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Abstract
Background: The blood-brain barrier (BBB) is an intricate structure of the vascular 
endothelium that regulates trafficking required for cerebral homeostasis via tightly 
regulated influx and efflux transport mechanisms. It also performs a critical function 
in mediating communication between the periphery and the central nervous system 
(CNS). The BBB is designed to maintain a precisely regulated microenvironment 
conducive to normal neuronal activity. The development of in vitro BBB models 
has been driven by the need for a fast, reliable, and cost-effective tool to study the 
complexities of the BBB and to screen potential CNS drugs. Aim: This review provides 
readers with a concise yet comprehensive introduction to the fundamental histology 
of the BBB. This background is essential for interpreting model design constraints 
and limitations in BBB simulation. Following that, we thoroughly examine in vitro 
models, providing a comprehensive analysis of their applications and the equations 
used to assess specific BBB parameters. Relevance for patients: From a translational 
and clinical perspective, in vitro models of the BBB have the potential to provide 
novel insights into brain pathophysiology under adverse conditions, including brain 
tumors, traumatic injuries, strokes, and neurodegenerative disorders, and ultimately 
aid in the discovery of effective treatment strategies.
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1. Introduction
The cerebral blood-brain barrier (BBB) is a complex 
interface between the central nervous system (CNS) and 
the peripheral blood circulation, with vital protective and 
regulatory functions. This barrier possesses an exceptional 
ability to control the transfer of substances and immune 
cells between the blood and the brain. The properties of 
the BBB mainly refer to the unique characteristics of its 
constituent endothelial cells (ECs) and their interactions 
with other neural cells, known as the neurovascular unit 
(NVU), which exhibit different behaviors under different 
conditions.1 In 1695, Ridley2 was the first to describe 
the limited permeability of brain blood vessels; this 
historical point has been reviewed by Liddelow.3 Ehrlich4 
subsequently confirmed the physiological protective 
function of the BBB by injecting dye into the circulatory 
system of rats; this experiment is summarized in Barichello 
et al.,5 who attributed the dye’s limited penetration to its 
low affinity for the CNS. On the other hand, Goldman6 
injected a similar dye into the subarachnoid space, resulting 
in staining of the CNS while peripheral tissues remained 
unstained. Later, using electron microscopy, Reese and 
Karnovsky7 demonstrated that the tight junctions (TJs) 
between capillary ECs that form the BBB confer its 
impenetrability. More recent research has revealed further 
details about the BBB’s distinctiveness.

The BBB poses a major barrier to the delivery of 
therapeutics to the brain. A  key challenge is translating 
findings from experimental models in the laboratory to 
models tested in live animals and, eventually, to human 
clinical trials. Consequently, there is an increasing 
demand for the development of more robust BBB models 
to enhance neuroscience research across different areas.8 
After providing a brief overview of human BBB structure 
and characteristics, this review extensively explores and 
assesses current in vitro models of the BBB, both static and 
dynamic, which incorporate cells or cell-free techniques. 
In addition, we describe recent breakthroughs and outline 
prospective future developments in this rapidly evolving 
field.

In addition, we provide a comprehensive overview of 
BBB models ranging from simple to advanced systems, 
and we summarize methods for validating cell-based BBB 
models, together with an updated description of BBB 
structure and key characteristics, to improve understanding 
of BBB dynamics and support CNS drug discovery.

2. Characteristics of the BBB structure
The brain is a uniquely regulated organ whose 
microenvironment is maintained by specialized barrier 
systems, including the BBB. The BBB constitutes a highly 

restrictive barrier in the brain vascular (BV) system that 
strongly restricts the entry and exit of materials, with low 
paracellular permeability and low transcytosis.9,10 Gaining 
a comprehensive understanding of the BBB constituents 
holds great potential for enhancing neurological models 
and optimizing the design of novel strategies to improve 
the delivery of therapeutic drugs. Figure 1 shows a general 
diagram of the brain’s blood vessels and its constituent, the 
NVU, along with details of the components that make up 
the NVU.

2.1. Endothelial TJs

The BBB is formed by closely connected brain microvessel 
ECs (BMECs). These cells, by forming constricted junctions 
with each other, create a compact structure that plays a vital 
role in the proper function of the BBB (Figure 1).11 There 
are three types of junction complexes between BMECs that 
contribute to the structure and function of the BBB. These 
junctional connections include TJs, adherens junctions 
(AJs), and gap junctions. In the following sections, each of 
these types is discussed in detail, and their characteristics 
are summarized in Table  1.11  Junctional connections 
can be found in the brain and peripheral tissues, such 
as the intestine, stomach, liver, and pancreas. However, 
endothelial TJs in the brain are more resistant to substances 
than are the corresponding TJs in other tissues. In 
addition, cytoplasmic scaffolding proteins, such as Zonula 
occludens (ZO) and the actin cytoskeleton, accompanied 
by TJs, are involved in intercellular interactions.12 ZO 
proteins (ZO-1, ZO-2, ZO-3) are membrane-associated 
cytoplasmic proteins in the BBB that, through the first 
PDZ domain, interact directly with the C-terminal domain 
of claudins and attach transmembrane proteins to the 
actin cytoskeleton in EC membranes.13 In addition, TJs 
are involved in various cellular functions; for example, 
they participate in cellular communication and control 
the transport of ions and tissue equilibrium.11 In addition, 
they are involved in regulating cellular signaling pathways, 
such as cell proliferation, differentiation, and migration. In 
addition, dysfunction of these proteins disrupts apoptotic 
signaling and alters levels of inflammatory cytokines, 
which can lead to various diseases, including multiple 
sclerosis, inflammatory bowel disease, and even cancers.14

2.2. The development of the NVU relies on certain 
considerations of cellular members and signaling 
pathways

The unique features of brain ECs are attributed to specific 
characteristics of their lipid composition in addition to 
their close connections through specific junctions. In 
addition, these properties are closely associated with other 
components of the NVU. The NVU is a complex cellular 
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system that includes neurons, astrocytes, microglia, 
oligodendrocytes, smooth muscle cells, and pericytes 
covering the basal lamina, ECs, extracellular matrix 
(ECM), and circulating blood components.29,30

Growth factors released during neural tube development 
significantly influence the formation of the BBB and its 
distinct characteristics. Specifically, vascular endothelial 
growth factor (VEGF)31,32 and signaling pathways, such 
as the Wnt/β-catenin and Sonic Hedgehog pathways, play 
crucial roles in the development of the BBB by controlling 
and balancing different aspects of BBB maintenance 
along with specialized angiogenesis (growth of new blood 
vessels).33-35

In addition, the basement membrane (BM) and 
glycocalyx, non-cellular constituents of the NVU located 
in proximity to the endothelial layer, also contribute to 
the unique features of the BBB.36 Both are discussed in the 
following sections.

2.3. Role of glycocalyx

The glycocalyx, a gel-like negatively charged layer, is 
primarily composed of cell-bound proteoglycan core 
proteins, glycosaminoglycan side chains, and hyaluronan.37 
The endothelial glycocalyx is denser in the cerebral 
vasculature than in the cardiovascular and pulmonary 
capillaries.38 The different components of the endothelial 
glycocalyx are schematized in Figure 2.

Figure 1. Blood-brain barrier junctional proteins and basement membrane proteins, along with neurovascular unit (NVU) cells. (A) The cellular components 
of the NVU consist of endothelial cells, astrocytes, pericytes, neurons, and microglia. (B) Tight junctions, adherens junctions, gap junctions, and junctional 
adherens molecules lining the endothelial cell interface, preventing transportation of molecules via the paracellular pathway. (C) The basement membrane 
between the endothelial layer and astrocytes consists of collagen IV and laminin networks, connected to each other and to membrane receptors (integrins 
and dystroglycans), through proteoglycans, such as nidogen and perlecan. Created in BioRender. Aliakbari, F. (2026) https://BioRender.com/xfle8ty.
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The endothelial glycocalyx is considered one of the 
elements controlling BBB permeability.39 It protects the 
vessel wall against circulating cells, prevents the passage of 
molecules larger than 70 kDa, and maintains homeostasis.40 
Increased histone deacetylase expression is commonly 
associated with the upregulation of matrix metalloproteinases 
(MMPs), heparinase, and hyaluronidase. The overexpression 
of these enzymes degrades the endothelial glycocalyx, 
leading to various destructive effects, including vascular 
hyperpermeability, inflammation, and coagulation, due to 
enhanced adhesion of ECs to blood cells.41

The glycocalyx coats the luminal surface of ECs and is 
in direct contact with flowing blood. Simultaneously, the 
BM is a thin layer situated below the ECs, extending into 
the brain’s internal regions.40

2.4. BM

The BV-BM helps preserve the integrity of the BBB, 
facilitates cell adhesion, regulates morphogenesis, 
promotes tubular monolayer formation, and supports cell 
proliferation, migration, and differentiation. This section 
provides a brief overview of the composition, structure, and 
physiological functions of the vascular BM. In addition, 
we discuss the potential of utilizing BM as a biomimetic 
material to develop high-quality in vitro BBB models.

The BM forms a thin, sheet-like layer on the basolateral 
side of ECs, separating them from the adjacent connective 
tissues. Two BMs surround brain microvessels: Endothelial 
BM (secreted by ECs) and parenchymal BM (secreted by 
astrocytes). The pericytes that are embedded between the 
two BMs also produce BM components. The four major 

Table 1. The different kinds of junctional proteins present in the BBB

Group Protein type Functions References

Transmembraneproteins

TJs Claudin (claudin‑1, claudin‑2 
claudin‑3, claudin‑5, claudin‑11, 

claudin‑12)

Forms the paracellular ion pore
Determines paracellular tightness

15

Occludin Regulates adhesion between ECs
Helps to organize the claudin‑5 strand

15,16

Tricellulin (marvelD2) Involved in tricellular and bicellular contacts
Limits blood to brain movement of large molecules via the 

paracellular route

17,18

JAM (JAM‑A, JAM‑B, JAM‑C) Participates in the formation of tight junctions and the 
determination of paracellular permeability

Role in the transmigration of leukocytes

19

MarvelD3 Exact function unknown, but presumed to determine epithelial 
paracellular permeability and increase TEER. Not required for the 

formation of the BBB

20,21

AJs Cadherin (vascular 
endothelial‑cadherin, 
epithelial‑cadherin, 

neural‑cadherin)

Adhesion between cells and cytoplasmic/scaffolding proteins
Contributes to endothelial survival, blood vessel assembly, and 

stabilization of the BBB

11,22,23

Catenin (α‑catenin, βcatenin, 
p120‑catenin, plakoglobin)

Supports cadherin association and maintenance of TJ
Regulates out‑in signaling processes

Controls endothelial barrier permeability

11,23,24

Nectin Formation of TJs and AJs through connections with the actin 
cytoskeleton

25

GJs Cx (C×37, C×40, C×43) Regulatory role in cell proliferation, differentiation, and migration
Communication between ECs

Provides metabolic, electrical, and solute and molecule exchange 
coupling between cells

Growth, development, and tissue homeostasis

11,14,26,27

Scaffolding protein

ZO ZO proteins (ZO‑1, ZO‑2, ZO‑3) Anchors transmembrane proteins to the actin cytoskeleton
Essential for transmembrane and immunoglobulin protein 

assembly in the TJ of the BBB

28

Abbreviations: AJs: Adherens junctions; BBB: Blood‑brain barrier; Cx: Connexin; GJs: Gap junctions; JAM: Junctional adhesion molecule; 
TEER: Transepithelial/transendothelial electrical resistance; TJs: Tight junctions; ZO: Zonula occludens.
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constituents of BV-BM are laminins, collagen type  IV, 
heparan sulfate proteoglycans (HSPGs), and nidogen 
(entactin) (Figure  2). Other minor BM macromolecules 
include fibronectin, the cell-matrix-modulating protein, 
secreted protein acidic and rich in cysteine (SPARC), also 
known as osteonectin.42

A summary of the main functions of BV-BM 
components within the NVU is provided in Table  2. 
Among BV-BM proteins, laminins were the first principal 
component identified.43 They are a family of heterotrimeric 
glycoproteins (with α, β, and γ chains) containing 16 
isoforms.44 BV ECs and pericytes produce laminin-411 and 
511 (with α4 and α5 chains), and astrocytes mainly secrete 
laminin-211.45,46 The most abundant component of the 

BM is collagen type IV, which has a non-fibrillar structure 
composed of three α chains. Collagen α1(IV)2α2(IV) 
is the major isoform of collagen type  IV in the vascular 
BM.47,48

Among the minor non-structural constituents of 
BM, nidogens (nidogen-1 and nidogen-2) possess 
binding sites for the laminin and collagen IV isoforms 
and stabilize the BM.56 HSPGs are also involved in the 
structural maintenance of BV-BM and the robustness of 
the BBB. Perlecan (HSPG-2) can interact with different 
growth factors, e.g., fibroblast growth factor (FGF) 
2, VEGF, and platelet-derived growth factor.57 Agrin, 
another notable BM proteoglycan, stabilizes BV-BM by 
binding to α-dystroglycan and laminin.58 Another minor 

Figure 2. Schematic presentation of the relationship between the glycocalyx, basement membrane, and the brain’s endothelial cells. Created in BioRender. 
Aliakbari, F. (2026) https://BioRender.com/2qia9fw.
Abbreviations: CD: Cluster of differentiation; ICAM: Intercellular adhesion molecule; VCAM: Vascular cell adhesion molecule.

Table 2. The main BM proteins and their relationship to brain disorders and BBB integrity

BM component Contribution to BBB integrity References

Laminin ‑ Involved in BBB repair after hypoxic injury and inflammation
‑ Attenuates BBB damage after ICH

‑ Maintains BBB integrity by inhibiting pericyte differentiation
‑ Astrocytic end‑feet polarization, induction of TJs expression in ECs

29,49‑51

Collagen type IV ‑ Collagen α chains protect from ICH and stroke 52

Perlecan ‑ Integrin binding‑dependent regulation of the BBB
‑ C‑terminal domain shows post‑stroke neuroprotective effects

53

Agrin ‑ Stabilization of vascular endothelial‑cadherin, β‑catenin, and ZO‑1 in BMECs
‑ Agrin downregulation leads to a decrease in astrocyte polarity and BBB leakage in CCH

54

Nidogen ‑ Collective loss of both nidogen‑1 and nidogen‑2 causes damaged BM and perinatal death in mice 55

Abbreviations: BBB: Blood‑brain barrier; BM: Basement membrane; BMECs: Brain microvessel endothelial cells; CCH: Cerebral chronic 
hypo‑perfusion; EC: Endothelial cell; ICH: Intracerebral hemorrhage; TJs: Tight junctions; ZO: Zonula occludens.
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non-structural constituent of BM is SPARC, a member of 
the matricellular protein family involved in angiogenesis.59

3. The mechanisms of passage through the 
BBB
In the previous sections, we discussed how the BBB prevents 
the free movement of molecules between the blood and 
the brain. Here, we will briefly discuss the various ways in 
which molecules can be transported across the BBB. These 
categories include passive diffusion, ion transport, carrier-
mediated transport through influx and efflux transporters, 
and specific receptor-mediated and adsorptive transcytosis 
mechanisms (Figure 3).10

Passive diffusion is a physicochemical process that relies 
on the structural characteristics of compounds.10 Several 
essential parameters, particularly lipophilicity, molecular 
weight (MW), hydrogen bonding (HB) index, polar surface 
area (PSA), and cross-sectional area (CSA), are crucial for 
determining the potential for passive diffusion across the 
BBB. Lipophilicity can be assessed by the LogP parameter, 
which indicates the compound’s preference for lipid-based 
environments compared to an aqueous environment.60

Unsurprisingly, small molecules with MWs below 400 
Da more easily undergo passive diffusion and transport 
through the BBB than larger molecules. However, the 
ability of a compound to undergo passive diffusion is 

Figure 3. Schematic overview of blood–brain barrier (BBB) transport mechanisms. Water-soluble and lipid-soluble agents, as well as small ions, can 
cross the BBB via paracellular routes, passive diffusion through the lipid bilayer, and ion transport mechanisms, respectively. Carrier-mediated transport 
(e.g., influx and efflux transporters) and receptor-mediated or adsorptive transcytosis mediate the transfer of selected molecules between blood and brain. 
Created in BioRender. Aliakbari, F. (2026) https://BioRender.com/bqg3r5n.
Abbreviations: GLUT: Glucose transporter; P-gps: P-glycoprotein.
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also influenced by other factors.61 Thus, an increase in the 
HB index (HB capabilities) tends to decrease the rate of 
passive diffusion.62,63 Similarly, an increase in PSA (i.e., the 
contribution of polar atoms, such as nitrogen and oxygen, 
to the surface area) reduces passive diffusion.64 Both the 
HB index and PSA reflect the amount of desolvation 
(removal of water molecules) accompanying membrane 
transport; the greater this amount is, the more difficult it is 
for the compound to traverse the hydrophobic part of the 
membrane. The orientation of a ligand in the membrane 
can also have a significant effect on BBB penetration. 
The CSA measures the area occupied by a compound in 
the lipid membrane. CSA considers the flexibility of a 
molecule and its impact on permeation.65 The molecular 
volume is another factor that is related to a molecule’s MW 
and structure. It accounts for all accessible conformations 
the molecule can adopt under physiological conditions 
and is related to the number of rotatable bonds and rings 
in the molecule.66

Carrier-mediated transport utilizes specific influx and 
efflux transporters to facilitate the transport of materials 
across the BBB. In addition, specific receptor-mediated 
and adsorptive transcytosis are mechanisms by which 
the BBB allows the passage of certain substances. For 
instance, nutrients such as folates and amino acids, as well 
as molecular carriers such as transferrin, can permeate the 
BBB through receptor-mediated transport mechanisms. 
This process involves vesicular endocytosis, during which 
molecules are taken up into vesicles within BBB cells. 
Various in vitro BBB models have been developed and 
widely utilized to better understand and evaluate the 
transport properties of molecules across the BBB. These 
models enable assessment of transportation efficiency and 
evaluation of candidate delivery strategies.

In neurovascular research, whether for drug discovery 
or to investigate BBB alterations in neurological disorders, 
designing experimental models mimicking its complex 
physiology is a critical requirement for scientists. In this 
context, insights from exploring BBB characteristics and 
its transport properties could serve as a basis for designing 
BBB experimental models and selecting appropriate in 
vitro models to reproduce key structural and functional 
characteristics of the barrier, allowing more accessible, 
controllable, and cost-effective models. Accordingly, 
various in vitro BBB models have been developed and are 
discussed in the following sections.

4. In vitro BBB models
The development of in vivo and in vitro BBB models 
encounters numerous challenges that require careful 
consideration to ensure accuracy and relevance in studying 

the BBB and creating efficient brain therapeutics. This is 
not a trivial task, as the BBB is an intricate structure in 
which all members of the NVU components interact to 
establish and maintain BBB function.

Species-specific differences in efflux transporters, TJs, 
and cell-cell signaling between laboratory animals and 
humans can lead to inaccurate conclusions in in vivo 
BBB models. In addition, the utilization of these models 
for drug discovery poses various challenges, such as the 
need for specialized equipment and reagents, careful 
observation, ethical considerations, handling, care, and 
purchasing costs.67,68 Consequently, alternative approaches, 
such as in vitro methods and computational models, have 
been employed to predict the BBB penetration ability of 
drug candidates.69,70

In silico models are computational simulations used 
to predict the ability of a molecule to cross the BBB.71 
Although they are fast and cost-effective, their accuracy 
in predicting the BBB permeability of a molecule depends 
on the validity of the underlying assumptions and the 
quality of the input data. Compared to in vitro and in vivo 
methods, in silico models generally have lower accuracy 
due to the complexity of the BBB and the difficulties in 
accurately modeling the BBB. However, these models 
can still be valuable tools for screening potential drug 
candidates and identifying molecules that are more likely 
to cross the BBB before investing resources in in vitro or in 
vivo experiments. Along with progress in algorithms and 
input data, the accuracy of in silico models for predicting 
BBB permeability is expected to improve.

In vitro models are important tools for studying the BBB 
and can be categorized into cell culture systems and non-
cell-based models. Cell culture systems, including transwell 
systems, microfluidic devices, and three-dimensional (3D) 
cultures, provide controlled, reproducible conditions for 
studying the BBB. These models can offer valuable insights 
into the mechanisms underlying BBB permeability and 
drug transport across the BBB, enabling the development 
of more effective brain therapeutics.72-76

4.1. Cell-based in vitro BBB models

4.1.1. Validation of the cell-based models

The BBB is a highly selective semipermeable membrane 
formed by continuous ECs, with junctional proteins 
forming a key component of its integrity. BBB disruption 
can alter the balance among TJs, AJ proteins, MMPs, cell 
adhesion molecules, and various neuroinflammatory 
proteins. Therefore, developing models that enable early 
detection of BBB breakdown via protein biomarker assays 
to support targeted medicines is increasingly essential.77 
Before discussing models, it is necessary to define several 

https://dx.doi.org/10.36922/JCTR025390064


Pioneering techniques simulating the BBB

Journal of Clinical and 
Translational Research

Volume 12 Issue 2 (2026)	 8� doi: 10.36922/JCTR025390064

technical parameters to establish usable approaches for 
validation. These may include assessing EC TJ and AJ 
expression using real-time polymerase chain reaction 
(PCR) and Western blotting, as well as their functionality 
through transepithelial/transendothelial electrical 
resistance (TEER) and permeability assays. In addition, the 
evaluation of the expression and function of ATP-binding 
cassette (ABC) transporters, particularly P-glycoprotein 
(P-gp), through intracellular uptake assays or the crossing 
rate of specific substrates for P-gp, such as calcein-
acetoxymethyl and rhodamine 123, will help validate cell-
based models.

4.1.2. Molecular-based analysis: Gene expression and 
protein assays

Gene microarray technologies have been developed in 
recent decades to identify highly expressed BBB genes and 
BBB-enriched genes, including genes encoding TJs, AJs, 
and ABC transporters, which are exclusive to ECs and play 
a crucial role in BBB function. These genes can be detected 
using whole-brain gene microarrays. Various methods, 
such as western blotting, immunohistochemistry, enzyme-
linked immunosorbent assay, and real-time PCR, are 
employed to detect these markers.78

4.1.3. Functional assays to measure the integrity and 
permeability of in vitro barrier model systems

To validate in vitro BBB models at the functional level, 
paracellular transport and proper ABC transporter 
function have been evaluated by TEER measurements and 
permeability assays, respectively, along with measurements 
of ABC transporter efflux transport function (i.e., 
intracellular uptake or crossing rate).78

(i) TEER measurement: The TEER value9 is closely 
associated with barrier tightness.79 In peripheral 
tissues, TEER values range from 2 to 20 Ω·cm2, while 
for the BBB, TEER typically increases to 1,000–5,000 
Ω·cm2.80 Hodgkin and Katz’s81 theory posits that 
current flow leakage through vessel capillaries leads 
to a decrease in intracapillary voltage that follows 
an exponential decay pattern as the distance from 
the current source increases within a fixed length of 
the vein. The extent of the decrease in potential is 
influenced by the ionic permeability of the capillary 
membrane.82 TEER (Rm) is determined by several 
parameters, including the length constant (λ), the 
resistive index (ri) of the blood, and the radius of the 
vessel (a), as shown in Equation (1):80,83

Rm = riλ
2 2πa� (1)

The two most widely used instruments for measuring 
TEER are the epithelial/endothelial volt ohmmeter 

(EVOM) and the microelectrode array (MEA). EVOM 
is a traditional method in which a pair of electrodes is 
placed on either side of the cell culture membrane, and 
the instrument measures the small current and calculates 
the electrical resistance of the cell layer. This method 
measures the membrane’s barrier function, expressed 
in Ω·cm2. MEA measures cellular electrical activity by 
recording extracellular field potentials, which reflect ion 
currents flowing across the cell membrane. The basic 
instrument consists of a grid of small metal electrodes 
embedded in an insulating layer. When cells generate ion 
currents during normal activity, these currents propagate 
through the extracellular space and can be measured using 
the electrodes on the MEA. MEA has several advantages 
over EVOM. First, MEA enables real-time, continuous 
monitoring of TEER values, whereas EVOM only measures 
TEER at discrete time points. Second, MEAs allow 
measurements to be taken from multiple locations within 
the cell culture, providing a more representative picture 
of the overall TEER value. In contrast, EVOM measures 
TEER at a single location. Third, MEA is a non-invasive 
method that does not require physical contact with the 
cell culture, whereas EVOM requires electrodes inserted 
into the culture, which could damage cells and introduce 
variability into TEER measurements. Overall, the MEA 
provides more accurate and reliable information about 
the integrity of the cell model. These two instruments are 
illustrated schematically in Figure 4.

(ii) Assessment of the permeability of in vitro barrier 
model systems: The permeability of tracer compounds 
through the barrier is a crucial parameter for evaluating 
the integrity of the paracellular and transcellular 
transport pathways in cell culture models.78,84 Tracer 
compounds act as indicators of barrier permeability, 
allowing researchers to assess the efficiency of barrier 
function under different experimental conditions.85 
In vivo models typically use Evans blue, lucifer yellow, 
and sodium fluorescein to measure permeability. 
These compounds are administered systemically and 
allowed to circulate in the bloodstream, after which 
they penetrate the cell monolayer and accumulate in 
the tissue of interest. In vitro models, on the other 
hand, use several tracer compounds, such as lucifer 
yellow and fluorescein isothiocyanate-dextran, to 
assess the permeability of the cell monolayer.78,86 These 
compounds are added to the apical or basolateral 
compartment of the cell culture, and their passage 
through the cell monolayer is monitored over time. 
The amount of tracer compound that passes through 
the cell monolayer and accumulates in the opposite 
compartment is then quantified to determine 
the barrier’s permeability. Overall, using tracer 
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compounds to assess permeability is a valuable tool 
for evaluating the integrity of cell culture barriers and 
assessing the effects of experimental conditions on 
barrier function.86 It allows for the measurement of 
both paracellular and transcellular transport pathways 
and can be used in both in vivo and in vitro models.

Validating approaches for cell-based models, which are 
reviewed here, can be influenced by the types of cells and 
culture media utilized in the in vitro BBB cell system; both 
aspects are described in detail in the following sections.

4.1.4. Cell types used in cell culture models of the BBB

In 1980, the first in vitro BBB cell system was established 
using isolated cerebral capillary ECs.87 One common in vitro 
model of the BBB involves a cell monolayer isolated from 
primary brain endothelial microvessels or immortalized 
brain endothelial microvessels with various adaptations. 

Other in vitro models use cocultured cells under varying 
culture conditions to closely mimic the actual BBB. BBB 
coculture models have been developed using a combination 
of brain ECs with pericytes, astrocytes, and neurons to better 
approximate the anatomical and physiological complexity 
of the BBB.86,88 In vitro models of the BBB can be generated 
using various cell types, including primary cells, human or 
non-human EC lines, and stem cells.79 Primary cells can 
be isolated from human brain tissue or animals, such as 
cows, pigs, rats, and mice. While human primary cells can 
be obtained from the postmortem brain within 14–24  h 
of death, ethical and legal considerations often limit their 
availability. In contrast, there are fewer ethical limitations 
when isolating primary cells from other animals, which can 
be obtained from embryos, fetal progenitors, newborns, or 
adult animals.89-91 Although primary cells closely resemble 
the in vivo state of the BBB, separating and purifying them 
can be complex, intricate, and time-consuming.92,93 In 
addition, ethical considerations can limit their availability. 
The number of passages of primary human BMECs is also 
limited due to their rapid senescence.94 In contrast, the 
most commonly used cell lines for BBB models are derived 
from rodents (bEnd.3, bEnd.5, RBE4, cEND, cereBEND, 
PC12), cows (t-BBEC-117), pigs (PBMEC/C1-2), and 
humans (hCMEC/D3, human BMEC, SH-SY5Y, TY10, and 
BB19).95-97 Immortalized cell lines have unlimited passage 
numbers, high availability, and reproductive potential, with 
the ability to remain viable over numerous passages.14,98 
They also enable the extraction of large amounts of 
protein or the consecutive expression of a gene without 
the need for a living animal. However, their different 
gene expression patterns from those of normal cells and 
changing characteristics after multiple passages could pose 
problems.99 With the development of stem cell technology, 
primary and immortalized cell lines used for BBB modeling 
are being gradually replaced by stem cells. Stem cells are 
pluripotent cells that can differentiate into various mature 
somatic cell types.99 Due to the limitations and challenges of 
using primary human cells in models, stem cells capable of 
differentiating into all cell types in the NVU are a valuable 
alternative to human in vitro BBB models.100 Like primary 
cells, stem cells are derived from a living organism and can be 
continuously reproduced like immortalized cell lines.99 Stem 
cells, including embryonic stem cells, fetal neural stem cells, 
induced pluripotent stem cells (iPSCs), and mesenchymal 
stem cells (MSCs), are generally derived from adult and 
embryonic or neonatal tissue sources.95 An example is 
the use of neural progenitor cells (NPCs) derived from 
embryonic day 14, which can differentiate simultaneously 
into neurons, astrocytes, and oligodendrocytes. These 
cells can then be cocultured with human pluripotent stem 

Figure  4. TEER measurement devices: EVOM and MEA Chips. 
(A)  The EVOM device includes a specialized Ohmmeter and various 
microelectrodes, such as the STX2 electrode system. The device applies 
a small electrical current across the cell layer, and the voltage across the 
electrodes is measured. The TEER value is then calculated by multiplying 
the resistance by the surface area of the cell layer. (B) The TEER MEA chip 
consists of an array of microelectrodes that are embedded in the bottom 
of a culture plate, with different numbers of wells available. The electrodes 
on the MEA chip can be connected to the EVOM device using specialized 
cables. The MEA chip provides a high-throughput method for measuring 
TEER in multiple wells simultaneously. Created in BioRender. Aliakbari, 
F. (2026) https://BioRender.com/1d7pa95.
Abbreviations: EVOM: Epithelial/endothelial volt ohmmeter; MEA: Micro 
electrode array; TEER: Transepithelial/transendothelial electrical resistance.
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cell-derived BMECs to provide a barrier with a maximum 
TEER of 1,450 Ω·cm2.100 Despite the advantages of iPSCs 
in modeling the BBB, limitations in the maturation and 
differentiation processes of iPSC-derived cells, due to their 
physiologically relevant tissue microenvironment, may 
cause difficulties in their application as disease modeling.101 
Moreover, their genetic instability and cell heterogeneity, as 
well as inconsistent manufacturing workflows preventing 
reproducibility, are the other challenges that limit their 
utilization as in vitro models.102

Specific parameters must be verified to construct a 
valuable BBB model, including TEER, permeability, and the 
expression of particular proteins, such as TJ proteins. In vitro 
models strive to achieve conditions that closely resemble 
in vivo values. The TEER of some animal primary cell models 
of the BBB has been reported to be high. For example, some 
coculture models using astrocytes or pericytes extracted 
from rats have reached TEER values of 600 Ω·cm2.103 Higher 
values have also been reported using cells from cows and 
pigs (Table  3). In contrast, the highest TEER reported for 
immortalized cells was 800 Ω·cm2, which is similar to that 
reported for the cEND cell line.96 Butt et al.80 reported 
that the highest TEER achieved from the pial vessels of rats 
at 21 days of gestation was 5,900 Ω·cm2.

Notably, human cell lines or stem cell models can 
display high TEER values. For example, monocultures of 
human pluripotent stem cell-derived BMECs treated with 
retinoic acid can produce TEER values >3,000 Ω·cm2, and 
in coculture with pericytes using modified EC medium, 
TEER values can exceed 5,000 Ω·cm2.108 In 2017, Appelt-
Menzel et al.72 developed a quadruple culture model based 
on four cell types: human induced pluripotent ECs, human 
iPSC-derived neural stem cells, astrocytes, and pericytes. 
They reported that the TEER of this model achieved 
2,500 Ω·cm2, and the permeability parameter of dextran 
(40 kDa) was approximately 0.0030 ± 0.0004 µM/min. In 
BBB models, pericytes decrease barrier permeability and 

increase the TEER.109 Several studies have shown that 
the phenotypic characteristics of mesenchymal cells are 
similar to those of pericytes. It has been suggested that 
MSCs possess leukocyte-like, active homing mechanisms 
involving adhesion molecules, chemokines, and proteases 
that enable transmigration under conditions of BBB damage 
and inflammation.110,111 MSCs can potentially improve BBB 
parameters, including TEER and permeability indices.112 
Therefore, MSCs could be a potential alternative to 
pericytes in in vitro models. Tian et al.112 presented a model 
of the BBB using brain capillary ECs (mouse bEND.3 cells) 
cocultured with MSCs as a substitute for pericytes, and 
exhibiting MSCs compared to astrocytes and pericytes. 
They were able to construct a strong barrier and improve 
BBB properties.

In conclusion, the cell type is a critical factor 
determining the quality of in vitro cell-based BBB models 
and must be carefully considered during their design.

4.1.5. Improving cell-based in vitro models with a 
proper culture medium

Culture medium can significantly impact the characteristics 
of the BBB model. Researchers can create accurate and 
reliable BBB models by carefully selecting the appropriate 
culture medium and conditions. For example, TEER 
values are sensitive to the ionic composition of the culture 
medium.9 In addition, various components of the culture 
medium can affect the tightness of the barrier. When 
used at physiological concentrations, hydrocortisone can 
improve barrier properties in serum-free culture systems 
and improve BBB characteristics, including increasing and 
decreasing TEER and permeability.113,114 The addition of 
cyclic adenosine monophosphate has also been reported to 
improve BBB parameters.115,116 On the other hand, Vatine 
et al.117 demonstrated that personalized BBB chips with 
patient-derived iPSCs could distinguish different BBB 
parameters.

Table 3. Comparison of the TEER parameters of in vitro BBB models using primary cells extracted from different animals

Animal type Culture type TEER in vitro (Ω·cm2) References

Pig Monoculture 344±25 104

Non‑contact coculture (astrocyte/pericyte) 1,093±60/778±33

Contact coculture (astrocyte/pericyte) 1,123±89/831±29

Pig Monoculture 789±18 105

Rat Monoculture ~150 106

Coculture ~200

Coculture ~600 103

Cow Coculture (rat astrocyte) Minimum: 261±26
Maximum: 760±46

107

Abbreviations: BBB: Blood‑brain barrier; TEER: Transepithelial/transendothelial electrical resistance.
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BBB coculture systems containing ECs and neural 
cells require fetal bovine serum (FBS).118,119 However, 
when culturing neurons in neurobasal media, the main 
issue is the atypical use of serum, which requires careful 
consideration of its effects on neuronal topology, especially 
synaptic arrangement. For example, Bang et al.120 
Investigated synapse arrangements under three conditions. 
Briefly, they observed that FBS is suitable for coculture, EC 
growth medium-cultured astrocytes are necessary for cell 
migration, and VEGF-A increases proliferation.120

4.1.6. Static cell-based BBB model using Transwell inserts

The Transwell system is a cell culture system comprising two 
compartments separated by a semipermeable membrane. It 
typically consists of an insert with a permeable membrane 
placed into a cell culture plate well. The insert divides the 
well into two compartments: The apical and basolateral 
compartments. Cells are seeded onto the membrane and form 
a monolayer, creating a barrier between the two compartments. 
The system can be used to assess the permeability of the cell 
monolayer and to study the mechanisms of transport across 
the barrier. The Transwell system can be employed for multiple 
cell cultures and has numerous applications, including 
evaluating the effects of experimental conditions, such as drug 
treatments or disease states, on barrier function.69,70,86,121,122 A 
schematic of the Transwell system and its advantages and 
disadvantages is provided in Table 4.

The use of a transwell system as a BBB model requires 
a microporous semipermeable filter membrane, which 
can be obtained commercially, e.g., from Corning. These 
filters are typically made of polycarbonate or polyethylene 
terephthalate materials, with pore sizes ranging from 0.4 
to 8.0 μm. Alternatively, the membrane can be designed 
using tissue engineering techniques, such as fabricating 
a polyacrylonitrile electrospun nanofibrous membrane 
on a 3D-printed Transwell, to mimic the structure of the 
BM.123,124 The membrane pore size can vary depending 
on the intended application. For instance, a pore size of 
0.4 μm is suitable for drug permeability screening, while 
8 μm is preferred for transmigration investigations.86,125 
Different proposed models, including mono-  and 
multiculture models (co, tri-, and quadruple), can be used 
with microporous filter membranes. In a monoculture 
model, BMECs are cultured alone on the filter membrane, 
which facilitates permeability, proteomics, and genomics 
analyses.126,127 However, as this model lacks other 
components of the NVU (astrocytes, pericytes, and BM), 
TEER and paracellular permeability measurements may 
not reflect those of the in vivo BBB.128 Multicultural models, 
on the other hand, can improve the physiological relevance 
of the BBB model.129

In all BBB models, the type of cell used (primary, stem 
cell, or immortalized), the origin of the cell (rat, cow, pig, 
human, etc.), and the arrangement of cells in the model and 
their interactions with each other significantly affect gene 
expression and the formation of TJs, which in turn affects 
electrical resistance, permeability, and shear stress.130 
Table  5 summarizes the differences in the TEER and 
permeability resulting from different cell arrangements in 
the coculture Transwell system. Examples of multiculture 
Transwell systems include a system developed by 
Hutamekalin et al.,131 in which rat BMECs were cocultured 
with astrocytes, achieving an average TEER value of 
200–300 Ω·cm2 and a maximum TEER value of 600 
Ω·cm2. In another study, Smith et al.132 achieved a TEER 
of 900 Ω·cm2 by coculturing porcine BMECs with the C6 
astroglioma cell line. Several factors can improve TEER 
and permeability of in vitro cocultures, making them more 
similar to in vivo BBB models. These factors include using 
stem cells (iPSCs, MSCs) to replace primary cells, using 
retinoic acid to differentiate fetal stem cells into NPCs, 
modifying the ECM, using cell culture medium lacking 
basic FGF, and incorporating macrophages, astrocytes, 
and pericytes.108,115 These modifications can lead to a TEER 
> 5,000 Ω·cm2, which is closer to the TEER observed in 
in vivo BBB models (above 1,000 Ω·cm2 for mammalian 
BBB).133 The Transwell system is easy to set up, use, and 
control. Therefore, it could be ideal for studying Michaelis‒
Menten-type kinetics of transport.134 However, the lack of 
fluid flow and direct interaction between cells can create 
challenges in this model.127,129 Transwell-generated ECs 
may exhibit an irregular growth pattern, which can impair 
the proper formation of TJs between cells, leading to an 
“edge effect.”135 The “edge effect” is caused by the irregular 
growth pattern of the ECs on the Transwell membrane, 
resulting in the improper formation of TJs at the edges of 
the membrane. This can lead to reduced barrier function 
and increased paracellular permeability at the edges of 
the membrane, potentially affecting the accuracy and 
reliability of the experimental results obtained from the 
Transwell system.

4.1.7. Modeling the BBB with microfluidic platforms: 
Simulating a dynamic microenvironment

Among in vitro models for studying the BBB, multicellular 
culture models are known for their ability to recapitulate the 
complex physiological response of the BBB through critical 
interactions between different cell types in the NVU.142,143 
In addition to cellular interactions, the activity of the BBB 
is affected by various environmental factors, including 
shear stress, oxygen levels, inflammatory cytokines, 
pH, neurotransmitters, and drug interactions.144-146 
Understanding how these factors affect the BBB is essential 
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Table 4. Schematic overview of in vitro BBB models, including their advantages and disadvantages

BBB model Design Description Advantages Disadvantages

Transwell ‑ A 2D model capable 
of coculturing 

different types of 
NVU cells

‑ Static

‑ Consistent
‑ Easily operated

‑ Reproducibility of results
‑ Represent active transport
‑ Commercial accessibility

‑ Provide proper conditions to 
resemble NVU in terms of the 

coculture ability
‑ Less time‑consuming and less 

costly

‑ No shear stress
‑ Limited complexity

‑ The rigid surface of the 
insert

‑ Rapid loss of BBB 
characteristics

‑ The indirect connection 
between NVU cells

Microfluidic ‑ 2D and 3D 
cocultures on a 

microchip in a fluid 
medium

‑ Dynamic

‑Represent active transport
‑ Imitates BBB in small scales and 
more closely to the actual in vivo 

brain anatomy
‑ Enables the effect of shear stress; 
shear stress is applied and can be 

controlled
‑ Continuous media exchange

‑ Desirable representation of the 3D 
structure of NVU

‑ The simplicity of providing 
materials, e.g., drugs and media, and 

cells into the channels

‑ Technically complex
‑ No visualization of the 

intraluminal compartment; 
monitoring the uniformity 

of the culturing system 
could be challenging

‑ Limited control; difficult 
to inspect contamination

‑ Difficult to set up

PAMPA ‑ A type of CFMPA 
that contains an 
artificial, bio or 
non‑biological 

membrane between 
two chambers

‑ A high‑throughput drug 
permeability assay based on passive 

transport

‑ Suitable only for the early 
stages of drug screening

‑ Unable to represent active 
transport

‑ Weaker selective 
permeability than natural 

cell membranes

IAM ‑ A type of 
CFMPA made of a 
high‑performance 
chromatography 

column with a solid 
phase containing 
covalently bound 
silica‑(phosphor) 

lipids

‑ A high‑throughput method 
for testing drug affinity to cell 

membranes based on lipophilicity

‑ Restricted replication of 
the native cell membranes 

and their incorporated 
receptors

Source: Created in BioRender. Aliakbari, F. (2026) https://BioRender.com/erpo4jb.
Abbreviations: 2D: Two‑dimensional; 3D: Three‑dimensional; BBB: Blood‑brain barrier; CFMPA: Cell‑free models for permeability assay; 
IAM: Immobilized artificial membrane; NVU: Neuro‑vascular unit; PAMPA: Parallel artificial membrane permeability assay.
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for developing accurate in vitro models. Microfluidic 
systems can provide dynamic models that better mimic the 
in vivo BBB microenvironment, allowing for the study of 
the effects of these environmental factors on BBB function 
in health and disease, as well as drug screening.

4.1.8. Overview of microfluidic devices used for 
modeling the BBB

Organ-on-chip platforms are 3D-engineered microscale 
systems that fabricate multicellular structures, tissue-
tissue interfaces, mechanical forces, physicochemical 
microenvironments, and vascular perfusion to achieve 
tissue and organ functionality. Various types of organ-

on-chips can be used for BBB modeling and validity 
assessment, including continuous luminal perfusion, real-
time TEER monitoring, live-cell imaging for permeability 
measurements, and metabolic pathway analysis.147-152 
Studies using these platforms have demonstrated their 
suitability as BBB models.

Microfluidic devices designed for BBB models typically 
consist of one or more chips that can be used to 
fabricate different components of the NVU system. 
A schematic of microfluidic devices and their advantages 
and disadvantages is provided in Table  4. Microfluidic 
devices have been developed for modeling the BBB, with 

Table 5. Different arrangements in multi‑cultural models using the Transwell system

Top of filter Lower side of the 
filter

Bottom of the 
well

Species/cell type TEER/permeability 
parameters

References

A mixture of 
pericytes and 
astrocytes

‑ Endothelial 
cells

2‑week‑old rats/primary cell 329 Ω·cm2 136

Endothelial cells ‑ Mixture of glial 
cells

Bovine, rat/primary cell 
(bovine endothelial cell, glial 

cell from newborn rat)

0.51×10−3 cm/min (LY 
molecule)

137

‑ Mixture of 
glial cells and 

pericytes

Bovine, rat/primary cell 
(bovine endothelial cell and 

bovine pericyte, newborn rat 
glial cell)

0.30±0.01×10−3 cm/min 
(LY molecule)

138

Pericytes Astrocytes 3‑week‑old rat/primary cells 
(rat endothelial cells, neonatal 

rat astrocyte cells, rat pericytes)

354±15 Ω·cm2; 
3.9±0.2×10−6 cm/s 

(sodium fluorescein)

139

‑ 2‑week‑old rats/primary cell 300 Ω·cm2 131

‑ Bovine/primary cell (bovine 
endothelial cell, newborn rat 

astrocyte)

600 Ω·cm2 140

‑ Porcine/C6 glioma cell line 900 Ω·cm2 132

‑ Pericytes and 
astrocytes 
(primary 

human brain 
pericytes, 

human 
astrocytes, 
neurons 

derived from 
human neural 

progenitor cells)

Human/stem cell line hCMECs 3,500 Ω·cm2 108

Astrocytes ‑ Bovine, rat/primary cells (rat 
astrocyte/bovine endothelial 

cell)

661±48 Ω·cm2 141

Pericytes together 
with endothelial cell

‑ Glial cell Bovine, rat/primary cell 
(bovine endothelial cell and 

bovine pericyte, newborn rat 
glial cell)

0.41±0.05×10−3 cm/min 
(LY molecule)

138

Abbreviations: hCMECs: human cerebral microvascular endothelial cells; LY: Lucifer yellow; TEER: Transepithelial/transendothelial electrical 
resistance.
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each machine offering unique advantages. Well-known 
microfluidic devices include the following:
(i)	 BBB primitive models consist of two microchannels 

separated by a porous polycarbonate or 
polydimethylsiloxane membrane with a 0.4  µm 
pore size. The vascular compartment is used to 
culture ECs, while the brain compartment is 
usually used to culture astrocytes.153 These models 
accurately measure TEER, permeability, and other 
BBB properties, replicating in vivo conditions and 
providing a reliable system for personalized medicine. 
Hence, these personalized medicine models have 
facilitated the discovery of BBB alterations in various 
diseases117,154 and drug permeability screening in 
drug development.155

(ii)	 To analyze the role of each cell type in the NVU, a 
coupled system can be created by placing a brain 
chip with a neural cell between two BBB chips, an 
influx BBB chip, and an efflux BBB chip. Maoz et al.152 
designed a system to mimic the flow of cerebrospinal 
fluid through the neuronal medium and to identify 
substances that do not leave the brain via the output. 
The bloodstream medium entering from one side 
of the BBB represents substances entering the brain 
parenchyma, and materials obtained from the output 
of the last chip (BBB efflux) indicate materials that 
can leave the brain.

(iii)	 Plate-based microfluidic platforms allow automated 
high-throughput testing with high-content images.156 
However, adding cells or biomaterials to culture wells 
during cell culture is impossible in these devices, 
and circulating non-adherent cells are another 
essential feature of “organ-on-chip” applications.157 
To simulate the BBB, Koo et al.143 constructed a two-
channel apparatus that seeded neuroblastoma cells, 
astrocytes, and microglia in a gel-cell matrix as the 
brain compartment and cultured a monolayer of ECs 
on the other side.

(iv)	 The vessel-like microfluidic channel allows for 
multiple applications in just one chip. Cho et al.150 
designed a tube-like tetrahedral microfluidic channel 
to culture a monolayer of ECs on each side, thereby 
mimicking the BBB, for various assays.

(v)	 Pulsed electric fields (PEFs) can be used to increase 
the transcellular permeability of the BBB through 
electroporation, which leads to alterations in the 
membrane potential and finally the creation of 
nanoscale aqueous pores in the membrane and 
disruption of BBB integrity. Bonakdar et al.158 
provided a gradient platform along its length to exert 
different PEFs on cells in each section. This platform 
delivered graded electrical pulses to determine the 

threshold of electrical strength on BBB cells, and the 
cells’ viability was then assessed. Their study showed 
that 8–10 pulses are more applicable for drug delivery 
because no cell death was observed for electric fields 
<400 V/cm (Table 6). The orientation of cells on the 
plate is also a critical parameter, as cells oriented 
parallel to the electric field showed greater resistance 
than those oriented perpendicular to it.

4.1.9. Enhancing in vitro barrier formation in BBB 
models through cell-matrix interactions

The incorporation of natural endogenous decellularized 
ECM derived from tissues or cells has led to promising results 
in improving in vitro barrier formation.160,161 For example, 
Zobel et al.162 designed a BBB model of microvascular 
ECs cultured on layers of decellularized BM derived from 
pericytes and astrocytes, demonstrating increased TJ 
expression and TEER levels, particularly with the two-layer 
BM combination that closely mimicked in vivo conditions.

It is essential to simulate the natural features of the 
NVU as much as possible to design an accurate in vitro 
BBB model. Hydrogels (polymers with high water content 
and structural and biochemical resemblance to the native 
ECM) are often used for this purpose. They can be classified 
into three groups: (i) natural hydrogels consisting of tissue 
or cell-derived BM/ECM extracts (e.g., matrigel, collagen 
type I), (ii) synthetic biomaterials, such as peptide hydrogels, 
and (iii) semisynthetic hydrogels, which are modified 
combinations of natural and synthetic hydrogels.163

Matrigel, a commercially available laminin-rich BM 
extract derived from the Engelbreth-Holm-Swarm tumor, 
is a commonly used resource in cell culture.164,165 However, 
batch-to-batch variation and animal origin can affect 
reproducibility and trigger immune responses in human 
BBB models used for drug screening.166 Human-based 
equivalents of Matrigel, such as MaxGel™, are also available 
commercially.

Natural bioactive hydrogels, such as collagen, gelatin, 
fibronectin, and laminins, possess integrin-binding motifs 
and can be recognized and degraded by MMPs. Synthetic 
hydrogels lack these properties but offer advantages for 
maintaining a stable and controllable structure. Synthetic 
peptide hydrogels can be functionalized to provide cell 
adhesion domains. Combining several hydrogels based 
on natural and synthetic materials can compensate for the 
limitations of each material, such as covalently crosslinking 
silk fibroin proteins with hyaluronic acid to enhance the 
biomechanical properties of the fabricated hydrogel.167

Microfluidic BBB models often use hydrogels in built-in 
“gel channels” to optimize model efficiency. Two or more 
ECM components can be used together in a mixture or in 
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Table 6. Summary of studies using microfluidic systems to model the BBB

The type of changes 
performed in 
the microfluidic 
system

Study aim The detail of changes Conclusions References

Pumpless platform Long‑term maintenance 
of the BBB structure for 
the drug permeability 

study

Fluid delivery via gravity on 
a tilted rocking platform and 
recirculation by changing tilt 

direction

Maintains high TEER value for at least 10 days 155

TEER value ‑ 4,399 ± 242 Ω·cm2

Permeability FITC‑dextran 4 kDa, 20 kDa, 
70 kDa

10−7 ~ 10−8 cm/s

Caffeine (rapid penetration) 4.85 ± 1.84 × 10−4 cm/s

Cimetidine (moderate 
penetration)

1.11 ± 0.09 × 10−6 cm/s

Doxorubicin (poor penetration) 1.54 ± 0.66 × 10−7 cm/s

iPSC (iBMEC) 
‑based model of 
disease

Organ‑specific disease 
modeling

HD‑iBMECs Enhance permeability of the HD BBB‑Chip 117

MCT8 deficiency Lower transport of T3 from blood to the brain

Changes to the 
supplement

Improve the number of 
synaptic connections

NBM + B27 8.60 ± 1.50 120

NBM + 2% FBS 9.20 ± 0.84

EGM 3.49 ± 0.37

Changes in the 
media composition

Area occupied by 
vascular network

EGM/NBMFBS 0.0881 ± 0.0015 μm2

EGM/EGM 0.0876 ± 0.0016 μm2

5:5 mixed/5:5 mixed 0.0411 ± 0.0025 μm2

Area occupied by 
astrocytes

EGM/NBMFBS 0.0542 ± 0.0010 μm2

EGM/EGM 0.0393 ± 0.0008 μm2

5:5 mixed/5:5 mixed 0.0529 ± 0.0029 μm2

Permeability 
coefficients with 20 kDa 

FITC‑dextran

EGM/none (n = 9) 1.85 ± 0.20 × 10−6 cm/s

EGM/EGM (n = 14) 0.65 ± 0.08 × 10−6 cm/s

EGM/NBMFBS (n = 13) 0.45 ± 0.11 × 10−6 cm/s

Permeability 
coefficients with 70 kDa 

FITC‑dextran

EGM/none (n = 12) 1.39 ± 0.19 × 10−6 cm/s

EGM/EGM (n = 12) 0.60 ± 0.12 × 10−6 cm/s

EGM/NBMFBS (n = 20) 0.36 ± 0.05 × 10−6 cm/s

Making a gradient in 
channel length and 
applying different 
pulses

Cell death 10 pulses 0–40% 158

30, 90 pulses 5–100%

Tube‑like structure Neuroinflammation Treated with TNF‑α Increase several cytokines 159

Decrease or even deplete ZO‑1 proteins

Increase the BBB permeability

(Cont’d...)
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Table 6. (Continued)

The type of changes 
performed in the 
microfluidic system

Study aim The detail of changes Conclusions References

Ischemia model and 
oxidative stress

Treated with the OGD 
procedure and reoxygenation

2.8‑fold elevated level of ROS

3.0‑fold elevated level of p‑MLC

Reduction of ZO‑1 expression level

Restore BBB integrity 3 h after adding antioxidant, 
edaravone, and a ROCK 
inhibitor, Y‑27632, and 

reoxygenation

7–10% elevation of ZO‑1 expression level

6 h after adding antioxidant, 
edaravone, and a ROCK inhibitor, 

Y‑27632, and reoxygenation

1% increase in cellular death

5% decrease in ZO‑1 marker levels

Coupled NVU system Roles of individual cell 
types in NVU

Coupled system Significant changes in protein expression in the 
endothelium, perivasculature, and neurons

152

Downregulation of vesicular transport processes in 
vascular endothelium

Less proliferative and less migratory

Vascular and perivascular tissues maintain high 
metabolic activity

Reversible breakdown in the BBB influx chip and an 
increase in permeability

Utility of the 
NVU system for 

drug‑modeling studies

Administration of 1.5 mM 
methamphetamine into the 
vascular channel of the BBB 

influx chip

Significant alteration in components of specific 
pathways

Perivascular cells have a higher number and variety 
of metabolic alterations

Metabolic coupling 
among various cell 

populations

Supply C13‑labeled glucose 
exclusively to the vascular 

channel of the BBB influx chip

Glucose transport across the BBB influx

Glycolysis occurred in all compartments of the 
NVU system

In the brain chip neural, glycolysis is likely to 
happen in astrocytes

Glutamine synthesis with astrocyte and endothelial and 
observed in all compartments

GABA only produced by the cells of the brain chip

Free exogenous pyruvate and lactate contribute to 
neurotransmitter synthesis

Metabolites secreted from BBB cells help brain cells 
to synthesize glutamine

Abbreviations: BBB: Blood‑brain barrier; EGM: Endothelial cell growth medium; FBS: Fetal bovine serum; FITC‑dextran: fluorescein 
isothiocyanate‑dextran; GABA: Gamma aminobutyric acid; HD: Huntington’s disease; iBMEC: Induced brain microvascular endothelial cell;  
iPSCs: Induced pluripotent stem cells; MCT8: Monocarboxylate transporter 8; NBM: Neurobasal media; NBMFBS: Neurobasal media + 2% fetal bovine 
serum; NVU: Neuro‑vascular unit; OGD: Oxygen glucose deprivation; p‑MLC: Phosphorylation of the myosin light chain; ROCK inhibitor: Rho‑kinase 
inhibitors; ROS: Reactive oxygen species; TEER: Transepithelial/transendothelial electrical resistance; TNF: Tumor necrosis factor; ZO: Zonula occludens.

different chambers of a microfluidic device to enhance cell 
attachment, such as by coating cells with or encapsulating 
them in ECM.168,169 Direct 3D bioprinting, which 

involves layer-by-layer deposition of cell-laden hydrogel 
biomaterials, is another valuable platform for BBB models 
that has attracted increasing interest in the past decade.170
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Overall, the choice of culture medium or biomaterials 
critically determines BBB model fidelity. Examples of 
biomaterials utilized as BMs in designing BBB models and 
brain tissue engineering are presented in Table 7.

4.2. Cell-free models for permeability assays (CFMPAs)

Cell-free models can be implemented in the early stages 
of drug design to simulate biological membranes without 
living cells, providing a high-throughput screening tool. 

Table 7. Examples of important biomaterials utilized in BBB design

Materials Hydrogel 
type

Source/composition BBB/NVU model Observed effects References

Matrigel Natural Mouse EHS tumor tissue‑derived 
BME ± growth factors

BBB‑on‑chip ‑ �Promotes cell 
adhesion, forming 
capillary‑like structures

171,172

Collagen I Natural Animal tissue‑derived (rat tail, 
extracted by acid solubilization; 
bovine skin/porcine skin, extracted by 
pepsin digestion)

BBB Transwell 
model (collagen 
I‑coated, aligned 
PCL nanofibers)

‑ �Enhances endothelial 
barrier integrity and 
uniformity in junction 
formation

‑ �In vivo‑resembling 
cell alignment in 
endothelial cells

173,174

Hyaluronic acid Natural ECM polysaccharide BBB spheroids 
(tri‑culture hybrid)

‑ �Promotion of spheroid 
fusion

175

Fibrin Natural Polymerization of fibrinogen by 
thrombin

NVU microfluidic 
model 
(fibrin‑matrigel 
mixed gel)

‑ �Promoting 
differentiation of neural 
stem cells into neurons

‑ �Promoting neurite 
extension

172

Gelatin 
methacrylate

Semi‑synthetic Addition of methacrylic anhydride to 
the amine groups of gelatin

Micro‑patterned 
substrates/
cell‑encapsulated 
endothelial 
microvessels

‑ �Successful 
proliferation, 
elongation, and 
migration of HUVECs 
on the surface of, or 
embedded in, the 
hydrogel

176,177

Agarose‑collagen 
composite

Semi‑synthetic Multilayered hydrogel structures 3D‑bioprinted 
molds

‑ �Maximizes viability of 
cultured neural and 
endothelial cells

‑ �Strong expression of 
TJs and elevation of 
TEER value by HMECs

‑ �Suitable for both 2D 
and 3D cell culture

178

PEG Synthetic PEG (hydrophilic polymer of 
ethylene oxide macromolecules) 
cross‑linked with MMP‑degradable 
and integrin‑binding peptides

Transwell neural 
tissue model

‑ �Produces a 
reproducible, uniform 
neural tissue construct

179

PEG‑maleimide with integrin‑binding 
peptides and PEG‑dithiol with 
MMP‑degradable peptides

Astrocytes cultured 
in hydrogels to 
investigate astrocyte 
activation

‑ �Creates an environment 
allowing control 
and maintenance of 
astrocyte quiescence 
with minimal 
activation

180

Abbreviations: 2D: Two‑dimensional; 3D: Three‑dimensional; BBB: Blood‑brain barrier; BME: Basement membrane extract; ECM: Extracellular 
matrix; EHS: Engelbreth‑Holm‑Swarm; HMECs: Human mammary epithelial cells; HUVEC: Human umbilical vein endothelial cell; MMP: Matrix 
metalloproteinase; NVU: Neurovascular unit; PCL: Polycaprolactone; PEG: Polyethylene glycol; TEER: Transepithelial/transendothelial electrical 
resistance; TJ: Tight junction.
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These models, known as CFMPAs, measure only the 
permeability of the compounds of interest. They can be 
associated with in vitro or in silico models of targeted cell 
cultures, including vascular ECs, to compensate for active 
transport or efflux pathways.

4.2.1. Simulation criteria for in vitro models

Although simulating biological membranes may seem 
straightforward, it is not trivial. Several parameters 
should be considered when designing in vitro cell-free 
models. One of the most important parameters is the 
lipid composition of the artificial membrane, which 
includes various phospholipids and sphingomyelins 
(SMs) that affect the membrane’s fluidity and rigidity.75 
The endothelial lipid composition of different organisms 
and cell types is summarized in Table 8. In addition, the 
lipid composition of the EC plasma membrane often 
differs between the inner and outer layers. For example, 
in terms of the distribution of the main lipid head groups, 
phosphatidylcholines (PCs), SM, and gangliosides are 
predominant in the outer leaflet, while in the inner layer 
of biological membranes, phosphatidylethanolamine 
(PE), phosphatidylserine (PS), and other charged lipids 
are prevalent.181 The composition of lipids in the apical 
and basolateral plasma membranes can also influence 
drug absorption. Table  9 summarizes the differences in 

lipid composition between the apical and basolateral sides 
of porcine brain capillary ECs.

Furthermore, the membrane charge differs between the 
BBB and the peripheral system. Brain capillary ECs have 
more anionic membranes than peripheral system ECs and 
could be a critical factor in maintaining homeostasis and 
attracting cationic materials.185

Another parameter worth considering when designing 
in vitro models is the unstirred water layer, which 
particularly affects the drug permeability of highly 
lipophilic molecules,186,187 while the hydrocarbon layer in 
the membrane serves as the single rate-limiting barrier for 
hydrophilic molecules.188 Indeed, a potential barrier has 
been created for lipophilic molecules due to the aqueous 
diffusion layer adjacent to the membrane.

4.2.2. Essential aspects of membrane elements in cell-
free model simulation

When designing non-cell-based models that closely resemble 
the BBB membrane structure, it is essential to consider 
differences in SM and PC levels between the apical and 
basolateral membranes, as well as the significant differences 
in the ratio of the BV system to the peripheral vascular system 
(as discussed in the previous sections).75,189 A brief comparison 
of their structures helps clarify their functional roles.

Table 8. Lipid compositions in different organisms and cell types (values in mol %)

Lipid class Human umbilical artery 
endothelial cell182

Human umbilical vein 
endothelial cell182

Human brain 
endothelial cell183

Bovine brain 
endothelial cell183

Porcine brain 
endothelial cell184

Phosphatidylcholine 49.0 ± 0.1 50.5 ± 0.1 33.2 ± 0.2 32.1 ± 0.4 28.7 ± 1.4

Sphingomyelin 5.9 ± 0.1 6.7 ± 0.1 17.0 ± 0.1 20.9 ± 0.2 13.4 ± 0.7

Phosphatidylserine 9.0 ± 0.2 9.1 ± 0.2 10.7 ± 0.1 10.6 ± 0.1 6.8 ± 0.7

Phosphatidylinositol 6.0 ± 0.3 5.9 ± 0.4 4.8 ± 0.2 4.5 ± 0.2 5.5 ± 1.3

Phosphatidylethanolamine 28.1 ± 0.3 25.5 ± 0.4 25.2 ± 0.4 23.9 ± 0.3 22.8 ± 1.6

Note: Only major lipid classes are listed; minor components were omitted; therefore, totals may not equal 100%.

Table 9. Lipid composition in the apical and basolateral plasma membranes of porcine brain capillary endothelial cells (values 
given in mol %) 184

Lipid class Apical plasma membrane Basolateral plasma membrane

Phosphatidylcholine 21.3 ± 2.5 15.0 ± 0.9

Sphingomyelin 17.5 ± 2.1 23.0 ± 1.2

Phosphatidylserine 8.3 ± 1.2 10.1 ± 1.3

Phosphatidylinositol 2.7 ± 0.8 1.7 ± 0.9

Phosphatidylethanolamine 20.8 ± 1.3 19.8 ± 1.9

Total phospholipids 70.6 69.6

Cholesterol 28.3 ± 4.5 28.8 ± 4.4

Glucosylceramide 0.3 ± 0.2 0.8 ± 0.1

Gangliosides 0.8 ± 0.2 0.7 ± 0.2
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The physiological roles of SM can be divided into 
two categories: Its structural role in cell membranes and 
its biological role as a pre-cursor to metabolites, such as 
ceramide and sphingosine. One essential aspect of SM 
function in the cell membrane structure concerns its 
physical role, which encompasses the structural differences 
between PCs and SMs and their functional implications. 
PCs generally consist of glycerol attached to two fatty 
acids (usually saturated or unsaturated) at the sn-1 or sn-2 
position, respectively, and phosphorylcholine attached 
to the third carbon.190,191 On the other hand, SM consists 
of a sphingosine base that binds phosphorylcholine 
and a fatty acid.191 PCs and SMs have similar structures, 
in which the sn-1,2-diacylglycerol in PC is replaced by 
N-acylsphingosine (ceramide) in SM.192

The structural differences between PCs and SMs impact 
their phase behavior. Below physiological temperatures, PC 
and SM bilayers are in a fluid state due to the presence of cis 
double bonds in one of the PC chains, while at physiological 
temperatures, SM bilayers are in a gel-like phase due to 
the SM-saturated amide-linked chain.193-197 Moreover, the 
3-hydroxyl group and the 4,5-trans double bond in the 
sphingoid chain of SM play various roles under different 
conditions, including effects on hydration and HB with 
adjacent water molecules and the formation of interfacial 
water and lipids via intra-  and intermolecular hydrogen 
bonds. In addition, 4,5-trans double bonds contribute to 
gel-phase packing.197 Intra- and intermolecular hydrogen 
bonds produce more vertical phosphocholine head groups 
and intermolecular cohesion, resulting in SM molecules 
packing tightly in an amorphous, irregular arrangement, 
with a smaller area per lipid. This HB promotes greater 
cohesive strength and less rigidity than PC.197 In brief, SM 
provides more tightness with accompanying flexibility, 
which is a characteristic of the BBB.

4.2.3. Types of CFMPAs

Several types of CFMPAs have been used to simulate drug 
permeability. The parallel artificial membrane permeability 
assay (PAMPA)198 and immobilized artificial membrane 
(IAM)199 are the most commonly used and most reliable 
CFMPA methods.

•	 PAMPA

The PAMPA is a screening assay that measures the 
passive permeability of compounds across artificial 
membranes of biological or non-biological origin. 
The assay consists of membranes located between two 
chambers as donors and acceptors. The first report on the 
construction of an artificial membrane for assessing drug 
absorption was performed in 1996 by Kansy et al.,200 who 
dissolved egg lecithin in n-dodecane and coated it with 

a hydrophobic filter material to measure gastrointestinal 
absorption of oral drugs. Over several years, to develop 
better models with greater similarity to BBB parameters, 
various artificial membranes have been developed as 
commercial PAMPA models, such as the PAMPA BBB 
porcine polar brain lipid (PBL) model, which is applicable 
for predicting the BBB permeability of compounds. In 
2014, Campbell et al.75 Compared three PBL-PAMPA 
models containing crude extract from a whole pig brain 
with human brain microvessel lipids and microvessel lipids 
plus cholesterol to evaluate the effects of lipid components 
on drug permeability. They demonstrated that changes in 
lipids affect the permeability of compounds with different 
structures.

Several commercial standardized PAMPA plates 
are available, including multiscreen polyvinylidene 
difluoride 96-well plates and transporter receiver plates 
from Millipore (USA). Different types of lipids can also 
be purchased from Avanti Polar Lipids (USA) or Sigma-
Aldrich (USA). Table  10 summarizes the characteristics 
of different PAMPA membranes, including the lipid 
components, solvent types, support materials, dissolving 
material percentages, and their applications. For instance, 
the commercial PAMPA membrane from Avanti Polar 
Lipids contains 33.1% PE, 18.5% PS, 12.6% PC, 0.8% 
phosphatidic acid, 4.1% phosphatidylinositol, and 30.9% 
other components, including cerebrosides, sulfatides, and 
pigments.201 A schematic of the PAMPA model and its 
advantages and disadvantages is provided in Table 4.

As mentioned previously, CFMPAs can measure the 
passive permeability of compounds and investigate their 
active transport. It is essential to link cell-free models to in 
vitro (cell-based models that represent ABC transporters, 
such as P-gp) or in silico studies to increase the model’s 
validity.187,209 In this regard, Mensch et al.187 analyzed 
the Caco-2 efflux ratios of several compounds as active-
transporter measurements in addition to their effective 
permeability through the PAMPA-BBB model.

•	 IAM (high-performance liquid chromatography 
column [HPLC])

Lipophilicity is an essential factor in drug permeability. 
The IAM method is an HPLC method that measures the 
amphipathic characteristics of biological membranes 
and thus permeability. The IAM method uses a 
chromatographic column as a stationary phase, which 
contains solid support such as silica that is covalently 
bonded to either octadecyl (ODS) or phospholipids (such 
as IAM-PC) to mimic biological membranes (Table  4). 
A  solute or buffer is used as the aqueous mobile phase. 
ODS silica retains analytes based on hydrophobicity 
and is suitable for hydrophobic compounds,210 while 
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Table 10. Different PAMPA models used in different studies

Artificial membrane Lipids (native extract or 
synthetic lipid)

Solvent Filter support Percentage lipid to 
solvent (W/V)

Targeting 
application

References

PAMPA Egg lecithin N‑dodecane Hydrophobic 
filter material

10% Prediction of oral 
absorption via the 
GIT

200

Biomimetic PAMPA 
combined with the 
paracellular pathway 
model based on the 
Renkin function

Mixture of lipid solution (PC, 
PE, PS, PI, and CHO)

Organic solvent 
(1,7‑octadiene)

PVDF PC, PE: 0.8%; PS, 
PI: 0.2%; CHO: 1%; 
1,7‑octadiene: 97%

Prediction of oral 
absorption via the 
GIT

202

Hexadecane 
membrane‑PAMPA

Hexadecane (without lipid 
extraction or synthetic lipids)

Hexane Isopore, 
polycarbonate 
(Teflon acceptor 
plate)

5% Prediction of oral 
absorption via the 
GIT

203

DOPC‑PAMPA DOPC Dodecane PVDF, 125 µm 
microfilter disc

2% Prediction of oral 
absorption via the 
GIT (pH range and 
determining UWL 
permeability)

188

DOPC‑PAMPA DOPC Dodecane PVDF, 125 µm 
microfilter disc

2% Prediction of 
oral absorption 
via the GIT (to 
construct a new 
LFER, and hence 
for straightforward 
prediction from 
the molecular 
structure)

204

PAMPA‑black lipid 
membrane

Dioleoylphosphatidylcholine Dodecane PVDF 2% Prediction of BBB 
passive penetration

187

Double sink‑PAMPA 
and PAMPA‑GIT 
(commercial)

GIT lipid solution, soy lecithin, 
mixture of phospholipid (PC, 
PE, PI, phosphatidic acid, 
lyso‑PC, triglycerides)

Dodecane PVDF 20% Prediction of oral 
absorption via the 
GIT

187

PBL‑PAMPA 
(commercial)

Porcine polar whole‑brain 
lipid, mixture of phospholipid 
(PC, PE, PI, PS, phosphatidic 
acid)

Dodecane PVDF 2% Prediction of BBB 
passive penetration

187

PAMPA‑BBB‑UWL 
(with a mechanical 
stirring apparatus)

Porcine PBL, donor wells 
contained a coated magnetic 
stirrer

Dodecane PVDF 2% Prediction of BBB 
passive penetration

187

PAMPA‑black lipid 
membrane

Dioleoylphosphatidylcholine Dodecane PVDF 2% Prediction of BBB 
passive penetration

186

Double sink‑PAMPA GIT lipid solution soy lecithin Dodecane PVDF 20% Prediction of BBB 
passive penetration

186

PAMPA‑BBB Porcine PBL Dodecane PVDF 2% Prediction of BBB 
passive penetration

186

PAMPA‑BBB‑UWL 
(with a mechanical 
stirring apparatus)

Porcine PBL, donor wells 
contained a coated magnetic 
stirrer

Dodecane PVDF 2% Prediction of BBB 
passive penetration

186

Skin PAMPA model 30% isopropyl myristate‑70% 
silicone

N‑hexane PVDF 35% (v/v) Prediction of 
human skin 
permeability

205

(Cont’d...)
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IAM-PC simulates a biological membrane by providing 
hydrophobic, ion-pairing, and hydrogen-bonding 
interactions.189,211 IAM-PC closely resembles a blood 
vessel, with a monolayer of phospholipids bound to the 
amphipathic propylamine-silica basement. However, 
residual propylamine groups may remain free, creating a 
basic microsubsurface in IAM-PC columns.189,212

To overcome this problem, several modifications to 
IAMs have been made. PCs have been developed, such as 
end-capping residual amine groups with methylglycolate 
(MG) in IAM-PC-MG columns, and using decanoic 
anhydrides (DD) and propionic anhydrides (DD2) to end-
cap IAM-PC columns in IAM-PC-DD and IAM-PC-DD2, 
respectively.189,212 Another challenge is that the cell membranes 
of endothelial vessels have different lipid compositions. 
In response, He et al.76 developed cell membrane 
chromatography. In cell membrane chromatography, a cell 
membrane suspension without nuclei is exposed to silica 
under vacuum and ultrasonication, and the cell membrane 
adsorbs to the silica.189 Another alternative is the SM and 
cholesterol-based IAM column, which has demonstrated 
predictive performance for BBB permeation similar to that 
of IAM-PC-DD2 stationary phase.189,213

In the IAM chromatographic procedure, the mobile 
phase retention factor (kIAM) should be determined 

on the IAM stationary phase using a specific equation 
(Equation [1]):

0

0

−
= R

IAM
t tk

t
� (1)

Where tR is the retention time of the desired compound 
or candidate drug, and t0 is the column void volume.189 
Various buffers and chemicals have been used as aqueous 
mobile-phase or void-volume markers. However, 
phosphate-buffered saline is more suitable for physiological 
conditions.189

5. Conclusion
In vitro BBB models have been developed and extensively 
used for evaluating cellular interactions and molecular 
mechanisms underlying BBB integrity during drug 
discovery. The main objective of these models is to 
replicate in vivo BBB properties as accurately as possible, 
including a physiologically realistic cell architecture, a 
restrictive paracellular pathway, and functional expression 
of transport mechanisms. Ideally, models should be easily 
scalable, cost-effective, and conducive to high-throughput 
screening with reproducible results. However, these models 
also have limitations. For example, several models have 

Table 10. (Continued)

Artificial membrane Lipids (native extract or 
synthetic lipid)

Solvent Filter support Percentage lipid to 
solvent (W/V)

Targeting 
application

References

PAMPA L‑”‑PC from soybean N‑dodecane Hydrophobic 
filter

2%, 10%, 20% Prediction of oral 
absorption via the 
GIT

206

PBL‑PAMPA Porcine brain lipid Dodecane PVDF Prediction of BBB 
passive penetration

207

PAMPA‑PC lipid 
membrane model

L‑α‑PC Dodecane PVDF 2% Prediction of BBB 
passive penetration

207

PBL‑PAMPA 
(commercial)

Porcine polar whole‑brain 
lipid

Anhydrous 
dodecane

PVDF 2% Prediction of BBB 
passive penetration

75

Microvessel lipid Microvessel lipid Anhydrous 
dodecane

PVDF 2% Prediction of BBB 
passive penetration

75

Microvessel lipid and 
CHO

Microvessel lipid and CHO Anhydrous 
dodecane

PVDF 2% Prediction of BBB 
passive penetration

75

Skin PAMPA Lipid mixture (certramides, 
stearic acid, CHO, silicone oil)

Lipophilic 
solvents 
(non‑aqueous 
solvents and 
complex, 
emulsion‑type 
formulations)

Teflon filter Prediction of 
human skin 
permeability

208

Abbreviations: BBB: Blood‑brain barrier; CHO: Cholesterol; DOPC: 1,2‑dioleoyl‑sn‑glycero‑3phosphocholine; GIT: Gastrointestinal tract; 
LFER: Linear free energy relationship; PAMPA: Parallel artificial membrane permeability assay; PBL: Polar brain lipid; PC: Phosphatidylcholine; 
PE: Phosphatidylethanolamine; PI: Phosphatidylinositol; PS: Phosphatidylserine; PVDF: Polyvinylidene difluoride; UWL: Unstirred water layer.
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leaky TJs, making them unsuitable for studying molecule 
penetration through the paracellular pathway. Therefore, 
in vitro studies should complement in vivo studies using 
the most promising candidate molecules identified during 
in vitro screening.

Recently, generating human BBB cells from iPSCs has 
emerged as a viable approach for assessing human brain 
tissue and generating primary cell cultures. Various BBB 
models reported in the literature focus on developing 
physiologically relevant models that closely mimic in vivo 
conditions. The incorporation of flow-induced shear stress 
into BBB models has led to improved barrier function 
compared to earlier static Transwell models. Recent efforts 
to integrate cell coculture and biomechanical principles 
to reflect the complex contributions to neurovascular 
homeostasis of the NVU and fluid shear stress have made 
significant advances.

From another perspective, despite the advantages of in 
vitro BBB models for neurological research that facilitate BBB 
modeling more conveniently and cost-effectively, additional 
challenges remain. The variability of data or results obtained 
through different approaches used to validate BBB models 
depends on experimental conditions across laboratories, 
which face difficulties with reproducibility and replicability 
when using in vitro BBB models.

In view of that, summarizing various in vitro BBB 
models regarding their conditions and results may 
provide comprehensive insight and an easier, more 
inclusive comparison. Beyond this, in recent years, the 
role of artificial intelligence, machine learning, and deep 
learning techniques in predicting BBB permeability in 
drug discovery has been highlighted, as reviewed in other 
studies.214,215 However, Nabi et al.215 identified several 
challenges and suggested approaches for developing an 
ideal predictive model through applying large, diverse, and 
balanced datasets.

By using machine learning methods and considering 
multiple features and additional factors, researchers can 
overcome data variability and improve the accuracy of 
predictive models. These features may include cell culture 
media, shear stress levels, NVU cell types (pericytes, 
astrocytes, neurons, and glial cells), the origin of cells used 
in cell-based models, and the type of artificial membrane, 
chromatographic column, or buffer used in cell-free 
models. They may also represent different conditions, such 
as normal states or those associated with various neuronal 
disorders, to facilitate model development.

Moreover, the application of machine learning 
considering genetic profiles, metabolic signatures, 
immunophenotyping, and clinical data, such as clinical 

positron emission tomography radioligands or in vivo 
brain permeation data, as well as in vitro iPSC-based 
human BBB model data or in vitro PAMPA-BBB data,209,216 
as additional features, could shed light on CNS drug 
discovery and personalized medicine.

In summary, in vitro BBB models, including cell-based 
and cell-free models, along with their corresponding 
schematic representations, are outlined in Table 4. Overall, 
it is essential to continue advancing BBB model simulations 
to support basic and applied sciences in addressing brain 
disease problems and studying the cellular mechanisms 
of brain function. The procedures and considerations 
discussed in the current review provide a valid starting point 
for designing experiments and refining existing protocols.
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