVU, neurovascular unit; PBS,
phosphate-buffered saline; PEGDA, polyethylene glycol diacrylate; STL, standard tessellation language; ZO, zonula occludens.
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(Table 1).%” Similarly, in 1988, van Bree et al.** developed
a BBB model composed of bovine cerebrovascular cells
that formed tight junctions and exhibited transport
characteristics consistent with those observed in vivo
(Table 1).* Further advancing the approach, Bernoud
et al.” co-cultured human BMECs with astrocytes in
Petri dishes. Their results highlighted the critical role of
astrocytes in facilitating fatty acid transport across the BBB
(Table 1).%

However, simple Petri dish models are inherently
limited in their ability to replicate the complex structure
and function of the BBB under both physiological and
pathological conditions. These models typically rely on
monolayer or mixed-cell cultures,” which lack the cellular
organization and dynamic intercellular signaling necessary
to accurately mimic barrier properties and the exchange
of soluble factors. As a result, researchers seek to develop
more physiologically relevant BBB models that better
emulate the in vivo microenvironment.

2.2. Transwell model

To address the limitations of conventional Petri dish
models, researchers developed the Transwell model,
which incorporates a semipermeable polymer membrane.
This platform supports the establishment of single-cell or
multicellular co-culture systems and enables the spatial
organization of key cellular components of the BBB,
including BMECs, astrocytes, pericytes, neurons, and
microglia. These cells are typically cultured on the apical
and basal surfaces of the porous membrane to simulate
the anatomical and functional distribution found in vivo
(Table 1).°** The structural integrity and permeability
of Transwell-based BBB models have been validated in
multiple studies. The critical parameter for assessing
barrier function is trans-epithelial electrical resistance
(TEER), which reflects the permeability of the cell layer
and the tightness of intercellular junctions. Higher TEER
values indicate stronger cell-cell adhesion and reduced
paracellular transport.”® In vitro Transwell models of the
BBB have been shown to express tight junction markers
reliably, and fluctuations in TEER values are indicative
of functional barrier properties. For example, Singh
et al.”* suggested that the optimal window for conducting
transport studies lies between 24 and 72 hours post
model establishment (Table 1).** Model performance
can be enhanced through optimization of several culture
parameters, including growth medium composition,
membrane material, cell seeding density, and co-culture
strategies.’> Notably, coupling the Transwell platform with
adjustable electrospun  polyethyleneimine—fibronectin
membranes has enabled the development of high-
throughput permeability assays, further extending its

application in compound screening.”* The Transwell
model has been widely applied in research on neurological
diseases such as ischemic stroke and glioma, serving as a
valuable tool for investigating disease mechanisms. For
instance, Chen et al** demonstrated that Mafl protein
significantly ~ suppressed  lipopolysaccharide-induced
neuroinflammation and neuronal apoptosis in both in vitro
and in vivo models of sepsis-associated encephalopathy
(Table 1).¢ Similarly, studies on ischemic stroke have
shown that caveolin-1 scaffolding proteins increase BBB
permeability, whereas extracellular vesicles derived from
mesenchymal stem cells can restore BBB integrity and
promote neurological recovery (Table 1).”' Additionally,
the Transwell model has been used to evaluate the targeted
delivery of adriamycin to glioma cells, successfully
demonstrating the drug’s ability to traverse the BBB and
localize within tumor tissue (Table 1).%

However, static Transwell models are limited in their
ability to replicate the dynamic physiological conditions
of the in vivo environment—such as blood flow, shear
stress, and continuous molecular signaling.*® The absence
of these mechanical and biochemical cues can result in
altered cellular behavior, including aberrant proliferation
and phenotypic drift. Furthermore, the lack of real-time
intercellular interactions and soluble factor gradients
restricts the model’s ability to fully emulate the complex
neurovascular microenvironment. In addition, the
manual handling required for Transwell assays is time-
consuming and labor-intensive, and the system’s relatively
low throughput poses challenges for scalability in high-
throughput screening applications.

2.3. Spheroid model

Advances in materials science and bioengineering have
enabled the development of novel biomaterials—such as
collagen sponges—for use in constructing 3D spheroid
models.” The spheroid model, one of the earliest forms of
3D culture, was introduced in the 1970s.%° In 1977, Schmitz
et al.*! reported the spontaneous aggregation of cells into
3D spheroidal structures during in vitro culture, marking
a foundational step in the development of spheroid
modeling.* By the late 20" and early 21* centuries, spheroid
models gained widespread application in cancer research
due to their ability to replicate critical in vivo features,
including hypoxic microenvironments and drug resistance,
which are often absent in traditional 2D cultures.*** More
recently, spheroid models have been employed to simulate
the human NVU and BBB, offering physiologically relevant
platforms for studying brain function and pathology.** For
example, Sokolova et al.*® developed a multicellular 3D
spheroid BBB model using primary human astrocytes,
pericytes, and endothelial cells. In this configuration,
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astrocytes formed the spheroid core, which was encased
by pericytes, while brain endothelial cells constituted the
outermost layer—successfully reconstituting a functional
BBB structure (Table 1).* Similarly, other studies using
primary human brain endothelial cells, pericytes, and
astrocytes demonstrated the feasibility of assembling
multicellular spheroids capable of modeling key BBB
features in vitro (Table 1).%

While spheroid models offer valuable insights, they
generally feature simpler cellular compositions and
lack the structural and functional complexity of fully
differentiated tissues. As a result, spheroid models are
often integrated with other platforms—such as Transwell
systems—to enhance their applicability for evaluating
therapeutic agents, particularly in oncology research. For
instance, iguratimod-loaded poly (lactic acid)-glycolic acid
nanoparticles demonstrated inhibitory effects on tumor
cell migration when tested using a combination of spheroid
and Transwell tumor models (Table 1).* In another study, a
glioblastoma multiforme spheroid model was coupled with
a BBB Transwell system to evaluate the therapeutic efficacy
of the lipophilic compound CC12 (NSC749232), providing
a more comprehensive assessment of drug permeability
and antitumor activity across the BBB (Table 1).*

2.4. Organoid model

Organoids are 3D culture systems derived from stem cells
that differentiate under the influence of specific growth
factors. These models can closely mimic the structural and
functional characteristics of native organs. Organoids have
been widely employed to study human organ development
and disease pathogenesis—including that of the brain—
due to their ability to recapitulate complex tissue
architecture and cellular interactions. In the context of
BBB modeling, organoids exhibit promising physiological
relevance. Reported TEER values for brain organoid-based
BBB models range from 1500 to 8000 Q-cm?, which is
comparable to the in vivo BBB range from approximately
1800 to 2000 Q-cm>* Additionally, organoid systems
support extended culture durations, making them suitable
for long-term studies. For example, Ahn et al.*° successfully
maintained a neural-specific vascular network for over 50
days, enabling the reconstruction of BBB-like structures
and functions (Table 1).*°

Organoids also offer the potential for constructing
personalized models, making them valuable tools for both
disease modeling and therapeutic development. Organoids
have been applied to model the pathophysiology of
neurodegenerative diseases such as AD. For example,
using human induced pluripotent stem cells (hiPSCs),
researchers have generated brain organoids to simulate
the BBB microenvironment associated with AD. Yan

et al® demonstrated that BBB organoids derived
from AD patients exhibited upregulated expression of
pro-inflammatory  cytokines—including interleukins
and tumor necrosis factor—along with altered ECM
protein profiles, providing mechanistic insights into
AD pathogenesis (Table 1).°' Additionally, Huang et al.**
employed cerebrovascular organoids to investigate the role
of apolipoprotein E4 in neurons and astrocytes, thereby
identifying potential therapeutic targets for neurovascular
dysfunction in AD (Table 1).* Despite their advantages,
conventional brain organoids are typically composed of
ectodermal cell types and lack vascular structures, limiting
their ability to replicate key physiological aspects of the
BBB. To address this limitation, Chai et al.”® incorporated
pluripotent stem cell-derived endothelial cells into
organoid cultures, promoting vascularization and creating
a “vascularized” brain model. This advancement provided
a novel in vitro approach for studying angiogenesis and
vascular involvement in brain disorders (Table 1).%
Further extending this strategy, Dao et al.”* developed a
human BBB assemblage by combining brain and vascular
organoids derived from hiPSCs. This model successfully
recapitulated anatomical and functional features of
cavernous hemangiomas and BBB disruption observed in
patients with cerebral cavernous malformations (Table 1).>
Taken together, organoid models are highly representative
of native tissue composition, structure, and function—
especially when integrated with co-culture techniques,
multi-tissue interactions, biosensing platforms, bioimaging
technologies, or histological analysis (Table 1).**

Despite its many advantages, the organoid model
presents several notable limitations. First, the generation of
organoids typically requires long incubation periods and a
high level of technical expertise, which can pose challenges
for widespread adoption. Moreover, variability in organoid
structure and function across different batches leads to
low reproducibility, thereby limiting their reliability and
consistency in experimental research. Another significant
drawback is the static nature of organoid models, which
hinders their ability to accurately replicate the dynamic
physiological conditions of the BBB, such as fluid flow,
shear stress, and real-time biochemical signaling. This
lack of dynamic interaction reduces the model’s fidelity in
mimicking in vivo neurovascular environments and may
restrict its utility in certain applications.

2.5. Microfluidic chip model

The advent of microfluidic technology has opened new
avenues for the development of in vitro biomimetic
BBB models.*® Traditional static 3D models lack critical
physiological features, such as blood flow, shear stress, and
dynamic intercellular interactions, which are essential for
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accuratelysimulatingthecomplexinvivomicroenvironment
of the BBB.*® To address these limitations, Kawakita
et al”” developed dynamic BBB organoid models using
microfluidic platforms, aiming to more precisely recreate
the human brain microenvironment.”” Microfluidic BBB
models integrate microfluidics, cell culture technology,
and in some cases, 3D printing, to construct miniaturized
in vitro systems that replicate both the structure and
function of the BBB. These models enable spatial and
temporal control over key cell types, including endothelial
cells, pericytes, and astrocytes, which are cultured
according to their native anatomical distribution and
functional interactions. This approach facilitates the
formation of highly biomimetic barrier structures with
enhanced physiological relevance.” Currently, common
types of microfluidic chips for the human brain include
compartmentalized chips with microchannel separation,
compartmentalized chips with membrane separation, and
gradient-inducing chips.” For instance, Sonninen et al.®
co-cultured hiPSC-derived endothelial cells and astrocytes
on AKITA plates (a commercially available organ-on-a-
chip microfluidic platform) and applied a shaking-induced
flow of 0.6 dyne/cm” Permeability assays and protein
expression analyses confirmed the successful construction
of a functional microfluidic BBB chip (Table 1).%° In another
study, Middelkamp et al** demonstrated that culturing
cells in a microfluidic environment induced significant
changes in gene expression compared to conventional
static plates. Specifically, endothelial cells exhibited
reduced proliferation, while neurons and astrocytes
showed enhanced adhesion and neuronal maturation
(Table 1).** These findings highlight the potential of
microfluidic chips for disease modeling and compound
screening. Furthermore, Jeong et al.** employed numerical
simulations to predict shear stress within microfluidic
BBB chip channels. Their results showed that shear stress
increased with decreasing channel size and porosity,
and the simulation error was maintained within 2.17%,
establishing a quantitative framework for optimizing
microfluidic organ-on-a-chip systems to more closely
replicate in vivo physiological conditions (Table 1).*!

In addition, multichannel microfluidic chips enable
the parallel testing of multiple experimental conditions,
thereby improving experimental throughput and
reproducibility. For example, Zakharova et al.*> developed
a polydimethylsiloxane (PDMS)-based chip featuring eight
parallel microchannels, allowing simultaneous analysis
of permeability under varying conditions. Their study
revealed significant differences in permeability coefficients
among molecules of different sizes, demonstrating the
chip’s sensitivity and versatility.** In short, biomimetic BBB
microfluidic chips represent a transformative platform for

the evaluation of BBB-permeable compounds. Their ability
to closely mimic physiological conditions, combined with
high-throughput and modular design capabilities, makes
them highly valuable for both basic neuroscience research
and translational drug development.®’

2.6. Bioprinting-based model

3D bioprinting is an additive manufacturing technology
that enables the precise layer-by-layer deposition of
biomaterials and living cells under computer-aided design
control to construct tissue-like structures. Bioink (the
printable formulation) is a key component of this process;
it is typically composed of biocompatible hydrogels
combined with live cells.® The choice of cell types included
in the bioink depends on the target tissue. For neural tissue
or BBB models, common cell types include astrocytes,
pericytes, endothelial cells, and neurons. During the
printing process, the bioink is rapidly solidified or
crosslinked upon deposition to ensure cell encapsulation
and structural stability. Crosslinking can occur through
various mechanisms, such as ultraviolet light exposure in
the case of photosensitive bioinks, or through the addition
of crosslinking agents.®* Bioprinting technologies can
be broadly categorized into several types, each with
distinct advantages and limitations.**” For example,
inkjet bioprinting is suitable for low-viscosity bioinks
and offers high-speed printing, but may struggle with cell
density and resolution. Extrusion-based bioprinting can
accommodate higher-viscosity materials and cell densities
but may expose cells to shear stress during printing. Laser-
assisted bioprinting provides high resolution and avoids
nozzle clogging, but it requires complex and costly optical
systems. Regardless of the specific method, all bioprinting
techniques construct 3D structures through the sequential
deposition and curing of bioink layers based on pre-
defined models.5*%>%

Traditional 2D cell culture methods are limited
in their ability to replicate the 3D architecture and
biomechanical cues—such as shear stress—present in
the native capillary microenvironment. In contrast, 3D
bioprinting offers a promising strategy for constructing
physiologically relevant BBB models. This technology
enables the spatial organization of multiple cell types—
such as endothelial cells, pericytes, and astrocytes—into
layered, biomimetic structures that closely resemble
the vascular architecture of the blood-brain interface.®®
For example, Dona et al.** used digital light processing-
based 3D bioprinting to construct a human brain
microvascular model embedded with primary human
astrocytes. The vascular component was formed using
human BMECs and pericytes, and continuous perfusion
was performed to promote vascular maturation. The
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printed model was functionally evaluated for immune-
endothelial interactions, permeability, and barrier
integrity, demonstrating key BBB characteristics
(Table 1).* Similarly, Oh et al.** introduced an aqueous
two-phase printing approach to construct a BBB
microstructure model in a liquid-phase environment.
This technique overcame the limitations associated
with air-liquid interface printing and then resulted in
improved barrier functionality. The model incorporated
three different human cell types: astrocytes, endothelial
cells, and vascular pericytes, and enabled precise control
over nutrient supply and drug concentrations during
experimentation (Table 1).° In another study, Royse et
al.”® applied stereolithography-based 3D bioprinting to
fabricate a BBB model, which is used as a drug screening
platform. They printed a cylindrical hydrogel-based
vascular network populated with human brain endothelial
cells, pericytes, and astrocytes in an anatomically relevant
arrangement. The model exhibited proper cell adhesion,
expressed tight junction proteins, and was perfused to
assess compound transport. Functional assays confirmed
the presence of intact barrier properties and expression
of key efflux transporters, including P-glycoprotein
(P-gp) and breast cancer resistance protein (BCRP),
highlighting the model’s utility in CNS drug delivery
research (Table 1).7°

Additionally, the integration of 3D bioprinting with
microfluidic technology offers a powerful approach for
constructing physiologically and dynamically relevant
in vitro BBB models. This hybrid strategy enables the
simulation of fluidic conditions and precise architectural
control that closely resemble the in vivo microenvironment.
For example, Choi et al.”* developed a bioreactor system
designed to assess BBB integrity under dynamic flow
conditions (Table 1).”* The bioreactor was fabricated using
a combination of 3D printing techniques and PDMS
casting, and subsequently evaluated using a hiPSC-derived
BBB model over a 7-day culture period. The system
successfully supported real-time barrier monitoring and
dynamic tissue culture, demonstrating its applicability for
advanced BBB modeling studies.”

3. Structural and functional characteriza-
tion of in vitro blood-brain barrier models

The structural and functional integrity of in vitro BBB
models is fundamental to their reliability and relevance.
Structural integrity serves as the foundation for functional
performance, providing the necessary cellular architecture
to support intercellular communication and maintain
the physical barrier properties of the model. Conversely,
functional integrity reflects the model’s ability to preserve

physiological homeostasis, regulate selective permeability,
and respond appropriately to pathological stimuli.
Structural integrity is typically assessed by evaluating
cellular morphology and the expression and localization of
tight junction proteins, such as claudin-5, occludin, and ZO-
1, which are essential for maintaining paracellular barrier
function. Functional integrity is commonly evaluated using
several key parameters, including TEER, permeability
to molecular tracers, and the expression or activity of
transporter proteins, such as P-gp and BCRP. Together,
these structural and functional assessments are critical for
validating the fidelity of BBB models and ensuring their
suitability for applications in disease modeling, compound
evaluation, and neurovascular research.

3.1. Structural integrity

Structural integrity is a fundamental criterion for evaluating
the physiological relevance of in vitro BBB models.
Fluorescence imaging is commonly employed to visualize
cellular morphology, spatial arrangement, and intercellular
interactions, allowing researchers to assess whether the
architecture of the model mimics that of the in vivo BBB.
Astrocytes, which reside between capillaries and neurons,
play a crucial role in BBB structure by forming a basement
membrane surrounding BMECs. These glial cells are
essential for maintaining brain homeostasis by regulating
the balance of ions, amino acids, neurotransmitters, and
water. Serving as a bridge between the vascular and neural
systems, astrocytes are key contributors to the integrity and
function of the BBB.” Ohbuchi et al.”> used fluorescence
imaging to examine the structural organization of brain
endothelial cells and pericytes within a BBB model. Their
findings showed that the cellular arrangement closely
resembled in vivo conditions and exhibited selective
permeability, providing strong evidence for the structural
fidelity of the model.”?

Tight junction proteins and adhesion complexes
between endothelial cells play a central role in the
formation and maintenance of the BBB. These tight
junctions are composed of both transmembrane and
intracellular proteins, including zonula occludens (ZO-1,
Z0-2,Z0-3), claudin-5, occludin, and junctional adhesion
molecules, which are anchored to the actin cytoskeleton
via adaptor proteins such as cingulin.” The proper assembly
of tight junctions is essential for establishing the structural
integrity and selective permeability of the BBB. However,
tight junction integrity is highly susceptible to disruption
under pathological conditions. Studies have shown that
diseases such as ischemic stroke,”” major depressive
disorder,” and encephalitis” can significantly impair the
expression and organization of tight junction proteins,
compromising BBB function. A variety of analytical

Volume 11 Issue 5 (2025)

78

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265

International Journal of Bioprinting

In vitro BBB model for compound evaluation

techniques have been used to assess tight junction protein
expression and localization in BBB models. These include
transmission electron microscopy for ultrastructural
analysis,”* immunofluorescence staining for spatial
distribution,”” western blotting for protein identification
and quantification,”® and quantitative real-time polymerase
chain reaction for gene expression analysis.” Although
maintaining BBB integrity remains a key challenge in the
development of in vitro models, optimization of critical
culture parameters, such as medium composition, cell
seeding density, and substrate material, can improve
the physiological relevance and structural fidelity of
these models.*

3.2. Functional integrity

Barrier function is a fundamental characteristic of the
BBB and a critical criterion for assessing the validity of
in vitro BBB models. A functionally competent BBB is
essential for protecting the brain by blocking the entry of
neurotoxic substances, regulating the selective transport of
nutrients, and facilitating the clearance of metabolic waste
products.® These barrier properties are tightly associated
with the presence and organization of tight junction
proteins, which form the structural basis for paracellular
restriction. TEER measurement is one of the most widely
used and reliable methods for evaluating the integrity and
permeability of endothelial monolayers in in vitro BBB
models.?**> TEER provides a quantitative, non-invasive,
and real-time assessment of tight junction formation and
is particularly useful for monitoring intracellular signaling
events and barrier dynamics. Although TEER values of in
vitro models are generally lower than those observed in
vivo (typically 1800-2000 Q-.cm?), recent advances have
led to significant improvements. For example, Chang
et al® developed a microfluidic chip-based BBB
model with a TEER value of approximately 220 Q-cm”
(Table 1).* Co-culture systems, particularly those
combining endothelial cells with astrocytes, have been
shown to markedly enhance barrier function, achieving
TEER values as high as 1200 Q-cm? (Table 1).% In addition
to TEER, the use of permeability assays with hydrophilic
tracers is another common approach for evaluating barrier
function. Tracers such as fluorescein isothiocyanate-
dextran (FITC-dextran), glucose, sucrose, mannitol,
fluorescein sodium, and fluorescein yellow are commonly
employed due to their low permeability across an intact
BBB. These compounds enable the quantification of
paracellular leakage and provide complementary evidence
of tight junction integrity in microfluidic BBB models.***°
Evans blue dye, which binds tightly to serum albumin, is
another established tracer for assessing BBB permeability.*
Under normal physiological conditions, albumin does
not cross the BBB. However, the presence of Evans blue-

albumin complexes in the brain parenchyma serves as a
clear indicator of tight junction disruption and paracellular
leakage.®”

Selective permeability is another hallmark feature of
the BBB and a critical functional parameter in evaluating
in vitro BBB models. Under physiological conditions, large
hydrophilic tracers such as FITC-dextran are unable to
cross the BBB. However, smaller hydrophilic molecules
may traverse the barrier via transcellular or paracellular
pathways, with permeability generally decreasing as
molecular weight increases, which demonstrates the
size-selective permeability of the model.”” Alterations
in permeability often correlate with BBB dysfunction,
particularly in pathological states such as ischemic stroke,
where endothelial permeability is markedly increased.
Therefore, permeability assays that combine exogenous
tracers with other functional measurements, such as TEER
and immunostaining, can provide valuable insights into the
mechanisms of BBB disruption in neurological disorders.
For instance, TEER measurements, FITC-dextran
permeability assays, and immunofluorescence staining
have been widely used to evaluate the BBB integrity of
in vitro ischemic stroke models.*® However, assessing
selective permeability based solely on non-permeable
compounds is insufficient. A more robust evaluation
requires testing a range of molecules with varying
permeability characteristics and comparing the results to
those obtained from Transwell systems or in vivo data. For
example, Shi ef al.”” assessed BBB permeability using three
compounds with distinct transport properties: (i) caffeine,
a lipophilic small molecule that crosses the BBB via passive
diffusion and carrier-mediated transport, (ii) cimetidine,
a moderately permeable compound subject to efflux
transporter activity, and (iii) adriamycin, a compound
that does not cross the BBB. The permeability coefficients
obtained from the in vitro model closely matched those
observed in vivo, supporting the model’s ability to replicate
the physiological barrier properties of the human BBB.”

Furthermore, the BBB is characterized by high
expression of various functional proteins and transporters
that are critical for regulating the selective transport of
nutrients and xenobiotics. These include P-gp, BCRP,
multidrug  resistance-associated ~ proteins,  glucose
transporters (e.g., glucose transporter 1), and amino acid
transporters.” These transporters collectively contribute
to the homeostatic and protective functions of the BBB
by facilitating the uptake of essential molecules and
actively excluding potentially harmful compounds. For
instance, P-gp plays a key role in limiting the distribution
of many CNS drugs by actively effluxing them back into
the bloodstream. In in vitro BBB models, the functional
expression of P-gp has been validated using rhodamine
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123—a known P-gp substrate—along with its inhibitor
verapamil, which demonstrated the transporter’s activity
and regulatory capacity.”” Additionally, Ito et al.” confirmed
the presence and functionality of multiple BBB-specific
transporters, including P-gp, BCRP, and other adenosine
triphosphate-binding cassette transporters, in their in
vitro model system. Their results emphasized not only
the intercellular barrier properties but also the functional
transporter activity necessary for maintaining BBB
fidelity and physiological relevance.” These transporters
are indispensable for preserving the functional integrity
of the BBB and are essential parameters for evaluating
the accuracy and utility of in vitro BBB models in drug
screening and neurological research.

3.3. Characterization of the blood-brain barrier

model integrating microfluidics and bioprinting

In vitro BBB models that integrate microfluidic technology
with bioprinting offer advanced platforms for replicating
physiologically and dynamically relevant neurovascular
environments. The characterization of such models
typically involves a combination of assessments, including
cell viability and morphology, barrier permeability,
junctional protein expression, receptor-mediated transport,
and response to dynamic stimulation. For instance, in
the study by Oh et al.,* cell viability and morphology of
endothelial and glial cells within 3D-printed scaffolds were
evaluated under flow conditions using viability dyes with
confocal laser scanning microscopy.®’ Barrier permeability
was commonly assessed by perfusing fluorescent dextrans
of various molecular weights through the microchannels,
such as 10 kDa Texas Red or 40 kDa FITC-dextran. Real-
time monitoring and calculation of apparent permeability
coefficients enabled quantification of barrier integrity
within the 3D-printed BBB models.**® Notably, Royse
et al” conducted permeability studies and ultrasound
studies through FITC-dextran in a 3D-printed in vitro BBB
model. Under continuous perfusion, FITC-dextran was
used as a tracer while fluorescence imaging was conducted
in parallel with ultrasound application. Fluorescence
signals were collected through molecular channels in
real time, and the permeability coefficient values were
calculated to evaluate the effects of mechanical stimuli
on barrier permeability.”® In addition to permeability
assessments, immunofluorescence staining of key proteins
provided insights into the structural and functional fidelity
of the models. Junctional markers such as ZO-1 and
claudin 5 (tight junctions), vascular endothelial cadherin
(adherens junctions), and efflux transporters, including
P-gp and BCRP, were used to verify cell-cell connectivity
and transporter expression. Transcytosis receptors, such
as the transferrin receptor and low-density lipoprotein
receptor-related protein 1, were also analyzed to confirm

the presence of receptor-mediated uptake pathways vital for
CNS drug delivery.””® Collectively, these characterization
strategies demonstrate that the performance and reliability
of bioprinting-microfluidic integrated BBB models depend
heavily on how well they recapitulate key structural and
functional features of the in vivo BBB. Therefore, rigorous
evaluation against these parameters is essential for
validating the model’s application in compound evaluation
and neurovascular research.

4. Principles of blood-brain barrier
chip design

Figure 3 shows the graphical abstract of BBB-on-a-chip
construction and application. The development of a BBB
microfluidic chip typically involves three key components:
material and fabrication, cell sources, and physiological
conditions simulation. From early BBB models based on
static culture dishes to Transwell-based platforms and,
ultimately, dynamic microfluidic chips, the reliability
and physiological relevance of in vitro BBB models have
progressively improved. Recent advances suggest that the
integration of 3D bioprinting technology may represent
the next frontier in organ-on-chip development, offering
greater spatial control and enhanced tissue complexity.”!
Table 2 summarizes the applications of 3D bioprinting
for developing organ-on-chip models. The application
trajectory of BBB microfluidic chips has evolved over time.
Initially, these models were primarily used for validating
barrier properties and model fidelity. Subsequently,
their use expanded into disease modeling, enabling
mechanistic research of neurological disorders under
more physiologically relevant conditions. At present, the
most prominent application of BBB microfluidic chips is in
compound evaluation, particularly for assessing compound
permeability, transport mechanisms, and neurotoxicity.
This progression highlights the growing utility of BBB-on-
a-chip systems as versatile and powerful tools in both basic
research and translational biomedical applications.

4.1. Materials and fabrication

The selection of materials for constructing BBB
microfluidic chips must balance several critical criteria,
including biocompatibility, chemical stability, optical
transparency, and compatibility with cell culture. PDMS
is the most widely used material due to its favorable
properties, such as gas permeability, flexibility, ease of
molding, and optical clarity. However, PDMS also presents
several limitations, including incompatibility with non-
polar organic solvents, high water vapor permeability,
hydrophobic surface characteristics, and a strong tendency
to adsorb biomolecules, which may interfere with
experimental reproducibility and sensitivity.”> Alternative
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Figure 3. Graphical abstract of BBB-on-a-chip constructionand application. The construction ofa BBB-on-a-chip system involves three primary components:
materials and fabrication, cell sources, and simulation of physiological conditions. The key application areas include model verification, disease modeling, and
compound evaluation. Selected cellular elements shown in the figure were sourced or adapted from Servier Medical Artvia the scifig.bio plugin (version 1.3.2).
Abbreviations: BBB, blood-brain barrier; CNS, central nervous system; HA, human astrocytes; hBMEC, human brain microvascular endothelial cells;
HBVP, human brain vascular pericytes; PDMS, polydimethylsiloxane; TEER, transepithelial electrical resistance.

materials have been explored to overcome these
limitations. Polymethylmethacrylate has gained attention
for its rigidity, optical transparency, low refractive index,
and minimal autofluorescence, making it suitable for
optical imaging and analytical applications. Polycarbonate
membranes are frequently employed as porous interfaces
due to their permeability, enabling the simulation of
cell-cell interactions and transport across barriers.”
Polystyrene, a well-established material in traditional
cell culture, offers high biocompatibility and supports
robust cell adhesion and proliferation.” Additionally,
fiber-based ECM membranes have shown promise in
facilitating cell-cell communication and migration,
making them ideal for studies focused on intercellular
signaling and barrier remodeling.” Despite the availability
of alternative materials, PDMS remains the predominant
material used in BBB chip fabrication due to its superior
mechanical and chemical processing characteristics. While

polymethylmethacrylate has been employed in a limited
number of studies, approximately 50% of BBB microfluidic
models incorporate porous membranes made from various
materials to physically separate fluidic channels and mimic
basement membranes.”

Soft lithography is the most commonly used method
for fabricating microfluidic chips, particularly when
working with PDMS. This technique involves a series of
steps, including photolithography to define microchannel
features, mold fabrication, PDMS casting, demolding,
and bonding of the PDMS structure to a substrate (e.g.,
glass or polymer). However, the tendency of PDMS to
adsorb biomolecules and its relatively poor long-term
structural stability present challenges for durability and
reproducibility in extended culture systems.””

Toaddress thelimitationsassociated with traditional soft
lithography and PDMS-based fabrication, researchers have
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explored alternative techniques such as laser engraving and
3D printing. Laser engraving involves directing a laser beam
onto the material surface to selectively ablate regions and
create microfluidic channels. This method is particularly
effective for post-processing tasks, such as punching access
ports or removing excess material.”® However, the high
cost of laser engraving equipment and the risk of thermal
damage to heat-sensitive substrates present notable
challenges. The integration of 3D printing technology with
microfluidic platform design has opened new avenues for
simulating complex biological environments, including
multi-organ interactions. This advancement significantly
enhances the applicability of microfluidic models in
compound evaluation and translational research.” For
instance, Cenhrang et al.'® incorporated biologically
relevant ECM materials, such as collagen, into 3D-printed
microfluidic devices to generate high-barrier-function
BBB models. The integration of ECM materials with
microfluidics provided a physiologically relevant matrix
environment, supporting cell-matrix interactions and
mimicking the native BBB structure more effectively.'®
Moreover, 3D printing offers substantial advantages in the
rapid prototyping and customization of chip components,
making it a powerful tool in the construction of BBB-on-
a-chip systems. Its flexibility, cost-effectiveness, and ability
to fabricate complex geometries position it as a promising
approach for next-generation in vitro BBB modeling.

In bioprinting, material selection is a critical factor,
particularly the choice of bioink. Customizing ECM-
mimicking hydrogels that are compatible with astrocytes
enables additive biofabrication of advanced CNS tissues
and disease models."”" For example, Matthiesen et al.'!
developed a modular hydrogel system based on hyaluronic
acid using 3D bioprinting to study interactions among
neuroblastoma (SHSY5Y), glioblastoma (U87) cell
lines, and human fetal primary astrocytes. They found
that bioprinting enhanced astrocyte interactions with
the hyaluronan-based matrix, thereby facilitating the
development of physiologically relevant CNS disease
models (Table 2)."" Similarly, Kim et al'® utilized
microneedles and 3D-printed frameworks to construct a
functional in vitro brain microvascular hydrogel model.
Mouse brain endothelial cells (bEnd.3) were seeded onto
the luminal surface of cylindrical collagen microchannels.
This model successfully demonstrated barrier function,
which could be disrupted by hypertonic mannitol and
subsequently restored—highlighting its suitability for
simulating both normal and pathological BBB conditions
(Table 2).12 Wang et al.'® introduced a coaxial extrusion
bioprinting technique to fabricate triple-layered tubular
blood vessels that mimic the BBB structure. In their
model, photopolymerizable bioink was used to form

the inner and outer vessel walls, with endothelial cells
seeded between two layers. Following crosslinking and
removal of uncured materials, the resulting hollow vessel
was perfused with culture medium. Functional testing
revealed that the bioprinting vessels allowed the passage
of small neuroprotective molecules while restricting
larger compounds, effectively replicating the selective
permeability of the physiological BBB (Table 2).'”* These
examples underscore the ability of 3D bioprinting to
generate hollow, cell-lined channels with capillary-like
properties, including layer-specific architecture, fluid
perfusion, and molecular selectivity. Collectively, these
advances demonstrate that 3D-bioprinting constructs
can successfully recapitulate key structural and functional
features of the BBB, such as multi-layered cellular
organization, flow dynamics, and selective permeability,
which makes them valuable platforms for compound
screening and neuropharmacological research.®®

Bioprinting tissues can be seamlessly integrated into
microfluidic organ-on-a-chip platforms to more accurately
simulate the dynamic physiological environment of living
organs. Microfluidic chips offer precise control over fluid
flow and shear stress, which are critical for promoting
vascular maturation and enhancing BBB functionality.
Notably, shear stress has been shown to strengthen tight
junction formation between endothelial cells, thereby
improving barrier integrity.'” One practical approach
involves directly bioprinting the tissue construct and
coupling it with a perfusion system for dynamic cell
culture. For example, Dona et al.* utilized digital light
processing-based 3D bioprinting to fabricate a human
brain microvascular model surrounded by embedded
astrocytes. Using computer-aided design software,
they designed a microvascular scaffold composed
of crosslinkable photosensitive  bioinks, including
polyethylene glycol diacrylate and gelatin methacrylate.
The successful formation of perfusable channels was
verified by infusing red dye. Human BMECs were then
seeded into the channels to achieve endothelialization,
and the construct was enclosed with a PDMS cap and
cultured under gradually increasing flow rates via
perfusion.” In another example, Zhang et al.'” applied
bioprinting technology to precisely position both cells and
matrix materials within a prefabricated microfluidic chip
(Table 2).'* They developed a sacrificial bioprinting
method to produce vascularized hydrogels: Pluronic F127
was printed as a sacrificial template and dried before being
transferred onto a PDMS substrate. The template was then
embedded in gelatin methacrylate, which was crosslinked
under ultraviolet light. Following the dissolution of the
sacrificial material, a hollow channel network remained.
Human umbilical vein endothelial cells were seeded into
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these channels and cultured under perfusion to establish
a functional endothelialized microvasculature. While this
specific model was heart-related, the same fabrication
principle can be extended to create bioprinted-BBB
systems by embedding NV Us within perfusable scaffolds.
Overall, the integration of bioprinting tissues with
microfluidic platforms, known as “bioprinting organ-
on-a-chip” systems, enables physiological fluid flow, real-
time monitoring, and high-throughput experimental
capabilities. For BBB modeling, such systems allow the
construction of multicellular, flow-responsive barrier
structures that closely mimic the architecture and
function of the NVU. These next-generation platforms
hold significant promise for applications in CNS
disease modeling, compound permeability testing, and
neuropharmacological compound evaluation.”>'*

4.2. Cell sources

The choice of cell source is a critical determinant of the
physiological relevance, functionality, and reproducibility
of in vitro BBB models. Among the available options,
primary cells offer high fidelity to native tissue, as they
retain key phenotypic characteristics, differentiation
status, and metabolic activity. Moreover, primary human
cells pose a relatively low risk of oncogenic transformation.
In dynamic microfluidic cultures, primary cells have been
shown to maintain functional activity for several days to
over a week, underscoring their growing importance in
advanced in vitro BBB models.'

Immortalized cell lines offer practical advantages
such as ease of acquisition, simple handling, and high
proliferative capacity, enabling repeated passaging
and high-throughput applications. Although they
may not fully replicate the properties of native cells,
immortalized cell-based BBB models are widely used
for evaluating compound permeability and performing
large-scale screening assays. For instance, Yang et al.'”
co-cultured immortalized human cerebral microvascular
endothelial cells (CMECs) with pericytes and astrocytes
to assess the permeability of 10 pharmacological agents,
including caffeine, carbamazepine, and desipramine.
Their results revealed that permeability trends in the
in vitro model closely mirrored those observed in vivo,
supporting the model’s utility for drug evaluation.'””
Immortalized cell lines are also instrumental in studying
the mechanisms underlying neuroimmune responses and
neurodegenerative diseases. Ohbuchi et al.”> demonstrated
that brain endothelial cells formed microvascular-like
structures in vitro, while pericytes enhanced barrier
integrity. This system effectively modeled BBB dysfunction
and immune cell infiltration, providing insights into the
pathophysiology of CNS disorders.”

hiPSCs, which can differentiate into various cell
types, are increasingly utilized in BBB models for disease
modeling and compound evaluation, particularly in the
context of rare or patient-specific neurological disorders.”®
For example, Ferreira et al.'”® developed BBB models using
hiPSCs derived from patients with neurodegenerative
diseases to enhance understanding of disease mechanisms
and support the development of improved therapeutic
strategies.'” Although the combination of hiPSC-derived
endothelial cells, pericytes, and astrocytes within fibrin
hydrogels has enabled the construction of vascularized
chip models, challenges remain. Notably, in some 3D
configurations, endothelial cells fail to integrate fully into
the hydrogel scaffold, thereby limiting the acquisition of
key BBB-like properties such as tight junction formation
and selective permeability.'” In recent years, significant
progress has been made in developing human in vitro
BBB models. This includes the differentiation of NVU
cell types from stem cells, improved replication of the
native ECM environment, and the application of BBB-on-
a-chip platforms to better mimic in vivo physiology and
function.!”® In summary, hiPSC-based BBB models offer
a personalized and scalable approach for investigating
individual differences in BBB characteristics, disease
phenotypes, and drug responses, thereby holding
great promise for both basic research and precision
medicine applications.

Another common strategy for constructing
physiologically relevant BBB models involves the use of
multiple cell types, including a combination of primary
cells and hiPSCs. This hybrid approach enables the
preservation of specific functional properties inherent to
primary cells while leveraging the scalability and patient
specificity offered by hiPSC-derived components, thereby
enhancing the biological realism and applicability of
the model. For example, Noorani et al.** demonstrated
that essential BBB characteristics could be faithfully
reproduced by co-culturing hiPSC-derived BMECs
with primary human pericytes and astrocytes within
a microfluidic chip platform, such as low paracellular
permeability, active efflux transporter function, and
appropriate osmotic responsiveness.** This integrated
BBB-on-a-chip model effectively mimicked the structural
and functional properties of the human NVU. Such
composite models, combining the strengths of both cell
sources, not only provide a more physiologically accurate
platform but also serve as valuable tools for therapeutic
screening and mechanistic studies of brain diseases. As
shown in recent work, these hybrid BBB models offer
insights into disease pathophysiology and compound
transport, supporting their use in preclinical evaluation
and personalized medicine.'"”
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4.3. Simulation of physiological conditions

The validity of in vitro BBB modeling depends on its
ability to replicate the physiological structure and dynamic
microenvironment of the in vivo BBB. Effective BBB
models must accurately mimic local microenvironmental
conditions, support cellular communication, and simulate
organ interactions.”” BBB microfluidic chips were proven
effective in compound screening by replicating endothelial
glycocalyx structure and dynamics, which provided
effective protection to endothelial cells under shear stress
and enhanced transendothelial transport efficiency.'"!

Fluid shear stress is a critical biomechanical regulator of
BBB function. It plays a key role in inducing the expression
of tight junction proteins by BMECs, thereby enhancing
the barrier’s selective permeability. This selectivity
allows lipid-soluble molecules, such as theophylline, to
accumulate outside the lumen, while restricting the passage
of hydrophilic or larger compounds like morphine and
sucrose, thus preserving BBB integrity.""> Cucullo et al.'"’
demonstrated that human BMECs cultured under dynamic
flow conditions exhibited permeability profiles closely
resembling those of the in vivo BBB, even in the absence
of astrocytes. Their model achieved a high correlation
coeflicient (r = 0.93) with in vivo data, underscoring
the importance of shear stress in maintaining BBB-like
function.'”® Physiologically, fluid shear stress is generated
by blood flow within cerebral vessels, acting directly on
the endothelial surface and subsequently influencing
surrounding neurons and glial cells. In the human cerebral
vasculature, shear stress ranges from 10-70 dyn/cm? in
arteries and 2.8-95.5 dyn/cm?in capillaries, with an average
capillary shear stress typically between 5 and 23 dyn/cm?.'"*
However, several in vitro models fall short of reproducing
these physiological flow conditions. For instance, models
developed by Chim et al.''® and Griep et al.''® produced
shear stress values ranging only from 0.01 to 0.06 dyn/cm?,
which are considerably lower than those observed in vivo
and may be insufficient to induce appropriate endothelial
responses.''*!"> Notably, Ceccarelli et al."'® addressed this
limitation by employing a dual syringe pump system to
drive fluid through a BBB microfluidic chip at a flow rate
of 40 pL/min. This setup generated shear stress values of
approximately 11-13 dyn/cm?, successfully replicating
physiologically relevant conditions and supporting the
development of a more accurate and functional in vitro
BBB model.'*¢

5. Application of blood-brain barrier chips
in compound evaluation

In vitro biomimetic BBB chip models offer several
significant advantages for compound evaluation and

drug development. These models closely replicate the
physiological structure and functional characteristics of
the native BBB, including selective permeability, active
transport of nutrients and neurotransmitters, and barrier
responses to various stimuli.® This physiological relevance
makes BBB chips well-suited for evaluating drug candidates
and other bioactive compounds under both normal and
pathological conditions. One of the major strengths of
microfluidic BBB chips is the ability to dynamically control
the cellular microenvironment. Parameters such as shear
stress, flow rate, and biochemical gradients can be precisely
modulated, enabling more accurate simulation of in vivo
conditions and allowing compounds to be tested under
disease-specific or stress-inducing settings. Importantly,
BBB chip models can reduce reliance on traditional animal
models, thereby aligning with the principles of the 3Rs
(Replacement, Reduction, and Refinement) in ethical
research. By minimizing animal usage and circumventing
inter-individual variability inherent to animal studies, these
models improve data reproducibility while addressing
ethical concerns associated with in vivo experimentation.'"”
In addition, microfluidic platforms support parallelized
culture conditions and real-time monitoring, enabling
high-throughput screening of a large number of
compounds during the early stages of drug discovery. This
capability significantly reduces the time and cost associated
with conventional drug development pipelines."®'?
Furthermore, the high degree of standardization and
environmental control afforded by BBB chip models
reduces the confounding influence of systemic metabolic
variability seen in whole animal studies. As a result, these
platforms are particularly valuable for mechanistic studies
and basic research aimed at elucidating BBB transport,
barrier integrity, and cellular interactions under defined
conditions.'”® Table 3 summarizes the application of BBB
microfluidic chips in compound evaluation.

In vitro biomimetic BBB chips have emerged as a
rational and versatile platform for investigating the
effects of hazardous compounds on the CNS (Table 3). By
integrating microfluidic technologies with advanced cell
culture techniques, these chips enable the replication of
key structural, functional, and mechanical characteristics
of the in vivo BBB. For example, Xu et al.'*' utilized a
microfluidic-based BBB chip to culture cells and tissues
in a dynamic environment that closely mimicked the
native NVU, enabling reliable assessments of compound
permeability, toxicity, and therapeutic efficacy.'” This
platform has proven particularly valuable in preclinical
drug development, safety testing, and evaluating the risk
of clinical trial failure. Recent studies have demonstrated
the effectiveness of BBB chip models in elucidating toxicity
mechanisms and supporting compound evaluation.
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Maoz et al.'** successfully used a microfluidic BBB chip
to simulate the penetration of the psychoactive drug
methamphetamine, which comprised primary human
BMEGC:s, pericytes, astrocytes, and neurons. Their findings
revealed that methamphetamine exposure increased
BBB permeability and altered cellular metabolite
profiles, highlighting its neurotoxic effects and providing
mechanistic insight into drug transport across the NVU
(Table 3).'* Similarly, Liu et al.'® employed a BBB chip
model incorporating neurons and astrocytes derived from
hiPSCs to assess the neurotoxicity of the organophosphate
compound malathion. Confocal imaging, cell viability
assays, and enzymatic activity measurements demonstrated
a significant reduction in total acetylcholinesterase and
butyrylcholinesterase activity, validating the model as
a platform for neurotoxicity screening.'” In addition,
combining BBB-on-a-chip systems with targeted mass
spectrometry and electrochemical analysis has enabled
quantitative assessment of compound exposure. For
example, this approach was used to study the neurovascular
effects of organophosphate compounds, further supporting
the application of BBB chips in toxicology testing
(Table 3)."* Furthermore, citronellol, as a fragrance
compound commonly found in cosmetics and personal
care products, was shown to cross the BBB and induce
neurotoxic effects, including inflammation and apoptosis.
This finding highlights the utility of BBB microfluidic
models for evaluating consumer product safety and
identifying potential CNS hazards.'” Overall, BBB
chip models represent a powerful tool for investigating
compound-induced CNS toxicity. Their ability to
recapitulate neurovascular physiology, support high-
throughput testing, and provide mechanistic insights
makes them invaluable for both basic research and
translational applications in neurotoxicology.

Biomimetic BBB chips offer considerable advantages in
the screening of biologically active compounds, particularly
for research related to neurological diseases such as
glioma and neuroinflammation (Table 3). These models
replicate essential features of the human BBB, enabling
precise evaluation of compound transport, efficacy, and
barrier disruption in physiologically relevant contexts.
The integration of 3D bioprinting technology has further
simplified the fabrication of microfluidic BBB models.
For instance, Arduino et al.'*® utilized 3D bioprinting to
develop an in vitro BBB microfluidic model, which was
used to assess the delivery of paclitaxel and carboplatin
encapsulated in liposomes for glioblastoma treatment.
The results demonstrated that the liposomal formulations
successfully crossed the BBB while retaining therapeutic
efficacy, underscoring the utility of the bioprinting
platform for brain tumor drug screening (Table 3).!* Shao

et al'” developed a BBB chip by co-culturing human
CMEC/D3 with glioma cells (U251) to study the BBB
penetration of sunitinib, a model therapeutic compound.
Using electrospray ionization quadrupole time-of-flight
mass spectrometry, they quantified drug transport and
observed that glioblastoma cells exhibited higher viability
in the 3D culture compared to traditional 2D conditions,
highlighting the physiological relevance of the microfluidic
environment (Table 3)."” In another study, Wang et al.”
constructed a BBB chip using BMECs differentiated from
hiPSCs and primary rat astrocytes. By monitoring TEER
and shear stress, they confirmed the functional integrity
of the model. Permeability assays for three model drugs
(caffeine, cimetidine, and doxorubicin) demonstrated
that their transport profiles closely matched in vivo data,
validating the model for compound screening applications
(Table 3).” Furthermore, a microfluidic BBB chip was
developed by Yu et al.'*® to simulate neuroinflammation-
induced barrier dysfunction. The model, composed of
primaryratbrain endothelial cells, pericytes,and astrocytes,
showed high expression of cell-type-specific genes,
confirming cellular maturity and in vitro differentiation.
Upon induction of neuroinflammation and treatment with
dexamethasone, the chip exhibited measurable therapeutic
responses, demonstrating its applicability for validating
biologically active compounds in neuroinflammatory
disease contexts (Table 3).””® Together, these studies
illustrate the growing utility of BBB-on-a-chip platforms
in translational neuroscience, offering a physiologically
relevant, high-throughput approach to evaluate compound
transport, neurotoxicity, and therapeutic potential in
CNS-related diseases.

Based on recent in vitro BBB chip studies, nanoparticles
have emerged as promising drug delivery vehicles capable
of overcoming biological barriers and enabling efficient
transport of therapeutic agents across the BBB.'? These
nanoformulations offer targeted delivery, improved drug
bioavailability, and enhanced therapeutic outcomes,
particularly for CNS disorders. As summarized in Table 3,
Palma et al.”® evaluated the permeability of peptide-
functionalized gold nanorods using a BBB organ-on-
a-chip platform. Their study demonstrated that gold
nanorods were able to cross the BBB and degrade
B-amyloid aggregates, highlighting their potential for
the treatment of AD." In a separate study, ferulic acid-
loaded poly(lactic-co-glycolic acid) nanoparticles were
shown to traverse the BBB and exert antioxidant effects,
suggesting a novel therapeutic strategy for combating
oxidative stress-related neurological disorders.””! For
glioblastoma therapy, Cai et al."** developed lipid-based
nanoparticles functionalized with vascular endothelin
ligand, angiopoietin-2, and co-loaded with cisplatin
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and temozolomide. These nanoparticles successtully
penetrated the BBB and enhanced drug accumulation
within glioblastoma cells, demonstrating improved
therapeutic efficacy compared to free drugs (Table 3).'*
Collectively, these findings underscore the value of BBB
chip models in evaluating the transport behavior, targeting
efficiency, and therapeutic potential of nanoparticle-based
drug delivery systems. Such platforms not only facilitate
mechanistic insights but also accelerate the development of
advanced nanomedicines for CNS applications.

Natural compounds derived from plants, animals, and
microorganisms remain a vital source for the discovery
of new therapeutic agents. These substances are often
associated with low toxicity and are particularly suitable
for the treatment of mild or chronic diseases. However, the
quality control of the compounds remains challenging due
to variability in raw material sources and environmental
factors, along with high production costs."” In recent
years, there has been growing interest in the potential of
traditional Chinese medicine and its active constituents
for treating CNS disorders.”**'** Karthika et al."*” further
synthesized evidence regarding the efficacy of various
traditional Chinese medicine-derived compounds in the
treatment of neurological diseases.”*”'* In this context,
in vitro BBB chip models offer a valuable platform for
elucidating the mechanisms of action of herbal medicines
and bridging the gap between modern pharmacology
and traditional herbal therapies.””® For example, Shi
et al.”” developed a BBB-glioma microfluidic chip (referred
to as the BBB-U251 chip) using a co-culture of primary
human BMECs, pericytes, astrocytes, and glioma (U251)
cells. The model was validated using immunofluorescence
imaging, TEER measurements, and permeability assays
with FITC-dextran and model drugs, demonstrating
barrier properties closely resembling in vivo conditions.
This platform was then employed to screen anti-glioma
compounds derived from traditional Chinese medicine
using high-performance liquid chromatography combined
with ultraviolet detection. Active components, such
as baicalein and naringenin, were identified for their
antitumor properties. Notably, the study also revealed
that the presence of an intact BBB significantly limited
the effectiveness of these compounds on glioma cells,
underscoring the importance of incorporating barrier
functions into compound evaluation platforms (Table 3).”
These findings highlight the utility of BBB microfluidic
chip models in advancing the mechanistic understanding
and pharmacological screening of traditional Chinese
medicines. Such platforms are instrumental in identifying
bioactive compounds, evaluating BBB permeability, and
supporting the development of novel therapeutics derived
from natural products.

6. Perspectives

6.1. Challenges for bioprinting and microfluidic
integrated systems

The integration of 3D bioprinting with microfluidic
technology offers great promise for developing
physiologically relevant in vitro BBB models, but also
presents a series of unique technical challenges. The shear
stress serves as a double-edged sword. Moderate shear
stress generated by perfusion enhances tight junction
formation and improves BBB integrity,' whereas
excessive shear stress during the bioprinting process can
compromise cell viability, particularly in extrusion-based
systems.'*! Nozzle design further complicates the balance
between print resolution and cell safety.'*>!* Microfluidic
integration introduces additional design complexities.
Seamless bonding between the printed scaffold and
microfluidic materials must be achieved to ensure sealed
fluid flow and maintain optical transparency for real-time
imaging. Under continuous perfusion, it is essential to
preserve vascular lumen patency and ensure that printed
structures can withstand the resulting fluidic pressures
without collapsing or delaminating.

Despite the challenges mentioned above, recent
advancementshaveledtothesuccessfuldevelopmentothybrid
platforms that integrate 3D bioprinting with microfluidic
technology, enabling the creation of increasingly complex
BBB-on-a-chip systems. For example, Xu et al.'** designed
a sophisticated human NVU chip using 3D bioprinting
to simulate the pediatric brain microenvironment."** The
model’s integrated, automated perfusion system mimics
physiological blood flow, while specialized fluidic channels in
the brain region facilitate comprehensive metabolite analysis.
Another particularly promising area is the development
of high-throughput screening platforms. 3D bioprinting
offers a scalable and efficient manufacturing method for
generating multiplexed vascularized models. For example,
Ahmad et al.'* proposed a bioprinting strategy that created
six perfusable hollow channels embedded in hydrogel; this
multi-channel design supports the parallel evaluation of
multiple compounds or concentration gradients.'”” These
innovations pave the way for customizable, scalable, and
multifunctional in vitro brain models.

6.2. The future of biomimetic blood-brain

barrier chips

The biomimetic BBB chip is poised to make substantial
contributions to the future of compound evaluation and
CNS drug development. With ongoing developments in
biomaterials science, new ECM-mimicking materials are
expected to emerge that better replicate the mechanical and
biochemical cues of the native brain microenvironment."**'*
These materials would enhance cell viability, differentiation,
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and functionality, further improving the physiological
relevance of in vitro BBB models.

Moreover, the integration of biomimetic BBB chips
with emerging analytical and
represents a critical frontier in next-generation model
development. Recent studies have shown that combining
metabolomic analysis with microfluidic organ-on-a-chip
models enables detailed characterization of metabolic
pathway shifts associated with neuroinflammatory damage
and BBB integrity loss."*® Collectively, the integration of
biomimetic BBB chips with biosensing,'*’ proteomic," and
metabolomic technologies is expected to uncover complex
interaction networks at the neurovascular interface,
delivering predictive insights into compound behavior.

sensing technologies

The serial integration of BBB microfluidic chips
with other organ-on-a-chip systems presents additional
opportunities for comprehensive compound evaluation.
For example, Koenig et al.'* developed a closed
microfluidic system that interconnected a hiPSC-derived
BBB model with cortical brain and hepatospheroid models,
all derived from the same donor.””" Such interconnected
systems enable researchers to study compounds in a more
holistic context, mimicking systemic circulation and inter-
organ interactions. By replicating physiologically relevant
inter-organ communication, these platforms represent a
promising step toward more predictive preclinical testing
and personalized drug development strategies.

7. Conclusion

The biomimetic BBB microfluidic chip represents a powerful
and promising platform for replicating the structure
and function of the human BBB in vitro. Constructed
using microfluidic technology, these chips co-culture
key neurovascular cell types, such as BMECs, astrocytes,
pericytes, and neurons, within a controlled environment
that closely mimics the physiological microenvironment of
cerebral vasculature and brain tissue. This system enables
dynamic simulation of intercellular interactions, shear stress,
and nutrient exchange, thereby providing an advanced and
physiologically relevant tool for evaluating the permeability
of candidate compounds, offering significant advantages
over traditional static and animal-based models.”>** As a
result, biomimetic BBB microfluidic chips hold significant
potential for accelerating CNS drug development, reducing
reliance on animal testing, and deepening our understanding
of neurovascular pathophysiology.

Acknowledgments

Schematic illustrations of cells shown in the graphical
abstract or figures were used from or adapted from pictures

provided by Servier Medical Art based on the plugin scifig.
bio (version 1.3.2), licensed under a Creative Commons
Attribution 4.0 Unported License.

Funding

This work was supported by the Beijing Life Science
Academy (2024400CB0060) and (2023600CA0080).

Conflict of interest

The authors declare no conflicts of interest.

Author contributions

Conceptualization: Xiang Li, Yating Du
Funding acquisition: Xiang Li
Investigation: Yating Du, Zezhi Li
Supervision: Jianping Xie
Visualization: Yating Du
Writing-original draft: Yating Du
Writing-review & editing: Xiang Li

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

References

1. Floryanzia SD, Nance E. Applications and considerations
for microfluidic systems to model the blood-brain barrier.
ACS Appl Bio Mater. 2023;6(9):3617-3632.
doi: 10.1021/acsabm.3c00364

2. Shamul JG, Wang Z, Gong H, et al. Meta-analysis of the
make-up and properties of in vitro models of the healthy
and diseased blood-brain barrier. Nat Biomed Eng.
2024;9(4):566-598.
doi: 10.1038/s41551-024-01250-2

3. Shi SM, Suh R], Shon D], et al. Glycocalyx dysregulation
impairs blood-brain barrier in ageing and disease. Nature.
2025;639(8056):985-994.
doi: 10.1038/541586-025-08589-9

4. Sumpio BE, Timothy Riley J, Dardik A, Cells in
focus: endothelial cell. Int ] Biochem Cell Biol.
2002;34(12):1508-1512.
doi: 10.1016/S1357-2725(02)00075-4

5. Bonkowski, D, Katyshev V, Balabanov RD, Borisov A, Dore-
Duffy P. The CNS microvascular pericyte: pericyte-astrocyte

Volume 11 Issue 5 (2025)

90

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265
https://doi.org/10.1021/acsabm.3c00364
https://doi.org/10.1038/s41551-024-01250-2
https://doi.org/10.1038/s41586-025-08589-9
https://doi.org/10.1016/S1357-2725(02)00075-4

International Journal of Bioprinting

In vitro BBB model for compound evaluation

crosstalk in the regulation of tissue survival. Fluids Barriers
CNS. 2011;8(1):8.
doi: 10.1186/2045-8118-8-8

6. Candelario-Jalii E, Dijkhuizen RM, Magnus T.
Neuroinflammation, stroke, blood-brainbarrier dysfunction,
and imaging modalities. Stroke. 2022;53(5):1473-1486.
doi: 10.1161/strokeaha.122.036946

7. Abbott NJ, Ronnbéck L, Hansson E. Astrocyte-endothelial
interactions at the blood-brain barrier. Nat Rev Neurosci.
2006;7(1):41-53.
doi: 10.1038/nrn1824

8.  Vetter J, Palagi I, Waisman A, Blaeser A. Recent advances
in blood-brain barrier-on-a-chip models. Acta Biomater.
2025;197:1-28.
doi: 10.1016/j.actbio.2025.03.041

9. Katt ME, Shusta EV. In vitro models of the blood-brain
barrier: building in physiological complexity. Curr Opin
Chem Eng. 2020;30:42-52.
doi: 10.1016/j.coche.2020.07.002

10. Profaci CP, Munji RN, Pulido RS, Daneman R. The blood-
brain barrier in health and disease: important unanswered
questions. ] Exp Med. 2020;217(4):¢20190062.
doi: 10.1084/jem.20190062

11. Engelhardt B, Ransohoff RM. Capture, crawl, cross: the T cell
code to breach the blood-brain barriers. Trends Immunol.
2012;33(12):579-589.
doi: 10.1016/.it.2012.07.004

12. Gursoy-Ozdemir Y, Yemisci M, Dalkara T. Microvascular
protection is essential for successful neuroprotection in
stroke. ] Neurochem. 2012;123(s2):2-11.
doi: 10.1111/j.1471-4159.2012.07938.x

13. Nance E, Pun SH, Saigal R, Sellers DL. Drug delivery to the
central nervous system. Nat Rev Mater. 2022;7(4):314-331.
doi: 10.1038/s41578-021-00394-w

14. Gao Q, Hernandes MS. Sepsis-associated encephalopathy
and blood-brain barrier dysfunction. Inflammation.
2021;44(6):2143-2150.
doi: 10.1007/s10753-021-01501-3

15. Yin P, Wang X. Progresses in the establishment, evaluation,
and application of in vitro blood-brain barrier models.
J Neurosci Res. 2024;102(6):e25359.
doi: 10.1002/jnr.25359

16. Pediaditakis I, Kodella KR, Manatakis DV, et al. Modeling
alpha-synuclein pathology in a human brain-chip to
assess blood-brain barrier disruption. Nat Commun.
2021;12(1):5907.
doi: 10.1038/s41467-021-26066-5

17. Liu X, Li ], Liu S, et al. Fabrication of a 3D bioprinting
model for posterior capsule opacification using GelMA and
PLMA hydrogel-coated resin. Regenerative Biomaterials.
2024;11:rbae020.
doi: 10.1093/rb/rbae020

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lee, G., Kim, S. J, Park, J. K., Fabrication of a self-
assembled and vascularized tumor array via bioprinting on
a microfluidic chip. Lab Chip. 2023;23(18):4079-4091.

doi: 10.1039/d31c00275f

Dudman, J., Ferreira, A. M., Gentile, P., Wang, X., Dalgarno,
K., Microvalve Bioprinting of MSC-Chondrocyte Co-
Cultures. Cells. 2021;10(12):3329.

doi: 10.3390/cells10123329

Rueda-Gensini, L., Serna, J. A., Rubio, D., Orozco, J.
C., Bolafios, N. I, Cruz, J. C., Muiioz-Camargo, C,
Three-dimensional neuroimmune co-culture system for
modeling Parkinson’s disease microenvironments in vitro.
Biofabrication. 2023;15(4).

doi: 10.1088/1758-5090/ace21b

LiY, Liu B, Zhao T, et al. Comparative study of extracellular
vesicles derived from mesenchymal stem cells and
brain endothelial cells attenuating blood-brain barrier
permeability via regulating Caveolin-1-dependent ZO-1
and Claudin-5 endocytosis in acute ischemic stroke.
J Nanobiotechnology. 2023;21(1):70.

doi: 10.1186/512951-023-01828-2

Cho C-F, Wolfe JM, Fadzen CM, et al. Blood-brain-barrier
spheroids as an in vitro screening platform for brain-
penetrating agents. Nat Commun. 2017;8(1):15623.

doi: 10.1038/ncomms15623

Chai YC, To SK, Simorgh S, et al. Spatially self-organized
three-dimensional neural concentroid as a novel reductionist
humanized model to study neurovascular development. Ady
Sci (Weinh). 2024;11(5):e2304421.

doi: 10.1002/advs.202304421

Middelkamp HHT, Verboven AHA, De Sa Vivas AG, et
al. Cell type-specific changes in transcriptomic profiles
of endothelial cells, iPSC-derived neurons and astrocytes
cultured on microfluidic chips. Sci Rep. 2021;11(1):2281.
doi: 10.1038/s41598-021-81933-x

Galpayage Dona KNU, Ramirez SH, Andrews AM. A Next-
generation 3D tissue-engineered model of the human
brain microvasculature to study the blood-brain barrier.
Bioengineering (Basel). 2023;10(7):817.
doi: 10.3390/bioengineering10070817

Mancuso S, Bhalerao A, Cucullo L. Advances and challenges
of bioassembly strategies in neurovascular in vitro
modeling: an overview of current technologies with a focus
on three-dimensional bioprinting. Int ] Mol Sci. 2024;25(20):
11000.

doi: 10.3390/ijms252011000

Audus KL, Borchardt RT. Characterization of an in vitro
blood-brain barrier model system for studying drug
transport and metabolism. Pharm Res. 1986;3(2):81-87.

doi: 10.1023/a:1016337202335

van Bree JB, de Boer AG, Danhof M, Ginsel LA, Breimer
DD. Characterization of an “in vitro” blood-brain barrier:
effects of molecular size and lipophilicity on cerebrovascular

Volume 11 Issue 5 (2025) 91

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265
https://doi.org/10.1186/2045-8118-8-8
https://doi.org/10.1161/strokeaha.122.036946
https://doi.org/10.1038/nrn1824
https://doi.org/10.1016/j.actbio.2025.03.041
https://doi.org/10.1016/j.coche.2020.07.002
https://doi.org/10.1084/jem.20190062
https://doi.org/10.1016/j.it.2012.07.004
https://doi.org/10.1111/j.1471-4159.2012.07938.x
https://doi.org/10.1038/s41578-021-00394-w
https://doi.org/10.1007/s10753-021-01501-3
https://doi.org/10.1002/jnr.25359
https://doi.org/10.1038/s41467-021-26066-5
https://doi.org/10.1093/rb/rbae020
https://doi.org/10.1039/d3lc00275f
https://doi.org/10.3390/cells10123329
https://doi.org/10.1088/1758-5090/ace21b
https://doi.org/10.1186/s12951-023-01828-z
https://doi.org/10.1038/ncomms15623
https://doi.org/10.1002/advs.202304421
https://doi.org/10.1038/s41598-021-81933-x
https://doi.org/10.3390/bioengineering10070817
https://doi.org/10.3390/ijms252011000
https://doi.org/10.1023/a

International Journal of Bioprinting

In vitro BBB model for compound evaluation

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

endothelial transport rates of drugs. ] Pharmacol Exp Ther.
1988;247(3):1233-1239.
doi: 10.1016/50022-3565(25)13283-7

Bernoud N, Fenart L, Bénistant C, et al. Astrocytes are
mainly responsible for the polyunsaturated fatty acid
enrichment in blood-brain barrier endothelial cells in vitro.
J Lipid Res. 1998;39(9):1816-1824.

doi: 10.1016/S0022-2275(20)32169-6

Al-Ahmad A]J. Human-induced pluripotent stem cell-based
model of the blood-brain at 10 years: a retrospective on
past and current disease models. Handb Exp Pharmacol.
2023;281:141-156.

doi: 10.1007/164_2023_645

Stone NL, England TJ, O’Sullivan SE. A novel transwell
blood brain barrier model using primary human cells. Front
Cell Neurosci. 2019;13:230.

doi: 10.3389/fncel.2019.00230

Qi D, Lin H, Hu B, Wei Y. A review on in vitro model of
the blood-brain barrier (BBB) based on hCMEC/D3 cells.
J Control Release. 2023;358:78-97.
doi: 10.1016/j.jconrel.2023.04.020

Xie Y, Ye L, Zhang X, et al. Transport of nerve growth
factor encapsulated into liposomes across the blood-brain
barrier: in vitro and in vivo studies. | Control Release.
2005;105(1-2):106-119.

doi: 10.1016/j.jconrel.2005.03.005

Singh NR, Gromnicova R, Brachner A, et al. A hydrogel
model of the human blood-brain barrier using differentiated
stem cells. PLoS One. 2023;18(4):¢0283954.

doi: 10.1371/journal.pone.0283954

Schofield C, Sarrigiannidis S, Moran-Horowich A, et al. An
in vitro model of the blood-brain barrier for the investigation
and isolation of the key drivers of barriergenesis.
Adv Healthc Mater. 2024;13(32):e2303777.

doi: 10.1002/adhm.202303777

Chen S, Tang C, Ding H, et al. Mafl ameliorates sepsis-
associated encephalopathy by suppressing the NF-kB/
NLRP3 inflammasome signaling pathway. Front Immunol.
2020;11:594071.

doi: 10.3389/fimmu.2020.594071

Wang J, Tang W, Yang M, et al. Inflammatory tumor
microenvironment responsive neutrophil
based drug delivery system for targeted glioma therapy.
Biomaterials. 2021;273:120784.

doi: 10.1016/j.biomaterials.2021.120784

€xosomes-

Maherally Z, Fillmore HL, Tan SL, et al. Real-time acquisition
of transendothelial electrical resistance in an all-human, in
vitro, 3-dimensional, blood-brain barrier model exemplifies
tight-junction integrity. Faseb J. 2018;32(1):168-182.

doi: 10.1096/).201700162R

Jain MK, Chernomorsky A, Silver FH, Berg RA. Material
properties of living soft tissue composites. ] Biomed Mater
Res. 1988;22(3 Suppl):311-326.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

doi: 10.1002/jbm.820221409

Alpert, S. S., Banks, G., The concentration dependence of
the hemoglobin mutual diffusion coeflicient. Biophys Chem.
1976;4(3):287-296.

doi: 10.1016/0301-4622(76)80077-4

Schmitz KS, Shaw BR. Hydrodynamic evidence in
support of spacer regions in chromatin. Science.
1977;197(4304):661-663.

doi: 10.1126/science.877579

Wang PY, Youson JH, Drakos TT. Mouse 3T3 cell filtrability
correlating with concanavalin A agglutinability. Biochim
Biophys Acta. 1984;802(3):467-476.
doi: 10.1016/0304-4165(84)90366-0

Oelze ML, O’'Brien WD, Jr. Application of three scattering
models to characterization of solid tumors in mice. Ultrason
Imaging. 2006;28(2):83-96.

doi: 10.1177/016173460602800202

Pérez-Lopez A, Torres-Sudrez AI, Martin-Sabroso C,
Aparicio-Blanco J. An overview of in vitro 3D models
of the blood-brain barrier as a tool to predict the in vivo
permeability of nanomedicines. Adv Drug Deliv Rev.
2023;196:114816.

doi: 10.1016/j.addr.2023.114816

Sokolova V, Nzou G, van der Meer SB, et al. Ultrasmall gold
nanoparticles (2 nm) can penetrate and enter cell nuclei
in an in vitro 3D brain spheroid model. Acta Biomater.
2020;111:349-362.

doi: 10.1016/j.actbio.2020.04.023

Urich E, Patsch C, Aigner S, Graf M, Iacone R, Freskgard
PO. Multicellular self-assembled spheroidal model of the
blood brain barrier. Sci Rep. 2013;3:1500.

doi: 10.1038/srep01500

Younis M, Faming W, Hongyan Z, Mengmeng T, Hang S,
Liudi Y. Iguratimod encapsulated PLGA-NPs improves
therapeutic outcome in glioma, glioma stem-like cells
and temozolomide resistant glioma cells. Nanomedicine.
2019;22:102101.

doi: 10.1016/j.nano.2019.102101

Huang H-S, Chiang IT, Lawal B, et al. A novel isotope-
labeled small molecule probe CCI2 for anti-glioma via
suppressing LYN-mediated progression and activating
apoptosis pathways. Int ] Biol Sci. 2023;19(10):3209-3225.
doi: 10.7150/ijbs.82266

Clevers H. Modeling development and disease with
organoids. Cell. 2016;165(7):1586-1597.
doi: 10.1016/j.cell.2016.05.082

Ahn Y, An J-H, Yang H-J, et al. Human blood vessel
organoids penetrate human cerebral organoids and form a
vessel-like system. Cells. 2021;10(8):2036.

doi: 10.3390/cells10082036

Yan Y, Song L, Bejoy J, et al. Modeling neurodegenerative
microenvironment using cortical organoids

Volume 11 Issue 5 (2025)

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265
https://www.doi.org/10.1016/S0022-3565(25)13283-7
https://www.doi.org/10.1016/S0022-2275(20)32169-6
https://doi.org/10.1007/164_2023_645
https://doi.org/10.3389/fncel.2019.00230
https://doi.org/10.1016/j.jconrel.2023.04.020
https://doi.org/10.1016/j.jconrel.2005.03.005
https://doi.org/10.1371/journal.pone.0283954
https://doi.org/10.1002/adhm.202303777
https://doi.org/10.3389/fimmu.2020.594071
https://doi.org/10.1016/j.biomaterials.2021.120784
https://doi.org/10.1096/fj.201700162R
https://doi.org/10.1002/jbm.820221409
https://doi.org/10.1016/0301-4622(76)80077-4
https://doi.org/10.1126/science.877579
https://doi.org/10.1016/0304-4165(84)90366-0
https://doi.org/10.1177/016173460602800202
https://doi.org/10.1016/j.addr.2023.114816
https://doi.org/10.1016/j.actbio.2020.04.023
https://doi.org/10.1038/srep01500
https://doi.org/10.1016/j.nano.2019.102101
https://doi.org/10.7150/ijbs.82266
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.3390/cells10082036

International Journal of Bioprinting

In vitro BBB model for compound evaluation

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

derived from human stem cells. Tissue Eng Part A.
2018;24(13-14):1125-1137.
doi: 10.1089/ten. TEA.2017.0423

Huang S, Zhang Z, Cao J, Yu Y, Pei G. Chimeric cerebral
organoids reveal the essentials of neuronal and astrocytic
APOE4 for Alzheimer’s tau pathology. Signal Transduct
Target Ther. 2022;7(1):176.

doi: 10.1038/s41392-022-01006-x

Dao L, You Z, Lu L, et al. Modeling blood-brain barrier
formation and cerebral cavernous malformations
in human PSC-derived organoids. Cell Stem Cell.
2024;31(6):818-833.e11.

doi: 10.1016/j.stem.2024.04.019

Fang GC, Chen YC, LuHX, Jin DY. Advances in spheroids and
organoids on a chip. Adv Funct Mater. 2023;33(19):2215043.
doi: 10.1002/adfm.202215043

Chen X, Sun G, Tian E, et al. Modeling sporadic alzheimer’s
disease in human brain organoids under serum exposure.
Adv Sci. 2021;8(18):€2101462.

doi: 10.1002/advs.202101462

Sooriyaarachchi D, Maharubin S, Tan GZ. Fabrication of
microtube-embedded chip to mimic blood-brain barrier
capillary vessels. In: Stone N, ed. The Blood-Brain Barrier:
Methods and Protocols. US, New York, NY: Springer; 2022:
241-249.

Kawakita S, Mandal K, Mou L, et al. Organ-on-a-chip
models of the blood-brain barrier: recent advances and
future prospects. Small. 2022;18(39):e2201401.

doi: 10.1002/smll.202201401

Ponmozhi J, Dhinakaran S, Kocsis D, Ivan K, Erdd E. Models
for barrier understanding in health and disease in lab-on-a-
chips. Tissue Barriers. 2024;12(2):2221632.

doi: 10.1080/21688370.2023.2221632

Nahon DM, Moerkens R, Aydogmus H, et al
Standardizing designed and emergent quantitative
features in microphysiological systems. Nat Biomed Eng.
2024;8(8):941-962.

doi: 10.1038/s41551-024-01236-0

Sonninen TM, Peltonen S, Kalvala S, et al. From inserts to
chips: microfluidic culture and 3D astrocyte co-culture drive
functional and transcriptomic changes in hiPSC-derived
endothelial cells. Fluids Barriers CNS. 2025;22(1):58.

doi: 10.1186/512987-025-00672-7

Jeong S, Seo J-H, Garud KS, Park SW, Lee M-Y. Numerical
approach-based simulation to predict cerebrovascular shear
stress in a blood-brain barrier organ-on-a-chip. Biosens
Bioelectron. 2021;183:113197.

doi: 10.1016/j.bi0s.2021.113197

Zakharova M, Palma do Carmo MA, van der Helm MW,
et al. Multiplexed blood-brain barrier organ-on-chip. Lab
Chip. 2020;20(17):3132-3143.

doi: 10.1039/d01c00399a

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Chang Y, Chen T, Geng S, et al. A scenario-adaptive
microfluidic chip for constructing in vitro models of
biological barriers. Anal Chem. 2025;97(7):3816-3821.

doi: 10.1021/acs.analchem.4c06602

Wu CA, Zhu Y, Woo Y]J. Advances in 3D bioprinting:
techniques, applications, and future directions for cardiac
tissue engineering. Bioengineering (Basel). 2023;10(7):842.
doi: 10.3390/bioengineering10070842

Gungor-Ozkerim PS, Inci I, Zhang YS, Khademhosseini
A, Dokmeci MR. Bioinks for 3D bioprinting: an overview.
Biomater Sci. 2018;6(5):915-946.

doi: 10.1039/c7bm00765e

Shi W, Zhang Z, Wang X. The prospect of hepatic
decellularized extracellular matrix as a bioink for liver 3D
bioprinting. Biomolecules. 2024;14(8):1019.

doi: 10.3390/biom14081019

Tang M, Rich JN, Chen S. Biomaterials and 3D bioprinting
strategies to model glioblastoma and the blood-brain
barrier. Adv Mater. 2020;33(5):e2004776.

doi: 10.1002/adma.202004776

Galpayage Dona KNU, Hale JE Salako T, et al. The use
of tissue engineering to fabricate perfusable 3D brain
microvessels in vitro. Front Physiol. 2021;12:715431.

doi: 10.3389/fphys.2021.715431

Oh H, Kang M, Bae E, et al. Fabrication of hydrogel
microchannels using aqueous two-phase printing for 3D
blood brain barrier. BioChip J. 2023;17(3):369-383.

doi: 10.1007/513206-023-00110-6

Royse MK, Fowler M, Mai AK, et al. Development of
a 3D printed perfusable in vitro blood-brain barrier
model for use as a scalable screening tool. Biomater Sci.
2024;12(17):4363-4375.

doi: 10.1039/d4bm00663a

Choi, J., Mathew, S., Oerter, S., Appelt-Menzel, A., Hansmann,
J., Schmitz, T., Online measurement system for dynamic flow
bioreactors to study barrier integrity of hipsc-based blood-
brain barrier in vitro models. Bioengineering. 2022;9(1):39.
doi: 10.3390/bioengineering9010039

Ohbuchi M, Shibuta M, Tetsuka K, et al. Modeling of blood-
brain barrier (BBB) dysfunction and immune cell migration
using human BBB-on-a-chip for drug discovery research.
Int ] Mol Sci. 2024;25(12):6496.

doi: 10.3390/ijms25126496

Sugiyama S, Sasaki T, Tanaka H, et al. The tight junction
protein occludin modulates blood-brain barrier integrity
and neurological function after ischemic stroke in mice. Sci
Rep. 2023;13(1):2892.

doi: 10.1038/s41598-023-29894-1

Dudek KA, Dion-Albert L, Lebel M, et al. Molecular
adaptations of the blood-brain barrier promote stress
resilience vs. depression. Proc Natl Acad Sci USA.
2020;117(6):3326-3336.

Volume 11 Issue 5 (2025)

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265
https://doi.org/10.1089/ten.TEA.2017.0423
https://doi.org/10.1038/s41392-022-01006-x
https://doi.org/10.1016/j.stem.2024.04.019
https://doi.org/10.1002/adfm.202215043
https://doi.org/10.1002/advs.202101462
https://doi.org/10.1002/smll.202201401
https://doi.org/10.1080/21688370.2023.2221632
https://doi.org/10.1038/s41551-024-01236-0
https://doi.org/10.1186/s12987-025-00672-7
https://doi.org/10.1016/j.bios.2021.113197
https://doi.org/10.1039/d0lc00399a
https://doi.org/10.1021/acs.analchem.4c06602
https://doi.org/10.3390/bioengineering10070842
https://doi.org/10.1039/c7bm00765e
https://doi.org/10.3390/biom14081019
https://doi.org/10.1002/adma.202004776
https://doi.org/10.3389/fphys.2021.715431
https://doi.org/10.1007/s13206-023-00110-6
https://doi.org/10.1039/d4bm00663a
https://doi.org/10.3390/bioengineering9010039
https://doi.org/10.3390/ijms25126496
https://doi.org/10.1038/s41598-023-29894-1

International Journal of Bioprinting

In vitro BBB model for compound evaluation

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

doi: 10.1073/pnas.1914655117

Shu Y, Peng F, Zhao B, et al. Transfer of patient’s peripheral
blood mononuclear cells (PBMCs) disrupts blood-brain
barrier and induces anti-NMDAR encephalitis: a study of
novel humanized PBMC mouse model. ] Neuroinflammation.
2023;20(1):164.

doi: 10.1186/s12974-023-02844-4

Lin L, Bi H, Yang J, et al. Pasteurella multocida infection
induces blood-brain barrier disruption by decreasing tight
junctions and adherens junctions between neighbored brain
microvascular endothelial cells. Vet Res. 2024;55(1):104.
doi: 10.1186/s13567-024-01351-5

Shi Y, He X, Wang H, et al. Construction of a novel blood
brain barrier-glioma microfluidic chip model: applications
in the evaluation of permeability and anti-glioma activity
of traditional Chinese medicine components. Talanta.
2023;253:123971.

doi: 10.1016/j.talanta.2022.123971

Park JS, Choe K, Khan A, et al. Establishing co-culture
blood-brain barrier models for different neurodegeneration
conditions to understand its effect on BBB integrity. Int |
Mol Sci. 2023;24(6):5283.

doi: 10.3390/ijms24065283

Zorkina YA, Volgina NE, Gorlachev GE, et al. Effect of
y-irradiation on expression of tight and adherens junction
protein mRNA on in vitro blood-brain barrier model. Bull
Exp Biol Med. 2014;158(1):127-136.

doi: 10.1007/s10517-014-2708-5

Petrovskaya AV, Barykin EP, Tverskoi AM, et al. Blood-
brain barrier transwell modeling. Mol Biol (Mosk).
2022;56(6):1086-1094.

doi: 10.31857/s0026898422060179

Sun P, Hamblin MH, Yin KJ. Non-coding RNAs in the
regulation of blood-brain barrier functions in central nervous
system disorders. Fluids Barriers CNS. 2022;19(1):27.

doi: 10.1186/s12987-022-00317-z

Eigenmann DE, Xue G, Kim KS, Moses AV, Hamburger M,
Oufir M. Comparative study of four immortalized human
brain capillary endothelial cell lines, h\CMEC/D3, hBMEC,
TY10, and BB19, and optimization of culture conditions, for
an in vitro blood-brain barrier model for drug permeability
studies. Fluids Barriers CNS. 2013;10(1):33.

doi: 10.1186/2045-8118-10-33

Waithe OY, Peng X, Childs EW, Tharakan B. Measurement of
transendothelial electrical resistance in blood-brain barrier
endothelial cells. Methods Mol Biol. 2024;2711:199-203.

doi: 10.1007/978-1-0716-3429-5_16

Noorani B, Bhalerao A, Raut S, Nozohouri E, Bickel U,
Cucullo L. A quasi-physiological microfluidic blood-brain
barrier model for brain permeability studies. Pharmaceutics.
2021;13(9):1474.

doi: 10.3390/pharmaceutics13091474

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Offeddu GS, Haase K, Gillrie MR, et al. An on-chip model
of protein paracellular and transcellular permeability in the
microcirculation. Biomaterials. 2019;212:115-125.

doi: 10.1016/j.biomaterials.2019.05.022

Kim Y, Lee S, Zhang H, et al. CLECI4A deficiency
exacerbates neuronal loss by increasing blood-brain barrier
permeability and inflammation. J Neuroinflammation.
2020;17(1):48.

doi: 10.1186/512974-020-1727-6

Waithe OY, Peng X, Childs EW, Tharakan B. Measurement
of blood-brain barrier hyperpermeability using evans blue
extravasation assay. Methods Mol Biol. 2024;2711:177-184.
doi: 10.1007/978-1-0716-3429-5_14

Ahishali B, Kaya M. Evaluation of blood-brain barrier
integrity using vascular permeability markers: evans blue,
sodium fluorescein, albumin-alexa fluor conjugates, and
horseradish peroxidase. Methods Mol Biol.2021;2367:87-103.
doi: 10.1007/7651_2020_316

Ozgiir B, Puris E, Brachner A, et al. Characterization
of an iPSC-based barrier model for blood-brain barrier
investigations using the SBAD0201 stem cell line. Fluids
Barriers CNS. 2023;20(1):96.

doi: 10.1186/s12987-023-00501-9

Ito R, Morio H, Baba T, et al. In vitro-in vivo correlation of
blood-brain barrier permeability of drugs: a feasibility study
towards development of prediction methods for brain drug
concentration in humans. Pharm Res. 2022;39(7):1575-1586.
doi: 10.1007/511095-022-03189-y

Heidari H, Taylor H. Review article: capturing the
physiological complexity of the brain’s neuro-vascular unit
in vitro. Biomicrofluidics. 2018;12(5):051502.

doi: 10.1063/1.5045126

Koch EV, Ledwig V, Bendas S, Reichl S, Dietzel A. Tissue
barrier-on-chip: a technology for reproducible practice in
drug testing. Pharmaceutics. 2022;14(7):1451.

doi: 10.3390/pharmaceutics14071451

Guan M, Tang S, Chang H, et al. Development of alveolar-
capillary-exchange (ACE) chip and its application for
assessment of PM(2.5)-induced toxicity. Ecotoxicol Environ
Saf. 2021;223:112601.

doi: 10.1016/j.ecoenv.2021.112601

Wang Z, Zhang Y, Li Z, Wang H, Li N, Deng Y. Microfluidic
brain-on-a-chip: from key technology to system integration
and application. Small. 2023;19(52):e2304427.

doi: 10.1002/smll.202304427

Choi B, Choi JW, Jin H, et al. Condensed ECM-based
nanofilms on highly permeable PET membranes for robust
cell-to-cell communications with improved optical clarity.
Biofabrication. 2021;13(4):045020.

doi: 10.1088/1758-5090/ac23ad

Alves ADH, Nucci MP, Ennes do Valle NM, et al. Current
overview of induced pluripotent stem cell-based blood-

Volume 11 Issue 5 (2025)

94

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265
https://doi.org/10.1073/pnas.1914655117
https://doi.org/10.1186/s12974-023-02844-4
https://doi.org/10.1186/s13567-024-01351-5
https://doi.org/10.1016/j.talanta.2022.123971
https://doi.org/10.3390/ijms24065283
https://doi.org/10.1007/s10517-014-2708-5
https://doi.org/10.31857/s0026898422060179
https://doi.org/10.1186/s12987-022-00317-z
https://doi.org/10.1186/2045-8118-10-33
https://doi.org/10.1007/978-1-0716-3429-5_16
https://doi.org/10.3390/pharmaceutics13091474
https://doi.org/10.1016/j.biomaterials.2019.05.022
https://doi.org/10.1186/s12974-020-1727-6
https://doi.org/10.1007/978-1-0716-3429-5_14
https://doi.org/10.1007/7651_2020_316
https://doi.org/10.1186/s12987-023-00501-9
https://doi.org/10.1007/s11095-022-03189-y
https://doi.org/10.1063/1.5045126
https://doi.org/10.3390/pharmaceutics14071451
https://doi.org/10.1016/j.ecoenv.2021.112601
https://doi.org/10.1002/smll.202304427
https://doi.org/10.1088/1758-5090/ac23ad

International Journal of Bioprinting

In vitro BBB model for compound evaluation

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

brain barrier-on-a-chip. World ] Stem Cells. 2023;15(6):
632-653.
doi: 10.4252/wjsc.v15.i6.632

Hosic S, Bindas AJ, Puzan ML, et al. Rapid prototyping of
multilayer microphysiological systems. ACS Biomater Sci
Eng. 2021;7(7):2949-2963.

doi: 10.1021/acsbiomaterials.0c00190

Pungjunun K, Yakoh A, Chaiyo S, et al. Laser engraved
microapillary pump paper-based microfluidic device for
colorimetric and electrochemical detection of salivary
thiocyanate. Mikrochim Acta. 2021;188(4):140.

doi: 10.1007/s00604-021-04793-2

Wang YI, Abaci HE, Shuler ML. Microfluidic blood-brain
barrier model provides in vivo-like barrier properties
for drug permeability screening. Biotechnol Bioeng.
2017;114(1):184-194.
doi: 10.1002/bit.26045

Cenhrang K, Robart L, Castiaux AD, Martin RS. 3D printed
devices with integrated collagen scaffolds for cell culture studies
including transepithelial/transendothelial electrical resistance
(TEER) measurements. Anal Chim Acta. 2022;1221:340166.
doi: 10.1016/j.aca.2022.340166

Matthiesen I, Jury M, Rasti Boroojeni E et al. Astrocyte
3D culture and bioprinting using peptide functionalized
hyaluronan  hydrogels. Sci  Technol Adv  Mater.
2023;24(1):2165871.

doi: 10.1080/14686996.2023.2165871

Kim JA, Kim HN, Im S-K, Chung S, Kang JY, Choi N.
Collagen-based brain microvasculature modelin vitrousing
three-dimensional printed template. Biomicrofluidics.
2015;9(2):024115.

doi: 10.1063/1.4917508

Wang Z, Huang C, Shi Z, et al. Coaxial bioprinting of a
three-layer vascular structure exhibiting blood-brain barrier
function for neuroprotective drug screening. Colloids Surf B
Biointerfaces. 2025;249:114494.

doi: 10.1016/j.colsurfb.2025.114494

Cucullo L, Hossain M, Puvenna V, Marchi N, Janigro D.
The role of shear stress in Blood-Brain Barrier endothelial
physiology. BMC Neurosci. 2011;12:40.

doi: 10.1186/1471-2202-12-40

Zhang YS, Davoudi F, Walch P, et al. Bioprinted thrombosis-
on-a-chip. Lab Chip. 2016;16(21):4097-4105.
doi: 10.1039/C61C00380j

Wang R, Zhang H, Li S, et al. Current progress ofin
vitrovascular models on microfluidic chips. Biofabrication.
2025;17(2).

doi: 10.1088/1758-5090/adb182

Yang JY, Shin DS, Jeong M, et al. Evaluation of drug blood-
brain-barrier permeability using a microfluidic chip.
Pharmaceutics. 2024;16(5):574.

doi: 10.3390/pharmaceutics16050574

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Ferreira L. What human blood-brain barrier models can
tell us about BBB function and drug discovery? Expert Opin
Drug Discov. 2019;14(11):1113-1123.
doi: 10.1080/17460441.2019.1646722

Nahon DM, Vila Cuenca M, van den Hil FE, et al. Self-
assembling 3D vessel-on-chip model with hiPSC-derived
astrocytes. Stem Cell Reports. 2024;19(7):946-956.

doi: 10.1016/j.stemcr.2024.05.006

Chim SM, Howell K, Kokkosis A, Zambrowicz B, Karalis
K, Pavlopoulos E. A human brain-chip for modeling brain
pathologies and screening blood-brain barrier crossing
therapeutic strategies. Pharmaceutics. 2024;16(10):1314.
doi: 10.3390/pharmaceutics16101314

Choi JW, Kim K, Mukhambetiyar K, et al. Organ-on-a-chip
approach for accelerating blood-brain barrier nanoshuttle
discovery. ACS Nano. 2024;18(22):14388-14402.

doi: 10.1021/acsnano.4c00994

Stanness KA, Westrum LE, Fornaciari E, et al. Morphological
and functional characterization of an in vitro blood-brain
barrier model. Brain Res. 1997;771(2):329-42.

doi: 10.1016/s0006-8993(97)00829-9

CuculloL, Couraud PO, Weksler B, et al. Immortalized human
brain endothelial cells and flow-based vascular modeling: a
marriage of convenience for rational neurovascular studies.
J Cereb Blood Flow Metab. 2008;28(2):312-328.

doi: 10.1038/sj.jcbfm.9600525

Wang X, Xu B, Xiang M, et al. Advances on fluid shear
stress regulating blood-brain barrier. Microvasc Res.
2020;128:103930.

doi: 10.1016/j.mvr.2019.103930

Griep LM, Wolbers F, de Wagenaar B, et al. BBB on chip:
microfluidic platform to mechanically and biochemically
modulate  blood-brain  barrier  function.  Biomed
Microdevices. 2013;15(1):145-150.

doi: 10.1007/s10544-012-9699-7

Ceccarelli MC, Lefevre MC, Marino A, et al. Real-time
monitoring of a 3D blood-brain barrier model maturation
and integrity with a sensorized microfluidic device.
Lab Chip. 2024;24(22):5085-5100.

doi: 10.1039/d41c00633j

Pichler V, Schwingenschlogl-Maisetschlager V, Duman I,
et al. Bioanalytic hybrid system merging 3-dimensional cell
culture and chromatographic precision for unprecedented
preclinical insights in molecular imaging. J Nucl Med.
2025;66(5):813-816.

doi: 10.2967/jnumed.124.269133

Mossburg KJ, Shepherd SJ, Barragan D, et al. Towards
the clinical translation of a silver sulfide nanoparticle
contrast agent: large scale production with a highly
parallelized microfluidic chip. Eur ] Nucl Med Mol Imaging.
2025;52(3):1177-1188.

doi: 10.1007/500259-024-06967-5

Volume 11 Issue 5 (2025)

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265
https://doi.org/10.4252/wjsc.v15.i6.632
https://doi.org/10.1021/acsbiomaterials.0c00190
https://doi.org/10.1007/s00604-021-04793-2
https://doi.org/10.1002/bit.26045
https://doi.org/10.1016/j.aca.2022.340166
https://doi.org/10.1080/14686996.2023.2165871
https://doi.org/10.1063/1.4917508
https://doi.org/10.1016/j.colsurfb.2025.114494
https://doi.org/10.1186/1471-2202-12-40
https://doi.org/10.1039/c6lc00380j
https://doi.org/10.1088/1758-5090/adb182
https://doi.org/10.3390/pharmaceutics16050574
https://doi.org/10.1080/17460441.2019.1646722
https://doi.org/10.1016/j.stemcr.2024.05.006
https://doi.org/10.3390/pharmaceutics16101314
https://doi.org/10.1021/acsnano.4c00994
https://doi.org/10.1016/s0006-8993(97)00829-9
https://doi.org/10.1038/sj.jcbfm.9600525
https://doi.org/10.1016/j.mvr.2019.103930
https://doi.org/10.1007/s10544-012-9699-7
https://doi.org/10.1039/d4lc00633j
https://doi.org/10.2967/jnumed.124.269133
https://doi.org/10.1007/s00259-024-06967-5

International Journal of Bioprinting

In vitro BBB model for compound evaluation

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Yan X, Liu X, Zhao C, Chen GQ. Applications of synthetic
biology in medical and pharmaceutical fields. Signal
Transduct Target Ther. 2023;8(1):199.

doi: 10.1038/s41392-023-01440-5

Lu YL, Lin CM, Huang JH. Triplicate dynamic cell culture
platform for enhanced reproducibility in anti-cancer drug
testing. ACS Biomater Sci Eng. 2025;11(2):1222-1231.

doi: 10.1021/acsbiomaterials.4c02142

XuH, LiZ, Yu Y, et al. A dynamic in vivo-like organotypic
blood-brain barrier model to probe metastatic brain tumors.
Sci Rep. 2016;6(1):36670.

doi: 10.1038/srep36670

Maoz BM, Herland A, FitzGerald EA, et al. A linked organ-
on-chip model of the human neurovascular unit reveals
the metabolic coupling of endothelial and neuronal cells.
Nat Biotechnol. 2018;36(9):865-874.

doi: 10.1038/nbt.4226

Liu L, Koo Y, Russell T, Yun Y. A three-dimensional brain-
on-a-chip using human ipsc-derived gabaergic neurons and
astrocytes. Methods Mol Biol. 2022;2492:117-128.

doi: 10.1007/978-1-0716-2289-6_6

Miller DR, McClain ES, Dodds JN, et al. Chlorpyrifos
disrupts acetylcholine metabolism across model blood-
brain barrier. Front Bioeng Biotechnol. 2021;9:622175.

doi: 10.3389/fbioe.2021.622175

Kim SS, Kim S, Kim Y, et al. Neurotoxic effects of
citronellol induced by the conversion of kynurenine to
3-hydroxykynurenine. ] Hazard Mater. 2025;486:136965.
doi: 10.1016/j.jhazmat.2024.136965

Arduino I, Di Fonte R, Sommonte E, et al. Fabrication of
biomimetic hybrid liposomes via microfluidic technology:
homotypic targeting and antitumor efficacy studies in
glioma cells. Int ] Nanomed. 2024;19:13217-13233.

doi: 10.2147/ijn.5489872

Shao X, Gao D, Chen Y, et al. Development of a blood-
brain barrier model in a membrane-based microchip for
characterization of drug permeability and cytotoxicity for
drug screening. Anal Chim Acta. 2016;934:186-193.

doi: 10.1016/j.aca.2016.06.028

Yu E Kumar NDOS, Foo LC, Ng SH, Hunziker W,
Choudhury D. A pump-free tricellular blood-brain barrier
on-a-chip model to understand barrier property and
evaluate drug response. Biotechnol Bioeng. 2020;117(4):
1127-1136.

doi: 10.1002/bit.27260

Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME,
Peppas NA, Langer R. Engineering precision nanoparticles
for drug delivery. Nat Rev Drug Discov. 2020;20(2):101-124.
doi: 10.1038/s41573-020-0090-8

Palma-Florez S, Lopez-Canosa A, Moralez-Zavala F, et al.
BBB-on-a-chip with integrated micro-TEER for permeability
evaluation of multi-functionalized gold nanorods against

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Alzheimer’s  disease.
2023;21(1):115.
doi: 10.1186/s12951-023-01798-2

Journal —of Nanobiotechnology.

Garcia L, Palma-Florez S, Espinosa V, et al. Ferulic acid-
loaded polymeric nanoparticles prepared from nano-
emulsion templates facilitate internalisation across the
blood-brain barrier in model membranes. Nanoscale.
2023;15(17):7929-7944.
doi: 10.1039/d2nr07256d

Cai X, Refaat A, Gan P-Y, et al. Angiopep-2-Functionalized
Lipid Cubosomes for Blood-Brain Barrier Crossing and
Glioblastoma Treatment. ACS Applied Materials ¢ Interfaces.
2024;16(10):12161-12174.

doi: 10.1021/acsami.3¢c14709

Heard, S. C., Wu, G., Winter, J. M., Antifungal natural
products. Curr Opin Biotechnol. 2021;69(232-241.
doi: 10.1016/j.copbio.2021.02.001

Shan L, Fan Y, Yuanchun C, et al. Sanhua Tang protects
against ischemic stroke by preventing blood-brain barrier
injury: a network pharmacology and experiments. ] Tradit
Chin Med. 2024;44(4):794-803.

doi: 10.19852/j.cnki.jtcm.20240515.001

Liu G, Liang Y, Xu M, et al. Protective mechanism of Erigeron
breviscapus injection on blood-brain barrier injury induced
by cerebral ischemia in rats. Sci Rep. 2021;11(1):18451.

doi: 10.1038/s41598-021-97908-x

Zhang Y, Shen L, Xie J, et al. Pushen capsule treatment
promotes functional recovery after ischemic stroke.
Phytomedicine. 2023;111(154664.

doi: 10.1016/j.phymed.2023.154664

Karthika C, Najda A, Klepacka J, et al. Involvement of
resveratrol against brain cancer: a combination strategy with
a pharmaceutical approach. Molecules. 2022;27(14):4663.
doi: 10.3390/molecules27144663

Liu Y, Yang G, Cui W, Zhang Y, Liang X. Regulatory
mechanisms of tetramethylpyrazine on central nervous
system diseases: a review. Front Pharmacol. 2022;13:948600.
doi: 10.3389/fphar.2022.948600

Ru J, Li P, Wang J, et al. TCMSP: a database of systems
pharmacology for drug discovery from herbal medicines.
J Cheminform. 2014;6:13.

doi: 10.1186/1758-2946-6-13

Meena M, Vandormael R, De Laere M, et al. A microfluidic
in vitro three-dimensional dynamic model of the blood-
brain barrier to study the transmigration of immune cells.
Brain Sci. 2022;12(10):1293.

doi: 10.3390/brainscil2101293

Malekpour A, Chen X. Printability and cell viability
in extrusion-based bioprinting from experimental,
computational, and machine learning views. ] Funct
Biomater. 2022;13(2):40.
doi: 10.3390/jfb13020040

Volume 11 Issue 5 (2025)

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265
https://doi.org/10.1038/s41392-023-01440-5
https://doi.org/10.1021/acsbiomaterials.4c02142
https://doi.org/10.1038/srep36670
https://doi.org/10.1038/nbt.4226
https://doi.org/10.1007/978-1-0716-2289-6_6
https://doi.org/10.3389/fbioe.2021.622175
https://doi.org/10.1016/j.jhazmat.2024.136965
https://doi.org/10.2147/ijn.S489872
https://doi.org/10.1016/j.aca.2016.06.028
https://doi.org/10.1002/bit.27260
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1186/s12951-023-01798-2
https://doi.org/10.1039/d2nr07256d
https://doi.org/10.1021/acsami.3c14709
https://doi.org/10.1016/j.copbio.2021.02.001
https://doi.org/10.19852/j.cnki.jtcm.20240515.001
https://doi.org/10.1038/s41598-021-97908-x
https://doi.org/10.1016/j.phymed.2023.154664
https://doi.org/10.3390/molecules27144663
https://doi.org/10.3389/fphar.2022.948600
https://doi.org/10.1186/1758-2946-6-13
https://doi.org/10.3390/brainsci12101293
https://doi.org/10.3390/jfb13020040

International Journal of Bioprinting

In vitro BBB model for compound evaluation

142. Billiet T, Gevaert E, De Schryver T, Cornelissen M, Dubruel
P. The 3D printing of gelatin methacrylamide cell-laden
tissue-engineered constructs with high cell viability.
Biomaterials. 2014;35(1):49-62.
doi: 10.1016/j.biomaterials.2013.09.078

143. Naghieh S, Karamooz-Ravari MR, Sarker MD, Karki E, Chen
X. Influence of crosslinking on the mechanical behavior of
3D printed alginate scaffolds: Experimental and numerical
approaches. ] Mech Behav Biomed Mater. 2018;80:111-118.
doi: 10.1016/j.jmbbm.2018.01.034

144. Xu Y, Kong D, Zhang T, Xiong Z, Sun W. A parallel
multilayered neurovascular unit-on-a-chip for modeling
neurovascular microenvironment and screening
chemotherapeutic drugs. Int ] Bioprint. 2024;10(3):1684.
doi: 10.36922/ijb.1684

145. Ahmad A, Zobaida Akter M, Kim SY, Choi Y], Yi HG. High-
throughput bioprinting method for modeling vascular
permeability in standard six-well plates with size and pattern
flexibility. J Vis Exp. 2024;210.
doi: 10.3791/66676

146. Mou L, Mandal K, Mecwan MM, et al. Integrated biosensors
for monitoring microphysiological systems. Lab Chip.
2022;22(20):3801-3816.
doi: 10.1039/d21c00262k

147. Gnatowski P, Ansariaghmiuni M, Pifat E, et al. Hydrogel
membranes in organ-on-a-chip devices: a review. Colloids
Surf B Biointerfaces. 2025;251:114591.
doi: 10.1016/j.colsurfb.2025.114591

148.

149.

150.

151.

152.

153.

BrownJA, Codreanu SG, ShiM, et al. Metabolic consequences
of inflammatory disruption of the blood-brain barrier in an
organ-on-chip model of the human neurovascular unit.
J Neuroinflammation. 2016;13(1):306.

doi: 10.1186/512974-016-0760-y

Su S-H, Song Y, Stephens A, et al. A tissue chip with
integrated digital immunosensors: In situ brain endothelial
barrier cytokine secretion monitoring. Biosens Bioelectron.
2023;224:115030.

doi: 10.1016/j.bi0s.2022.115030

Feng Y, Chen C-S, Ho J, et al. High-throughput chip assay
for investigating Escherichia coli interaction with the
blood-brain barrier using microbial and human proteome
microarrays (dual-microarray technology). Anal Chem.
2018;90(18):10958-10966.

doi: 10.1021/acs.analchem.8b02513

Koenig L, Ramme AP, Faust D, et al. A human stem
cell-derived brain-liver chip for assessing blood-brain-
barrier permeation of pharmaceutical drugs. Cells.
2022;11(20):3295.

doi: 10.3390/cells11203295

Ahn SI, Kim Y. Human blood-brain barrier on a
chip: featuring unique multicellular cooperation in
pathophysiology. Trends Biotechnol. 2021;39(8):749-752.
doi: 10.1016/j.tibtech.2021.01.010

Oddo A, Peng B, Tong Z, et al. Advances in microfluidic
blood-brain barrier (BBB) models. Trends Biotechnol.
2019;37(12):1295-1314.

doi: 10.1016/j.tibtech.2019.04.006

Volume 11 Issue 5 (2025)

97

doi: 10.36922/1JB025270265


https://doi.org/10.36922/IJB025270265
https://doi.org/10.1016/j.biomaterials.2013.09.078
https://doi.org/10.1016/j.jmbbm.2018.01.034
https://doi.org/10.36922/ijb.1684
https://doi.org/10.3791/66676
https://doi.org/10.1039/d2lc00262k
https://doi.org/10.1016/j.colsurfb.2025.114591
https://doi.org/10.1186/s12974-016-0760-y
https://doi.org/10.1016/j.bios.2022.115030
https://doi.org/10.1021/acs.analchem.8b02513
https://doi.org/10.3390/cells11203295
https://doi.org/10.1016/j.tibtech.2021.01.010
https://doi.org/10.1016/j.tibtech.2019.04.006

	_heading=h.wb59xjwdvxsh
	_heading=h.2yy6dp3i5wcg
	_Hlk201063085
	_Hlk201063146
	_heading=h.twmdr9ajpnii
	_heading=h.a6bew0fy24br
	_Hlk206257679
	_Hlk206257755
	_Hlk206257783
	_Hlk206257884
	_Hlk206257918
	_Hlk198057306
	_Hlk206257975
	_Hlk206258017
	_Hlk206258055
	_Hlk198057324
	_Hlk206258079
	_Hlk206258106
	_Hlk206258128
	_Hlk206258151
	_Hlk206258184
	_Hlk198057338
	_Hlk204593455
	_Hlk206258212
	_Hlk206258229
	_Hlk206258245
	_Hlk203590384
	_Hlk203590933
	_Hlk204004565
	_Hlk206258267
	_Hlk206258283
	_Hlk206258299
	_Hlk206258318
	_Hlk198057524
	_Hlk198059499
	_Hlk198060167
	_Hlk206258333
	_Hlk206260655
	_Hlk198057356
	_Hlk198057445
	_Hlk198057472
	_Hlk198062336
	_Hlk203662908
	_Hlk206261671
	_Hlk206257629
	_Hlk206256333

