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Abstract
BACKGROUND 
Induced pluripotent stem cells (iPSCs) show great ability to differentiate into any 
tissue, making them attractive candidates for pathophysiological investigations. 
The rise of organ-on-a-chip technology in the past century has introduced a novel 
way to make in vitro cell cultures that more closely resemble their in vivo 
environments, both structural and functionally. The literature still lacks consensus 
on the best conditions to mimic the blood-brain barrier (BBB) for drug screening 
and other personalized therapies. The development of models based on BBB-on-a-
chip using iPSCs is promising and is a potential alternative to the use of animals 
in research.

AIM 
To analyze the literature for BBB models on-a-chip involving iPSCs, describe the 
microdevices, the BBB in vitro construction, and applications.

METHODS 
We searched for original articles indexed in PubMed and Scopus that used iPSCs 
to mimic the BBB and its microenvironment in microfluidic devices. Thirty articles 
were identified, wherein only 14 articles were finally selected according to the 
inclusion and exclusion criteria. Data compiled from the selected articles were 
organized into four topics: (1) Microfluidic devices design and fabrication; (2) 
characteristics of the iPSCs used in the BBB model and their differentiation 
conditions; (3) BBB-on-a-chip reconstruction process; and (4) applications of BBB 
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microfluidic three-dimensional models using iPSCs.

RESULTS 
This study showed that BBB models with iPSCs in microdevices are quite novel in scientific 
research. Important technological advances in this area regarding the use of commercial BBB-on-a-
chip were identified in the most recent articles by different research groups. Conventional polydi-
methylsiloxane was the most used material to fabricate in-house chips (57%), whereas few studies 
(14.3%) adopted polymethylmethacrylate. Half the models were constructed using a porous 
membrane made of diverse materials to separate the channels. iPSC sources were divergent 
among the studies, but the main line used was IMR90-C4 from human fetal lung fibroblast (41.2%). 
The cells were differentiated through diverse and complex processes either to endothelial or 
neural cells, wherein only one study promoted differentiation inside the chip. The construction 
process of the BBB-on-a-chip involved previous coating mostly with fibronectin/collagen IV 
(39.3%), followed by cell seeding in single cultures (36%) or co-cultures (64%) under controlled 
conditions, aimed at developing an in vitro BBB that mimics the human BBB for future applic-
ations.

CONCLUSION 
This review evidenced technological advances in the construction of BBB models using iPSCs. 
Nonetheless, a definitive BBB-on-a-chip has not yet been achieved, hindering the applicability of 
the models.

Key Words: Induced pluripotent stem cells; Cell differentiation; Blood-brain barrier; Neurovascular unit; 
Organ-on-a-chip; Microfluidic device
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Core Tip: This systematic review provided a current perspective on the applicability of induced pluripotent 
stem cells within blood-brain barrier (BBB)-on-a-chip with high technology advances in commercial chips 
and promotion of an efficient human neurovascular unit, able to screen for drugs, mimic brain 
dysfunctions, such as stroke and Huntington’s disease, and suitable for future personalized therapeutic 
approaches. However, the composition and construction of the BBB models lack consensus in the 
literature.
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INTRODUCTION
Induced pluripotent stem cells (iPSCs) have been largely studied for their numerous applications in 
drug screening, toxicological studies, cell therapy, and disease modeling[1]. Their relevance may be 
justified by their resemblance to embryonic stem cells, given their ability to differentiate into any one of 
the three germ layers: ectoderm, mesoderm, and endoderm[1,2], making them attractive candidates for 
cell therapy-based regenerative medicine[3].

Different from primary cells, iPSCs are easily attainable and able to mature into almost any desired 
cell type. In general, they can be formed by reprogramming cells obtained from a tissue biopsy or from 
more accessible sources such as peripheral blood, renal epithelial cells, or dental pulp[4,5]. These charac-
teristics, as opposed to primary cells, have promoted more reliable models for complex human 
structures such as the blood-brain barrier (BBB)[6].

The BBB secures the brain with a homeostatic environment, controlling the interaction, 
communication, and molecular and ion exchange between the central nervous system (CNS) and the 
peripheral blood[7]. The neurovascular unit (NVU) is generally composed of brain microvascular 
endothelial cells (BMECs), astrocytes (ACs), and pericytes (PCs), being directly involved in regulating 
CNS blood flow, and consequently, neuronal activity[8].

Recreating the BBB microenvironment in vitro allows for the investigation of barrier dysfunction in 
neurodegenerative diseases, and drug delivery to the CNS, in addition to the evaluation and screening 

https://www.wjgnet.com/1948-0210/full/v15/i6/632.htm
https://dx.doi.org/10.4252/wjsc.v15.i6.632


Alves ADH et al. Current overview of iPSC-based BBB-on-a-chip

WJSC https://www.wjgnet.com 634 June 26, 2023 Volume 15 Issue 6

of the permeability of substances across the BBB[9,10]. In this regard, classic BBB in vitro models have 
traditionally utilized Transwell® technology, which enables the construction of multicellular models 
with paracrine interactions between the co-cultures of ECs and ACs or PCs. Notwithstanding its 
usefulness, Transwell® technology lacks a key element for the in vivo-like functioning of ECs: Laminar 
flow[6,9]. Moreover, many of the existing BBB models employ primary BMECs, immortalized BMECs, 
or human umbilical vein ECs (HUVECs) as EC-layer cultures. Even though they can constitute fair BBB 
constructs, access to primary cell sources can be difficult for ethical purposes and immortalized lines 
often fail to mimic the actual BBB function found in vivo[6,9].

In the building of in vitro BBB mimics, iPSC-derived BMECs (iBMECs) present improved barrier 
properties compared to primary BMECs, allowing for the modeling of genetic diseases and personalized 
therapy approaches[2]. These properties become more apparent when iBMECs are cultured in a 
complex environment. The traditional in vitro culture model, despite being simple and reproducible, 
fails to mimic cell-cell and cell-extracellular matrix (ECM) interactions[11]. Animal models, which 
present ideal barrier permeability, transport mechanisms, and morphological characteristics, present 
low reliability given that 80% of clinical trials fail in drug-delivery tests[12]. These limitations may be 
overcome with the development of organs-on-a-chip that simulate complex morphology in a three-
dimensional (3D) culture[13].

The construction and applications of BBB-on-a-chip using microfluidic devices provide a lower-cost 
alternative with an impact on ethical issues, allowing for the reduced use of animals, reagents, and 
sample volume, and also permitting real-time microscopic analysis, with shortened reaction and 
analysis times, high throughput, automation, and portability[14,15]. Furthermore, from a morphological 
point of view, the microdevices assure a compatible reproduction of the BBB model due to the presence 
of laminar flow and shear stress, which convey better maintenance of barrier functions, homeostasis, 
and transport. This model has already been applied to several studies of neurological disorders such as 
Alzheimer’s disease, stroke, infectious diseases, and brain cancer[15]. Despite being the best alternative 
for simulation and in-depth study of the BBB, studies involving microfluidic devices lack clear protocols 
for large-scale manufacturing and adequate liquid perfusion, making the process imprecise and hard to 
operate, in addition to the difficulty in collecting channel material for detailed assessments[16].

Regarding the construction of BBB in vitro models on-a-chip using iPSCs, the literature still lacks a 
consensus on the best conditions to mimic BBB dysfunction upon CNS disorders and to screen for drugs 
and other therapeutic approaches. In view of these gaps, this systematic review searched the current 
literature for examples that meet the abovementioned criteria, that is, iPSCs, BBB models, and 
microfluidic devices.

MATERIALS AND METHODS
Search strategy
The articles used in this review were identified through searches performed in the PubMed and Scopus 
databases following the PRISMA guidelines[17]. The following selected criteria of interest, keyword 
strings ((Induced Pluripotent Stem Cell) AND (Microfluidic Device) AND (Blood-Brain Barrier)) and 
Boolean operators (DecS/MeSH) were used:

PubMed: (((((((“organs-on-chips”[Title/Abstract]) OR (“organs-on-a-chip”[Title/Abstract])) OR 
(“microfluidic device”[Title/Abstract])) OR (“lab-on-chips”[Title/Abstract])) OR (microfluidics[Title/
Abstract])) AND (((“blood-brain barrier”[Title/Abstract]) OR (“Brain Blood Barrier”[Title/Abstract])) 
OR (“Blood Brain Barrier”[Title/Abstract]))) AND (((“Induced Pluripotent Stem Cell”[Title/Abstract]) 
OR (“Induced pluripotent stem cells”[Title/Abstract])) OR (iPSC[Title/Abstract]))) NOT 
(review[Publication Type]);

Scopus: ((TITLE-ABS-KEY (ipsc) OR TITLE-ABS-KEY (“induced pluripotent stem cell”) OR TITLE-
ABS-KEY (“induced pluripotent stem cells”))) AND (((TITLE-ABS-KEY (“organs-on-chips”) OR TITLE-
ABS-KEY (“organs-on-a-chip”) OR TITLE-ABS-KEY (“microfluidic device”) OR TITLE-ABS-KEY (“lab-
on-chips”) OR TITLE-ABS-KEY (microfluidics) OR TITLE-ABS-KEY (“lab-on-chip”))) AND ((TITLE-
ABS-KEY (“blood brain barrier”) OR TITLE-ABS-KEY (“brain blood barrier”) OR TITLE-ABS-KEY 
(“blood-brain barrier”)))) AND (LIMIT-TO (LANGUAGE, “English”)) AND (LIMIT-TO (DOCTYPE, 
“ar”)).

Inclusion and exclusion criteria
Only original full-text articles written in English have been included, without publication year limit, 
containing: (1) iPSCs; (2) microfluidic devices; and (3) simulation of the BBB by specialized cells. From 
the perspective of the Problem, Intervention, Comparison, and Outcome criterion, the addressed 
Problem was unclear literature on the best conditions to mimic the BBB using microfluidic device 
technology (BBB-on-a-chip) and IPSCs; the Intervention was to analyze the conditions for BBB-on-a-chip 
manufacture regarding the design and material for an adequate construction of the NVU with a 
functional environment for testing; the Comparison was related to conventional analyses; and the 
Outcome was a microdevice that mimics the BBB applied in neurological conditions or not. The 
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exclusion of articles followed the following criteria: (1) Book chapters; (2) reviews; (3) duplicate articles 
in the databases; and (4) a study that did not report the use of iPSCs in the BBB-on-a-chip.

Data extraction
The selected articles under evaluation were analyzed under four topics, which were represented in three 
tables and one figure that addressed the following characteristics: (1) Microfluidic devices design and 
fabrication; (2) characteristics of the iPSCs used in the BBB models and their cultivation conditions; (3) 
iPSC differentiation process into iBMECs for reconstruction of the BBB-on-a-chip model; and (4) applic-
ations of BBB microfluidic 3D models using iPSCs.

Data compilation and review
In this systematic review, the preselection of titles was performed by authors Alves ADH and Gamarra 
LF from the defined search strategies. The ten authors (Alves ADH, Nucci MP, Ennes do Valle NM, 
Missina JM, Rego GNA, Mamani JB, Dias OFM, Garrigós MM, de Oliveira FA, Gamarra LF), in pairs, 
independently, and randomly reviewed and analyzed the eligibility of the articles according to the 
selection criteria mentioned above. In case of discrepancy in study selection between two authors, the 
criteria were discussed with a third reviewer and resolved.

Ennes do Valle NM and Mamani JB searched for the fabrication and characteristics of microfluidic 
devices; Alves ADH, Nucci MP, Ennes do Valle NM, Missina JM, and Rego GNA searched for differen-
tiation and characterization protocols for iPSCs; Alves ADH, Nucci MP, Ennes do Valle NM, Missina 
JM, and Gamarra LF searched for the insertion and manipulation of cells in the microfluidic device; de 
Oliveira FA, Mamani JB, Dias OFM, and Garrigós MM searched for the objectives and applications of 
the selected studies. Analyses of data extracted from tables and flowcharts were performed by full peer 
consensus, respecting the above distribution. In this review, all authors wrote the entire text.

Risk of bias assessment
The selection of articles was performed in pairs and a third independent author decided if the articles 
should be included. The data selected in the tables were divided by the authors into the groups already 
described above, and data verification was carried out by the following group. The final inclusion of 
studies into the systematic review was by agreement of all reviewers.

Data analysis
The variables grouped in the tables and charts were distributed in percentages or range of distribution 
and used to characterize and illustrate the most frequently used results in this review.

RESULTS
Overview of the reviewed literature
A search was performed based on the abovementioned selection strategy and keywords, resulting in 30 
original articles in English: 11 from PubMed and 19 from Scopus. Following the exclusion criteria, 5 of 
the 11 articles from PubMed were excluded: 4 under the “review article” criterion and 1 under the 
“book chapter” criterion. Regarding the studies found in Scopus, 10 were manuscripts duplicated by the 
other database. After the eligibility analysis, only two articles were withdrawn: One for not having 
reported a study using iPSCs, and the other for not involving BBB functionality. Finally, this systematic 
review included 14 articles[18-31] that met all selection and inclusion criteria established by the authors 
(Figure 1).

Microfluidic device design and fabrication
The main theme of this review has been studied in current years (2017-2022), as shown in Table 1. The 
latest studies were performed in commercial chips[18-21], whereas older studies were performed using 
chips manufactured in-house[22-31]. In general, the studies with commercial chips did not detail the 
type of polymer[18-20] or the technology or mold used[18-21]. Only one of them specified the use of 
polydimethylsiloxane (PDMS), a well-known polymer for manufacturing microfluidic chips[21]. The 
majority of studies that manufactured the chip in-house used PDMS (57%)[22,25-29,31], but two studies 
adopted the less than usual materials polymethylmethacrylate (PMMA)[23] and Objet VeroClear® 
photopolymer[30]. Most of the chips fabricated in-house were molded by soft lithography[24-29,31], 
except the study by Choi et al[23], which employed computer numerical control; and the study by Wang 
et al[30], which used a 3D object printer. Details about mold material and fabrication were seldom 
explored in soft lithography applications; however, the mainly reported material was SU-8 made by 
photolithography[25-27].

Half of the articles evaluated displayed membrane-free microfluidic chips[18-20,24,25,29,31], as 
shown in Table 1. The remaining studies reported the presence of a membrane dividing the channels 
within the chip: Three (21%) made of PDMS[21,26,27], one made of polyethylene terephthalate (PE)[28], 
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Table 1 Microfluidic device design and fabrication

Manufacturing Characteristics of 
microdevices

Ref.
Fabrication Main material 

of device Technology used Mold details Membranes Dimensions as width × 
height

Kurosawa et al
[18], 2022

MIMETAS® 
(OrganoPlate® 3-
lane plate)

Unspecified 
polymer

NR NR Membrane-free Top and bottom channels: 320 
μm × 220 μm. Gel channels: 360 
μm × 220 μm. PhaseGuides®: 
100 μm × 55 μm

Fengler et al
[19], 2022

MIMETAS® 
(OrganoPlate® 3-
lane plate)

Unspecified 
polymer

NR NR Membrane-free Top and bottom channels: 320 
μm × 220 μm. Gel channels: 360 
μm × 220 μm. PhaseGuides®: 
100 μm × 55 μm (width × height)

Wevers et al
[20], 2021

MIMETAS® 
(OrganoPlate® 3-
lane plate)

Unspecified 
polymer

NR NR Membrane-free Top and bottom channels: 320 
μm × 220 μm. Gel channels: 360 
μm × 220 μm. PhaseGuides®: 
100 μm × 55 μm

Noorani et al
[21], 2021

Emulate® (brain 
on-a-chip)

PDMS NR NR PDMS 
membrane

Brain channel: 1 mm × 1 mm. 
Blood channel: 1 mm × 0.2 mm

Middelkamp et 
al[22], 2021

In house PDMS Soft lithography Material: PMMA. 
Fabrication: Microm-
milling

PETE 
membrane (5 
μm thick)

Straight bottom channel: 500 μm 
× 500 μm. Open-top 
compartment: 500 μm × 1500 μm

Choi et al[23], 
2021

In house PMMA CNC NA PETE 
membrane

HUVEC microchannels: 800 μm 
× 200 μm. iBMECs 
microchannels: 800 μm × 500 μm

Motallebnejad 
et al[24], 2020

In house NR Soft lithography NR Membrane-free 800 μm × 100 μm

Lee et al[25], 
2020

In house PDMS Soft lithography Material: SU-8. 
Fabrication: 
Photolithography

Membrane-free Fluidic channel: 1340 μm × 150 
μm. Main channel: 2200 μm × 
150 μm

Jagadeesan et al
[26], 2020

In house PDMS Soft lithography Material: SU-8. 
Fabrication: 
Photolithography

PDMS 
membrane (50 
μm thick)

Top microchannel: 1 mm × 1 
mm. Bottom microchannel: 1 
mm × 0.2 mm

Vatine et al[27], 
2019

In house PDMS Soft lithography Material: SU-8. 
Fabrication: 
Photolithography

PDMS 
membrane (50 
μm thick)

Top microchannel: 1 mm × 1 
mm. Bottom microchannel: 1 
mm × 0.2 mm

Park et al[28], 
2019

In house PDMS Soft lithography Material: Prototherm. 
Fabrication: 3D printed 
(Proto labs)

PE membrane 
(20 μm thick)

Hollow microchannels: 1 mm × 
1 mm. Top channel: 1 mm × 1 
mm. Bottom channel: 1 mm × 
0.2 mm

Campisi et al
[29], 2018

In house PDMS Soft lithography Material: Silicon 
Wafer. Fabrication: NR

Membrane-free Fluidic channel: 1000 μm × 150 
μm. Main channel: 1300 μm × 
150 μm. Distance between posts: 
200 μm

Wang et al[30], 
2017

In house Objet VeroClear 
photopolymer

3D object printer 
(Objet 30Pro, 
Stratasys Ltd., 
Rehovot, Israel)

NA PC membrane 
(0.4 μm pore 
size)

Main channel: 300 μm × 160 μm

DeStefano et al
[31], 2017

In house PDMS Soft lithography Material: Aluminum 
mold. Fabrication: NR

Membrane-free 390 μm, 450 μm, 550 μm, and 
770 μm (different width)

3D: Three-dimensional; CNC: Computer numerical control; hBMECs: Human brain microvascular endothelial cells; HUVEC: Human umbilical vein 
endothelial cells; NA: Not applied; NR: Not reported; PDMS: Polydimethylsiloxane; PC: Porous polycarbonate; PE: Polyethylene terephthalate; PETE: 
Polyester track-etched; PMMA: Poly(methyl methacrylate); SU-8: Negative photoresist.

two made of polyester (PETE)[22,23], and one of porous polycarbonate (PC)[30]. Almost all microfluidic 
chips with membranes were designed to comprise a top and a bottom channel[21-23,26-28]. An 
exception was found in the study by Wang et al[30], whose chip design was more complex, containing 
four parts that were stacked to compose the BBB model. Five studies (36%) presented three-channel 
microfluidic chips: Two side channels that were generally used to perfuse medium, and one middle 
channel where the cells were generally cultured[18-20,25,29]. The remaining studies employed simpler 
chip designs that comprised a single[24] or multiple channels[31] parallel to each other. Channel 
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Figure 1 PRISMA flow chart of the study selection process applied in this systematic review. iPSC: Induced pluripotent stem cell.

dimensions were largely variable (from 160 μm to 2200 μm) among the selected articles, defined 
according to the desired use of the chip.

Characteristics of the iPSCs used in the BBB models and their cultivation and differentiation 
conditions
To build the BBB, as shown in Table 2 and Figure 2A, IMR90-C4 from human fetal lung fibroblasts was 
the main iPSC line used (41.1%)[18,19,21,23,24,28,30], commonly cultivated in Matrigel-coated flasks. 
Few studies (17.6%) have reported the use of different iPSC lines[20,26,27], one of which used nine 
different types of iPSCs[27] that were extracted from skin fibroblasts or the peripheral blood of healthy 
(5) or unhealthy donors (2). Two of these skin fibroblast lines from unhealthy donors were modified by 
clustered regularly interspaced short palindromic repeat (CRISPR)[27]. These diverse cell lines were 
useful in modeling BBB dysfunctions and their corrections[27].

Concerning the coating applied for culturing the iPSC lines, fibronectin was selected for cultivation of 
human iPSC (hiPSC)-ECs (11.8%)[25,29]. Other particular iPSC lines, such as Ax0018 (neural stem cells)
[20] and BC1-hiPSC (bone marrow)[31], were cultured on Matrigel, whereas GM25256 (skin fibroblast)
[22], and ACS-1024 (bone marrow)[24] were cultured on laminin. The ECM on which EZ-Spheres 
(neural progenitors) were grown was not defined[26]. Interestingly, the study by Motallebnejad et al[24] 
compared cultivation of the ACS-1024 line on different laminin isoforms (LN511 and LN411), or on 
collagen IV associated with fibronectin[24]. Overall, Matrigel was the coating of choice in the majority of 
the selected studies (47.4%)[18-20,23,24,27,28,30,31]. The least common coatings, such as basement 
membrane matrix coating[26] and geltrex[20], appeared in 5.3% of the analyzed articles (Figure 2A and 
Table 2).

The iPSCs generally go through a complex differentiation process, involving multiple medium 
replacements with the addition of supplements and composition changes. Most iPSC cultivation 
protocols were undertaken in mTeSR1 medium (53.3%) associated[23] or not[18,19,24,26-28,30,31] with 
essential medium 8 (E8, 6.7%) for about 3 d, mainly for culturing the IMR90-C4 cell line. Part of these 
studies (35.7%)[18,19,21,24,31] added the Rho-associated, coiled-coil containing protein kinase inhibitor 
(Y27632) to the cultures overnight to inhibit cell proliferation before differentiation[32,33]. Uncondi-
tioned medium (UM), normally composed of Dulbecco’s modified Eagle medium (DMEM)/F12 supple-
mented with knockout serum replacement + non-essential amino acids (NEAA) or minimum essential 
medium (MEM) with NEAA (MEM-NEAA) + glutamax or L-glutamine + β-mercaptoethanol, was used 
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Table 2 Characteristics of the induced pluripotent stem cells used in the blood-brain barrier model, their cultivation and differentiation 
conditions

Cell differentiation BBB components model
Ref. Cell origin

iPSCs line Flask 
coating Medium Supplement Differentiated 

cell/medium
Co-
culture/medium

Day 3: With Y27632Day 3-2: 
mTeSR1-cGMP

Day 2: Without 
Y27632

Day 0-5: UM KOSR (20%) + 
glutamax (0.5%) + 
NEAA (1%) + β-
mercaptoethanol 
(0.0007%)

Kurosawa et al
[18]

Human fetal 
lung fibroblast

IMR90-C4 Matrigel

Day 6-8: EC+/+ 
(HESFM)

hPDS (1%) + RA (10 
μM) + hFGF2 (20 
ng/mL)

iBMECs (107) in 
ESFM

NA

Day 3-1: 
mTeSR1

Y27632 (10 μM)

Day 0-5: UM 
(DMEM/F12-
HEPES)

Glutamax + KOSR + 
NEAA + β-Mercapto-
ethanol

Fengler et al[19] Human fetal 
lung fibroblast

IMR90-C4 Matrigel

Day 6: EC+/+ 
(HESFM)

bPPP (1%) + RA (10 
μM) + bFGF (20 
ng/mL)

iBMECs purified1 
(106) in HBVP 
conditioned

NA

Human 
astrocytes 

iPSCs Geltrex DMEM FBS (10%) + N2 (1 ×) 
+ P/S (1%)

Wevers et al[20]

Human neural 
stem cells

Ax0018 Matrigel-GFR Day 0-21: N2B27 BDNF (20 ng/mL) + 
GDNF (10 ng/mL) + 
AAc (100 μM) + db-
cAMP1 (10 μM)

iBMECs (104) in 
NR medium

Astrocyte-neuron 
cells (1:4) (1.5 × 104 
cells/μL) in N2B27

Day 1: E8 Y27632 (10 μm)

Day 0-6: UM KOSR (20%) + NEAA 
(1%) + Glutamax 
(0.5%) + β-Mercapto-
ethanol (0.1 mM)

Day 7-8: EC+/+ 
(HESFM)

bPPP (1%) + bFGF 
(20 ng/mL) + RA (10 
μm)

Noorani et al[21] Human fetal 
lung fibroblast

IMR90-C4 NR

Day 9: EC-/- 
(HESFM)

Without bFGF and 
RA

iBMECs (1.5 × 107 
cells/mL) in NR 
medium

Primary ACs (106 
cells/mL) and PCs 
(3.5 × 105 cells/mL) 
(3:1) in NR medium

Day 1: 
DMEM/F12

Primocin (0.1 
mg/mL) + DX (4 
μg/mL) + N2 (1 ×) + 
MEM-NEAA (1 ×) + 
NT3-RHP (10 
ng/mL) + BDNF-
RHP (10 ng/mL)

Day 1 (after two 
hours): E8

RevitaCell (1 ×) + DX 
(4 μg/mL)

Day 3: Primocin (0.1 
mg/mL) + B-27 (1 ×) 
serum free + 
glutamax (1 ×) + DX 
(4 μg/mL) + NT-3 
(10 ng/mL) + BDNF 
(10 ng/mL) + 
arabinoside 
hydrochloride (2 μm)

Day 5: Refresh 
medium without 
arabinoside 
hydrochloride (2 μm)

Middelkamp et 
al[22]

Adult skin 
fibroblasts

GM25256 Laminin

Day 3-38: 
Neurobasal

iNeurons (104) in 
E8

Rat ACs (1:1) and 
HUVECs (4 × 104) in 
ECGM-2
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Day 9-38: Refresh 
medium with 2.5% 
fetal calf serum

Day 3: 
mTeSR1™-E8™

NR

Day 0-5: UM 
(DMEM/F12)

KOSR (20%) + NEAA 
(100x) + glutamax 
(0.5%) + β-Mercapto-
ethanol (0.007%) (5% 
O2)

Day 6-8: EC+/+ 
(HESFM)

Human serum (1%) + 
bFGF (20 ng/mL) + 
RA (10 μm) (5% O2)

Choi et al[23] Human fetal 
lung fibroblast

IMR90-C4 Matrigel

Day 9: EC-/- 
(HESFM)

Without bFGF and 
RA

iBMECs purified1 
(1.2 × 107 
cells/mL) in 
HESFM

AC (106 cells/mL) in 
EC-/-

Day 3: Y27632 (10 
μm)

Days 3-1: 
mTeSR1-cGMP

Day 2: Without 
Y27632

Days 0-5: UM NR

Days 6-7: hPDS (1%) 
+ RA (10 μM) + FGF2 
(20 ng/mL)

Days 6-8: EC+/+ 
(HESFM)

Day 8: bPPP (1%) or 
FBS (2%) + FGF (20 
ng/mL) + RA (10 
μM)

Human fetal 
lung fibroblast

IMR90-C4 Matrigel

Day 9: EC-/- 
(HESFM)

Without bFGF and 
RA

Day 8: bPPP (1%) or 
FBS (2%) + FGF (20 
ng/mL) + RA (10 
μM)

Motallebnejad et 
al[24]

Healthy human 
African 
American male 
from the bone 
marrow CD34+ 
cells

ACS-1024 LN 511-E8 or 
LN 411-E8 or 
collagen IV + 
fibronectin

HESFM

Day 9: Without bFGF 
and RA

iBMECs purified1 
in NR medium

NA

Lee et al[25] Endothelial cells hiPSC-ECs Human 
fibronectin

VascuLife VEGF iCell media 
supplement

hiPSC-ECs (6 × 
106 cells/mL) in 
VascuLife VEGF 
with thrombin

PCs and ACs (106 
cells/mL) in 
VascuLife VEGF 
with thrombin

Day 1: EZ-
sphere medium 
(DMEM/F12)

bFGF (100 ng/mL) + 
EGF (100 ng/mL) + 
heparin (5 μg/mL) + 
B27 (2%)

Neural 
progenitors

EZ-Spheres NA

B27 (2%) + vitamin A 
+ N2 (1%) + hBDNF, 
(20 ng/mL)

iNPCs (106 
cells/mL) in 
NDM

Day 1: mTeSR1 NR

Day 2-8: UM 
(DMEM/F12)

KOSR (10%) + NEAA 
(1%) + glutamine 
(0.5%) + β-Mercapto-
ethanol (100 μm)

Day 9-10: EC+/+ 
(HESFM)

bPPP (1%) + bFGF 
(20 ng/mL) + RA (10 
μM)

Jagadeesan et al
[26]

NR hiPSCs Basement 
membrane 
matrix-coated

Day 11: EC-/- 
(HESFM)

Without bFGF and 
RA

iBMECs [(14-20) × 
106 cells/mL] in 
EC-/- (HESFM)

ACs (9 × 105 
cells/mL) and PCs 
(3 × 105 cells/mL) in 
in DMEM

CS03iCTR

CS83iCTR

CS03iCTRmut, 2

CS01iMCT8

Vatine et al[27] Adult skin 
fibroblasts

Matrigel Day 3: mTeSR1 NR iNPCs (106 
cells/mL) in 
NDM and 
iBMECs (1.4 × 104 
cells/mL)

ACs (9 × 105 
cells/mL) and PCs 
(3 × 105 cells/mL) in 
DMEM
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CS01iMCT 
-8cor, 2

CS0172iCTR

CS0188iCTR

Peripheral blood

CS0617iCTR

Huntington’s 
disease

CS81iHD

Day 0: UM Without bFGF

Day 3: mTeSR1 NR (5% O2)

Day 0-6: UM 
(DMEM/F12)

KOSR (100 mL) + 
NEAA (5 mL) + 
glutamax (2.5 mL) + 
β-Mercaptoethanol 
(3.5 μL) (5% O2)

Park et al[28] Human fetal 
lung fibroblast

IMR90-C4 Matrigel

Day 7-9: EC+/+ RA (5% O2)

iBMECs purified1 
(2.3 × 107 
cells/mL) in EC

ACs (7 × 105 
cells/mL) and PCs 
(3 × 105 cells/mL) in 
ACM

Monoculture hiPSC-
ECs (6 × 106 
cells/mL) in EBM-2

PCs (2 × 106 
cells/mL) in EGM-2 
MV

Campisi et al[29] Blood from 30-
39-year-old 
healthy females

hiPSC-ECs Human 
fibronectin

VascuLife VEGF iCell media 
supplement + VEGF 
(50 ng/mL)

hiPSC-ECs (2 ×  
106 cells/mL) in 
EBM-2

PCs and ACs (2 ×  
106 cells/mL) in 
EGM-2 MV

Day 3: mTeSR1 NR

Day 0-5: UM 
(DMEM/F12)

HEPES + KOSR 
(20%) + MEM-NEAA 
(1 ×) + L-glutamine 
(1 mM) + β-Mercap-
toethanol (0.1 mM)

Wang et al[30] Human fetal 
lung fibroblast

IMR90-C4 Matrigel

Day 6-8: EC+/+ 
(HESFM)

hPDS (1%) + bFGF 
(20 ng/mL) + RA (10 
μM)

iBMECs in 
HESFM

Rat primary ACs in 
AGM

NRDay 4-3: 
mTeSR1-E8

Day 3: Y27632 (10 
μm)

Day 0-5: UM 
(DMEM/F12)

KOSR (20%) + NEAA 
(1%) + L-Glutamine 
(0.5%) + β-Mercapto-
ethanol (0.84 μm)

Day 6-7: EC+/+ 
(HESFM)

hPDS (1%) + bFGF 
(20 ng/mL) + RA (10 
μm)

DeStefano et al
[31]

CD34 positive 
bone marrow

BC1-hiPSCs Matrigel

Day 8: EC 
(HESFM)

DB-cAMP (400 μm) 
or Y27632 (10 μm)

iBMECs (105) in 
EC

NA

1Induced pluripotent stem cell-derived brain microvascular endothelial cells were selectively expanded before to seed in the chip.
2Modified by clustered regularly interspaced short palindromic repeats. For human induced pluripotent stem cells-brain microvascular endothelial cells 
purification, day 8: ECM [1 μg/cm2 LN 511-E8 or LN 411-E8 (iMatrix, iWAi), 1 μg/cm2 full length laminin 511 (Biolamina), 100 μg/mL fibronectin 
(Millipore Sigma), or a mixture of 400 μg/mL collagen IV (Millipore Sigma) and 100 μg/mL of fibronectin] protein-coated ThinCert cell culture inserts 
(Greiner Bio-One), well plates or ibidi μ-slides. AT: Adipose tissue; BDNF-RHP: Brain-derived neurotrophic factor recombinant human protein; EGF: 
Epidermal growth factor; BM: Bone marrow; bPPP: Platelet-poor plasma derived bovine serum; CXCR4: C-X-C chemokine receptor type 4; db-cAMP1: 2’-
O-Dibutyryladenosine-3’,5’-cyclic monophosphate; DMEM: Dulbecco’s modified eagle medium; E8 medium: Essential 8 medium; EGF: Epidermic growth 
factor; FDF2: Fibroblast growth factor 2; FL: Fetal lung; GFP: Green fluorescent protein; HESFM: Human endothelial serum free medium; hFGF2: Human 
fibroblast growth factor 2; hiPSC: Human induced pluripotent stem cell; HOXB4: Homeobox B4; hPDS: Human serum from platelet-poor human plasma; 
IB: Intrabone; IP: Intraperitoneal; IV: Intravenous; KOSR: Knockout serum replacement; Matrigel-GFR: Growth factor reduced matrigel; MEC: Brain 
microvascular endothelial cell; MEM: Minimum essential medium; NA: Not applied; NEAA: Non-essential amino acids; Nos2-/-: Deficient in type 2 nitric 
oxide; NR: Not reported; NT3-RHP: Neurotrophin-3 recombinant human protein; P/S: Penicillin/streptomycin; PDGFB: Platelet-derived growth factor 
subunit B; PPDS: Platelet poor derived serum; AAc: Ascorbic acid; SDF-1: Stromal cell-derived factor 1; solG-CSFR: Soluble granulocyte colony-stimulating 
factor decoy receptor; TPO: Thrombopoietin; UCB: Umbilical cord blood; MMP3: Matrix metallopeptidase 3.
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Figure 2 Induced pluripotent stem cell differentiation process into induced pluripotent stem cell-derived brain microvascular endothelial-
like cells for reconstruction of the blood-brain barrier-on-a-chip model. A: Percent analysis of cells and culture media used in induced pluripotent stem 
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cell expansion and differentiation before blood-brain barrier (BBB)-on-a-chip reconstruction; B: Schematic summary of the main findings in this systematic review on 
the cells and culture conditions applied in the BBB-on-a-chip reconstruction process. Studies were grouped by similar device designs. AAc: Ascorbic acid; AC: 
Astrocyte; ACS-1024: Bone-induced pluripotent stem cell line; AGF: Astrocyte growth factor; AGM: Astrocyte growth medium; BC1: Lymphoma cell line; BDNF: Brain-
derived neurotrophic factor; bFGF: Bovine fibroblast growth factor; BMM: Basement membrane matrix; bPPP: Basic platelet-poor plasma; D1: Day 1; D2: Day 2; D3: 
Day 3; D38: Day 38; D4: Day 4; D5: Day 5; D6: Day 6; D8: Day 8; D9: Day 9; db-cAMP1: 2’-O-Dibutyryladenosine-3’,5’-cyclic monophosphate; DMEM/F12: 
Dulbecco’s modified Eagle medium with F12; DPBS: Dulbecco’s phosphate-buffered saline; DX: Doxycycline; E8: Essential 8 medium; EC-/-: Human endothelial 
serum-free medium without retinoic acid + basic fibroblast growth factor;  EC: Endothelial cell; EC+/+: Human endothelial serum-free medium with retinoic acid + 
basic fibroblast growth factor; ECM: Extracellular matrix; EGM-2MV: Microvascular endothelial cell growth medium-2; ESFM: Endothelial serum-free medium; FBS: 
Fetal bovine serum; FCS: Fetal calf serum; FGF2: Fibroblast growth factor 2; GDNF: Glial cell line-derived neurotrophic factor; GFP: Green fluorescent protein; GFR: 
Growth factor reduced; GM25256: Cell line of induced pluripotent stem cell derived from adult skin fibroblasts; GM6001: Broad spectrum MMP inhibitor; HBVP: 
Human brain vascular pericytes; HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HESFM: Human endothelial serum-free medium; hFGF: Human 
fibroblast growth factor; hiPSC-EC: Human-induced pluripotent stem cell-derived endothelial cell; hPDS: Human serum from platelet-poor human plasma; hPDS: 
Platelet-poor plasma-derived human serum; HUVEC: Human umbilical vein endothelial cell; iBMECs: Induced pluripotent stem cell-derived brain microvascular 
endothelial cells; IMR90-C4: Induced pluripotent stem cell line; iPSCs: Induced pluripotent stem cells; LN: Laminin; ms1: Brain-derived neurotrophic factor + glial cell 
line-derived neurotrophic factor + ascorbic acid + 2’-O-Dibutyryladenosine-3’,5’-cyclic monophosphate; ms2: Primocin + glutamax + doxycycline + neurotrophin-3 + 
brain-derived neurotrophic factor + fetal calf serum; mTeSR1: Basal medium type for induced pluripotent stem cells; N2B27: Culture medium; NA: Not applied; NR: 
Not reported; NT3: Neurotrophin-3;  P/S: Penicillin/streptomycin; PCs: Pluripotent cells; PM: Pericyte medium; RA: Retinoic acid; RA: Retinoic acid; RT: Room 
temperature; SFB: Serum-free medium; UM: Unconditioned medium; VEGF: Vascular endothelial growth factor; Y27632: Dihydrochloride inhibitor.

in 71.4% of the studies[18,19,21,23,24,26-28,30,31] to promote differentiation to ECs (for 6 d on average), 
followed by a change to human endothelial serum-free medium containing diverse substances, such as 
retinoic acid (RA), platelet-poor-derived bovine serum (bPPP) or human serum from platelet-poor 
human plasma (hPDS), and basic fibroblast growth factor, to induce BMEC formation (Figure 2A and 
Table 2).

Few studies have described different processes to generate iBMECs. Lee et al[25] used solely vasculife 
vascular endothelial growth factor medium with iCell media supplement[29]. The study by Wevers et al
[20] used DMEM/F12 and N2B27 supplemented with brain-derived neurotrophic factor (BDNF) + glial 
cell line-derived neurotrophic factor + ascorbic acid + 2’-O-Dibutyryladenosine-3’,5’-cyclic 
monophosphate. Finally, the study by Middelkamp et al[22] utilized DMEM/F12 supplemented with 
primocin + doxycycline (DX) + N2 + MEM-NEAA + neurotrophin-3 (NT3) recombinant human protein 
+ BDNF recombinant human protein, followed by a change to E8 supplemented with revitacell + DX, 
and a later change to neurobasal medium supplemented first with primocin + B27SF + glutamax + DX + 
NT3 + BDNF, in addition to arabinoside hydrochloride for 24 h, followed by the addition of fetal calf 
serum. DX induced the overexpression of neurogenin 2 in GM25256 iPSCs, being one of the key factors 
for the differentiation of GM25256 into iNeurons (Table 2).

All of the abovementioned processes were described for iPSC differentiation on a plate, with the 
exception of the study by Campisi et al[29], whose cell differentiation step occurred inside the 
microfluidic chips. Furthermore, two studies used hypoxic conditions during the cell differentiation 
process[23,28].

BBB-on-a-chip reconstruction process
To build the BBB-on-a-chip model, the microdevices must first receive a coating layer to sustain 3D cell 
growth, as depicted in Figure 2B. From this perspective, diverse coating substances and different cell-
seeding strategies have been described, depending on the chip design. As seen in Figure 2B, previously 
to cell culture on-a-chip, fibronectin was the principal ECM component coating the microfluidic 
channels (39.3%)[18,21,23-26,28-31], among which 28.6% corresponded to a mixture of fibronectin + 
collagen type IV. More recent studies have applied an ECM composed of collagen type I + 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid + sodium bicarbonate (10.7%)[18-20]. Laminin coating 
was used in 14.3% of the analyzed studies[22,26,27], wherein a mixture of different types of laminin + 
fibronectin was employed in the study by Motallebnejad et al[24]. Additionally, one study utilized only 
Matrigel[20], and another utilized collagen type I[23] as channel coating. The mentioned coatings were 
carefully selected for each channel, depending on the desired environment and cultured cell type.

Regarding cell seeding, five studies have described an iBMEC single culture[18,19,24,29,31], in which 
two studies applied a selective cell expansion step before seeding[19,24]. A co-culture of iBMEC + ACs 
was reported in three studies[20,23,30], one of which used PCs in the co-culture[29]. Yet, most studies 
have built their BBB models based on an approach involving more than two cell types in co-culture, 
normally associating ACs and PCs with other ECs such as HUVECs[22], iBMECs[21,28], and iPSC-ECs
[25], with the exception of Jagadeesan et al[26] and Vatine et al[27], who associated neural progenitor 
cells with ACs and PCs in the brain-side, and iBMECs in the blood-side of their BBB model (Figure 2B).

The particular aspects of cell culture inside the chips are displayed in Figure 2B. Among the observed 
aspects, we highlight the inversion or inclination of the chip to seed the cells[21-23,25-28], maintenance 
of the chip under hypoxic conditions[28], and tilting of the chips for gravity-dependent bidirectional 
medium flow[18-20,30].
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Applications of BBB microfluidic 3D models using iPSCs
Regarding the general objective of the studies (Table 3), the great majority of the articles (roughly 80%)
[18-21,23,24,26-30] were aimed at developing a microfluidic BBB model, as well as assessing the 
convenience of the manufactured model by quantifying common molecular markers that are normally 
expressed in cells that make up the BBB in vivo. Five of these studies (35.7%) analyzed drug transport for 
BBB characterization purposes[18,19,27,28,30]. Only two studies described actual applications for their 
models: Wevers et al[20] used their developed chip to model BBB disruption upon ischemic stroke, and 
Lee et al[25] tested the permeability of their model to commercial and synthesized polymer 
nanoparticles (NPs). Middelkamp et al[22] compared a 2D Transwell BBB model to one built on-a-chip, 
whereas DeStefano et al[31] evaluated the effect of shear stress on their BBB microfluidic chips.

The characterization of the BBB model was performed by means of structural and functional analyses. 
Concerning structural analyses, the expression of tight junction proteins was evaluated in 85.7% of the 
studies using immunocytochemistry (85.7%)[18-21,23-31]. Part of these studies also performed 
quantitative polymerase chain reaction (qPCR) (42.9%)[23-25,29,31]. Less frequently used techniques 
were fluorescence (F-actin staining)[24], transcriptional analysis[27], mass spectrometry (MS) 
(proteomics)[28], and western blot analysis[31]. Transport protein and receptor expression was 
evaluated in 57.1% of the cases[18,20,21,23,26-28,31] by immunocytochemistry (42.9%)[18,21,23,26-28], 
qPCR (21.4%)[18,20,31], fluorescence (permeability glycoprotein inhibition, 14.3%)[20,21], transcrip-
tional analysis (7.1%)[27], and MS (7.1%)[28]. Two studies (14.3%) characterized neuronal differentiation 
by immunocytochemistry[22,26], one of which also applied RNA sequencing and transcriptomic 
analysis to further characterize the HUVECs[22]. Structural characterization of ACs and PCs was 
performed by immunocytochemistry by Campisi et al[29]. Lastly, DeStefano et al[31] used microscopic 
techniques to structurally and functionally characterize ECs seeded on-a-chip[31] (Table 3).

Functional characterization of the BBB model was more varied, with the use of diverse techniques. 
Tight junction functionality (71.4%) was mostly analyzed by fluorescence (50%)[18-20,22,24,26,30] using 
diverse fluorescent markers[18,23,24,26,28-30] such as zonula occludens-1 (ZO-1), claudin-5[21,22,26,
28], occludin (OCLN)[21,22], glucose transporter type 1[21,24,26], platelet/EC adhesion molecule-1 
(PECAM-1)[22,24,26,27], and vascular endothelial (VE)-cadherin[22]. Other techniques used to evaluate 
tight junction functionality were transepithelial electrical resistance (TEER) measurements (42.9%)[19,20,
24,27,28,30], enzyme-linked immunosorbent assay (21.4%)[19,27,28], (ultra or high performance) liquid 
chromatography with tandem MS (LC-MS/MS) (21.4%)[18,27,30], immunocytochemistry[23,27] (14.3%), 
transendothelial migration of cancer cells[23], electron transmission microscopy (7.1%)[28], and 
transmitted light microscopy (7.1%)[27]. Microvessel permeability (57.1%)[19-21,25,27-30] and 
microvessel integrity (7.1%)[19] were assessed by fluorescence (57.1%)[19-21,25,27-30]. Transport 
protein function was evaluated by 21.4% of the studies[18,27,28] by fluorescence (14.3%)[27,28] and 
high-performance LC-MS (7.1%)[18]. Neuronal functionality was evaluated by calcium fluorescence 
imaging (14.3%)[20,27] and immunocytochemistry (7.1%)[27]. Mitochondrial membrane potential was 
analyzed by luminescence and ATP quantification (7.1%)[20]. In a diverse approach, the study by Vatine 
et al[27], among other evaluations, perfused whole human blood through the chip channels to perform a 
whole-blood neuronal toxicity assay using a colorimetric technique, focusing on the quantification of 
lactic dehydrogenase[27] (Table 3).

Overall, the analyzed studies were successful in building structural and functional BBB models on-a-
chip using iPSCs. Most of them highlighted the future use of their models for drug screening tests, in 
addition to mimicking physiological conditions found in healthy and unhealthy individuals, wherein 
one of the studies reported the applicability of their device for modeling cancer cell invasion and 
migration through the BBB. The studies also focused on the potential for the development of person-
alized therapies, mainly in conditions of disease. Some interesting outcomes have reported long-lasting 
BBB function for the developed chips, with an average BBB function duration of 7 d[21,28] to 10 d[30] 
(Table 3).

DISCUSSION
This systematic review showed that this theme, BBB models with iPSCs in microdevices, is quite novel 
in the scientific literature; without setting a time limit, only articles from 2017 to 2022 were found. 
Furthermore, the articles published in the last 2 years have already shown great technological advances 
in BBB-on-a-chip in commercial devices[18-21]. Curiously, the same chip by MIMETAS® was used in 
three studies by different labs around the world (Japan[18], the Netherlands[19], and Germany[20]), and 
another commercial BBB-on-a-chip was also used by an American lab[21]. These advances in techno-
logical on-chip manufacturing allow the scientific community to direct further efforts to apply the 
developed BBB-on-a-chip to model pathological conditions, such as stroke[21], and design personalized 
therapeutic approaches.

Among the developed BBB models on a microdevice, some showed distinctive features, mainly for 
the chips fabricated in house. For example, the study by Choi et al[23] described a BBB microchip whose 
functionality was based on a track-etched 10 μm pore polyester membrane covered with a collagen type 
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Table 3 Applications of blood-brain barrier microfluidic three-dimensional models using induced pluripotent stem cells

Ref. Application Characterization Evaluation technique Outcomes

Capillary structure formation 
and tight junction proteins 
expression

Immunocytochemistry

ImmunocytochemistryTransport proteins and 
receptors expression

qPCR

Fluorescence (lucifer yellow and 
antipyrine)

Tight junction functionality

HPLC-MS/MS (test-drug 
transport)

Kurosawa et al[18] Build and evaluate a 
BBB 3D in vitro model

Transport proteins function HPLC-MS/MS (test-drug 
transport)

Formation of the capillary structure, 
functional tight proteins; lower 
expression of ABC transporters 
than levels found in vivo, except for 
BCRP; expression of functional SLC 
transporters

Tight junction proteins 
expression

Immunocytochemistry

Microvessel integrity Fluorescence (DEX-A647 and 
sodium fluorescein)

Microvessel permeability Diazepam, Emricasan, Ac-YVAD-
CMK, Z-DEVD-FMK, ZVAD 
(OH)-FMK, Staurosporine, and IL-
1β

ELISA (Diazepam)

Fengler et al[19] Build and evaluate a 
BBB 3D in vitro model

Tight junction functionality

TEER measurements

Capillary diameter CA. 40 times 
larger than in vivo brain vessels; 
physiologically relevant TEER 
values; physiologically similar 
localization of BCRP and GLUT-1 
proteins. Promising BBB model for 
future drug screening tests

Tight junction proteins 
expression

Immunocytochemistry

Tight junction functionality TEER measurements

Microvessel permeability Fluorescence (sodium fluorescein)

Fluorescence: P-gp inhibitionTransport proteins 
expression

qPCR

Build and evaluate a 
BBB 3D in vitro model

Neuronal functionality Calcium fluorescence imaging

Microvessel permeability Fluorescence (FITC-dextran)

Luminescence (CellTiter-GLO)

Wevers et al[20]

Ischemic stroke 
modeling

Mitochondrial membrane 
potential

ATP quantification

Barrier functionality similar to that 
found in vivo; microfluidic model 
suitable for evaluating disruption of 
the BBB; successful ischemic stroke 
modeling. Potential use for 
modeling the BBB under sub-
optimal conditions (disease) and for 
evaluating potential therapies

Tight junction proteins 
expression

Immunocytochemistry

Microvessel permeability UPLC-MS/MS: [13C12] sucrose 
and [13C6] mannitol

Immunocytochemistry

Noorani et al[21] Build and evaluate a 
BBB 3D in vitro model

Transport proteins 
expression

Fluorescence: P-gp inhibition

BBB functionality remains intact for 
up to 7 d and is similar to that 
found in vivo; a more physiolo-
gically relevant BBB model; shear 
stress contributes positively to BBB 
tightness

Immunocytochemistry

RNA sequencing

Middelkamp et al[22] Compare 2D cultures 
to microfluidic chip 
cultures

Neuronal differentiation and 
characterization of HUVECs

Transcriptomic analysis

Culture in microfluidic chips 
promotes gene expression that more 
closely resembles that found in vivo

ImmunocytochemistryTight junction proteins 
expression

qPCR

Fluorescence (lucifer yellow)

Transendothelial migration of 
cancer cells (CellMask)

Tight junction functionality

Immunocytochemistry

Choi et al[23] Build and evaluate a 
BBB 3D in vitro model

Transport proteins 
expression

Immunocytochemistry

cECMTE membrane with 10 m 
pores in microfluidic device were 
successful in mimicking the in vivo 
BBB, also allowing for cancer cell 
tissue migration. Promising BBB 
model for studying cancer 
metastasis, cell communication, and 
migration
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Immunocytochemistry

Fluorescence (F-actin staining)

Tight junction proteins 
expression

qPCR

TEER measurements

Motallebnejad et al[24] Build and evaluate a 
BBB 3D in vitro model

Tight junction functionality

Fluorescence (rhodamine B-
labeled neutral dextran)

LM511-E8 ECM contributes to long-
lasting endothelial cell and BBB 
function, in addition to promoting 
better shear stress responses. 
Authors recommend the use of 
LM511-E8 ECM for future studies 
involving BBB function

Tight junction and transport 
proteins expression

qPCR

Fluorescence (polymer 
nanoparticles and FITC-dextran)

Lee et al[25] BBB permeability to 
polymer nanoparticles

Permeability to polymer 
nanoparticles

3D fluorescence intensity maps

Fast analysis of polymer 
nanoparticles permeability; 
physiologically reliable BBB model

Tight junction proteins 
expression

Immunocytochemistry

Tight junction functionality 
and microvessel permeability

Fluorescence: FITC-dextran

Transport proteins 
expression

Jagadeesan et al[26] Build and evaluate a 
BBB 3D in vitro model

Neuronal differentiation

Immunocytochemistry

Successful fabrication of BBB model 
personalized for different human 
individuals; BBB models were able 
to mimic physiological differences 
between healthy and ill individuals

ImmunocytochemistryTight junction proteins 
expression

Transcriptional analysis

Fluorescence (FITC-dextran and 
2NDBG)

ELISA (human albumin, IgG and 
transferrin)

LC-MS/MS (T3, colchicine, levetir-
acetam and retigabine)

Transmission light microscopy

TEER measurements

Microvessel permeability 
and tight junction 
functionality

Immunocytochemistry

ImmunocytochemistryTransport proteins 
expression

Transcriptional analysis

Transport protein function Fluorescence (rhodamine-123)

Whole-blood neuronal 
toxicity

Colorimetric assay (quantification 
of lactic dehydrogenase)

Immunocytochemistry

Vatine et al[27] Build and evaluate a 
BBB 3D in vitro model

Neuronal functionality

Calcium fluorescence imaging

Successful fabrication of BBB model 
personalized for different human 
individuals; BBB models were able 
to mimic physiological differences 
between healthy and ill individuals

Immunocytochemistry

Multiplex qPCR

Tight junction proteins 
expression

MS (proteomics)

Electron transmission microscopy

TEER measurements

Fluorescence (dextrans, 
cetuximab, angiopep-2, MEM75, 
13E4)

Tight junction functionality 
and microvessel permeability

ELISA (dextrans, cetuximab)

ImmunocytochemistryTransport proteins 
expression

MS

Park et al[28] Build and evaluate a 
BBB 3D in vitro model

Transport proteins function Fluorescence (rhodamine-123 and 
doxorubicin)

BBB functionality remains intact for 
up to 7 d. Promising BBB model for 
future drug and antibody transport 
studies
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ImmunocytochemistryTight junction proteins 
expression

qPCR

Tight junction functionality 
and microvessel permeability

Fluorescence (FITC-dextran)

Campisi et al[29] Build and evaluate a 
BBB 3D in vitro model

Characterization of 
astrocytes and pericytes

Immunocytochemistry

Tri-culture of human iPSC-derived 
endothelial cells, astrocytes and 
pericytes spontaneously arranged 
into a BBB-like model. Promising 
BBB model for future preclinical 
experiments

Tight junction proteins 
expression

Immunocytochemistry

TEER measurements

Fluorescence: FITC-dextran and 
doxorubicin

Wang et al[30] Build and evaluate a 
BBB 3D in vitro model

Tight junction functionality 
and microvessel permeability

LC-MS/MS (caffeine and 
cimetidine)

Pumpless media perfusion system 
that resembles the blood residence 
time within brain tissues; physiolo-
gically relevant TEER values 
maintained for up to 10 d. 
Promising BBB model for future 
drug permeability studies

Characterization of iPSC-
derived endothelial cells 
morphology and function

Microscopy (time-lapse imaging 
analysis using ImageJ)

Immunocytochemistry

Western blot

Tight junction proteins 
expression

qPCR

DeStefano et al[31] Evaluate BBB upon 
shear stress

Transport proteins 
expression

qPCR

BBB endothelial cells display 
unique features that differ from 
endothelial cells from other tissues; 
shear stress plays a key role in BBB-
like function in microfluidic models

2NDBG: 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)-amino]-D-glucose; 3D: Three-dimensional; Ac-YVAD-CMK: Caspase-1 inhibitor; ATP: Adenosine 
triphosphate; UPLC-MS/MS: Ultra-performance liquid chromatography-mass spectrometry (tandem); BBB: Blood-brain barrier; BCRP: Breast cancer 
resistance protein; cECMTE: Condensed extracellular matrix track-etched; CellTiter-GLO: Luminescent cell viability assay; DEX-A647: Dextran conjugated 
to Alexa 647; ECM: Extracellular matrix; ELISA: Enzyme-linked immunoassay; FITC-dextran: Fluorescein isothiocyanate dextran; GLUT-1: Glucose 
transporter 1; hBMEC: Human brain microvascular endothelial cells; HPLC-MS/MS: High-performance liquid chromatography-mass spectrometry 
(tandem); HUVEC: Human umbilical vein endothelial cell; iBMEC: Induced pluripotent stem cell-derived brain microvascular endothelial-like cell; IgG: 
Immunoglobulin G; IL-1β: Interleukin 1 beta; iPSC: Induced pluripotent stem cell; LC-MS/MS: Liquid chromatography-mass spectrometry (tandem); 
LM511-E8: Fragment E8 of laminin 511; MS: Mass spectrometry; P-gp: Permeability glycoprotein; qPCR: Quantitative polymerase chain reaction; RNA: 
Ribonucleic acid; SLC: Solute carrier protein; TEER: Trans-epithelial electrical resistance; Z-DEVD-FMK: Caspase-3 inhibitor; ZVAD (OH)-FMK: Pan-
caspase inhibitor.

I ECM. This study reported that the ECM-covered membrane with a larger pore size allowed for better 
modeling of the communications between neural cells and ECs, in addition to enabling the evaluation of 
cancer cell metastasis through the BBB[23]. Other articles also based their 3D BBB models on 
microfluidic channels separated by porous membranes of various materials - PDMS[21,26,27], PC[30], 
PE[28], PETE[22,23] - and various pore sizes that ranged from 0.4 mm to 7 mm. Nevertheless, none of 
these studies focused on the importance of the membrane material or pore size to the envisaged BBB 
function.

However, half of the selected articles, and curiously, the most recent ones, showed similar geometries 
with straight membrane-free channels. The advantage of the presence of a membrane is controversial in 
the literature regarding its role in the BBB model. Due to the relatively greater thickness of the artificial 
membrane compared to the basal lamina in vivo, cell-cell interactions are limited[34,35]. More recent 
articles use the diffusible factors produced by the cells in culture themselves for indirect communication 
between ACs and the BBB endothelium, without the physical restriction imposed by the artificial 
membrane[35].

Organs-on-chips are a currently sought alternative due to the possibility of physiologically relevant 
3D in vitro single- or pluricellular culture and, more importantly, due to the possibility of laminar 
medium flow, mimicking the environment and shear stress found in capillary vessels. Also, the 
microchip culture of neural cells has shown more in vivo-like results, with more mature neurons and 
ACs[22]. However, the establishment of laminar flow might be cumbersome, given the need for 
apparatuses such as syringes, capillary tubes, and peristaltic pumps adapted for the sterile environment 
required for cell culture. Some studies have attempted to overcome this problem with creative altern-
atives, such as rocking platforms that allow the bidirectional flow of media within the microchips[18-20,
30]. Regardless, the cerebral tissue is rather complex and involves a multitude of interacting cell types 
and ECM proteins. In vitro modeling at such a level is already challenging per se, whether or not the 
laminar flow is involved.

Regarding the material used for chip fabrication, conventional PDMS was used in most cases (57%)
[22,25-29,31]. One of the studies adopted PMMA[23], which consists of the least hydrophobic material 
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utilized in microfabrication. In addition, this material is ideal for mass production, and it is stiffer than 
PDMS. However, rapid prototyping is somewhat complicated by the fact that PMMA bonding is more 
difficult than the straightforward bonding of PDMS[36,37]. Conversely, PDMS may nonselectively 
adsorb proteins and hydrophobic molecules, which could possibly interfere with the characterization 
process of the BBB-on-a-chip and future drug screening applications[38]. Hence, some studies have 
presented alternatives to tackle this issue, such as covering the microchip surface with bovine serum 
albumin[39], grafting with anti-fouling molecules[40], or silanization[41].

For construction of the in vitro NVU, the cell cultures have been classically established in Transwell 
plates, mainly using primary brain ECs isolated from animal and human sources, which retain very 
tight barriers in vitro and may be useful tools for studying paracellular permeability[42,43]. 
Immortalized EC lines, such as HUVECs, have also been used in these BBB models, although they do 
not provide the permeability profile or the protein expression typically present in the human BBB[44]. 
Moreover, there is great difficulty in obtaining primary human brain ECs from healthy individuals[45].

The aforementioned drawbacks have been recently addressed with the use of iPSCs. After going 
through a complex differentiation protocol, these stem cells have shown in vivo-like barrier function
[27]. Their BBB phenotype can be further enhanced by co-cultivation with other cells that exert barrier 
function in vivo, such as ACs and PCs[24,27]. In view of this aspect, we found in this systematic review a 
great diversity of iPSC commercially available cell lines from human sources, such as the IPS cell line 
IMR90-C4 from human fetal lung fibroblasts[18,19,21,23,24,28,30]. We further verified that one study 
used an iPSC line from unhealthy donors, with the advanced purpose of verifying BBB dysfunction in a 
pathological model and an attempt to correct this dysfunction through gene editing (CRISPR)[27]. In 
addition, building BBB models from human-derived iPSCs may be a valuable tool for personalized 
medicine, wherein a patient’s CNS disease could be precisely modeled in vitro, enabling the evaluation 
of personalized treatment.

On the other hand, iPSC-based BBB models have shown short-lived BBB function, which is generally 
maintained for up to 2 d[21]. Current efforts have been aimed at extending the BBB profile of these 
cultures[21,28,30]. 3D BBB on-a-chip devices form more physical and physiologically accurate morpho-
logies. The cell-cell and cell-matrix interactions produced in microfluidic models generally provide a 
robust BBB function, with permeability to different substances (drugs, antibodies, proteins) that 
resemble that observed in vivo[18,19,27,28].

Most of the studies featured in this review (86%) differentiated their iPSCs into BMECs. This is 
expected since BMECs are the specialized cells in the CNS vasculature that show barrier properties. On 
the other hand, four studies differentiated the iPSCs into neural cells (neurons and ACs)[20,22,26,27]. 
The NVU, which makes up the BBB, is mainly composed of strict interactions among BMECs, the ECM, 
basal lamina, PCs, ACs, and adjacent neurons[11,46]. Even though neurons are indeed considered to be 
part of the BBB, they are physiologically positioned farther from the microvessels that make up the 
NVU (10 μm to 20 μm) than ACs or PCs[47]. The studies that reported co-culture of ECs with neurons 
mentioned in the current review did not clearly state the reasons for using neurons in their BBB models, 
but some studies stated that co-culture of iBMECs with neurons induces the upregulation of membrane 
transporters typical of the BBB, promoting a more robust function[29,48], as reported in a study by 
Wevers et al[20]. Microfluidic chips co-cultured both with iBMECs and neural cells showed a more 
robust phenotype regarding BMECs and strong indicators of epithelial cell barrier integrity and 
permeability (TEER from 1000 to 4000 Ω × cm2)[18,19,21,27,30].

Although studies have pointed out drawbacks using primary BMECs or iBMECs in the EC monolayer 
in BBB-on-a-chip, they still constitute a more reliable model. One of the biggest challenges in using 
iBMECs in BBB research is the difficulty in producing an in vivo-like BMEC phenotype in vitro following 
the currently available protocols, which generally result in more epithelial-like phenotypes with the 
suboptimal expression of membrane transporters[6,20,26,27,49]. A recent meta-analysis study showed 
that iPSCs could only be reliably differentiated into BMECs through exposition to endothelial ETS 
transcription factors ETS variant transcription factor 2, Friend leukemia integration 1 transcription 
factor, and Ets-related gene[49]. Nevertheless, the differentiation of iPSCs into iBMECs can further 
benefit from co-culture with neural cells, such as ACs and neurons[27,50]. While a more robust differen-
tiation protocol is not established, some studies make use of alternative ways to make an EC layer, such 
as the use of HUVECs[22], primary BMECs[20], or even immortalized lines[10]. On the other hand, the 
isolation of human primary BMECs is a challenge, since they comprise less than 0.1% of the cells in the 
CNS and tend to de-differentiate in culture[27,51]. Studies with HUVECs generally point out some 
limitations, such as the formation of an incomplete EC monolayer[22]. Immortalized cells, despite being 
easily commercialized, generally constitute BBB models with poor barrier properties[27,52].

Fully iPSC-based chips were useful in modeling BBB disruptions from diseased patients, such as the 
alterations found in Huntington’s disease and in monocarboxylate transporter 8 deficiency[26,27]. 
Wevers et al[20] and Middelkamp et al[22] also differentiated the iPSCs into neurons, albeit not 
providing further justifications for doing so. With the exception of Vatine et al[27], who observed 
improved barrier functions with a fully iPSC-derived BBB chip, the other studies considered in this 
review have not versed on whether their obtained outcomes were positive or negatively dependent on 
the use of iPSCs.
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Normally the microfluidic chips receive a coating made of collagen type IV/fibronectin before cell 
seeding[21,23,24,26-28,30,31]. These coating agents improve cell adhesion to the chip substrate through 
micropatterning, offering a fibrous base to guide cell differentiation and cell-to-cell contacts[16]. 
Motallebnejad et al[24] considered that the in vivo brain endothelial basement membrane is made up of 
laminins. Keeping this in mind, they compared the characteristics of the iPSC-derived ECs grown on an 
ECM based on E8 fragments of laminin 411 or laminin 511 (laminin511-E8) to ECs grown on the 
common collagen IV/fibronectin ECM. The authors found that the ECM made of laminin511-E8 
presented more significant results, with the iPSC-ECs grown on this ECM exhibiting a longer-lasting EC 
phenotype and improved barrier stability compared to cells grown on the collagen IV/fibronectin ECM. 
iPSC-ECs grown on laminin511-E8 presented higher expression levels of junctional proteins such as 
claudin-5, VE-cadherin, and PECAM-1. Curiously, three other articles used a laminin ECM coating[22,
26,27], but on the “brain side” channel of their microfluidic devices. One of the aforementioned studies 
also used the laminin coating on the “blood side” channel for culturing HUVECs, but without 
mentioning the importance of the laminin ECM[22].

Another important aspect of microfluidic device analyses in many studies is perfusion, whether by 
culture media or other biologically-relevant liquids, due to the shear stress and their important 
advantage in in vitro studies[10,16,53]. For BBB models, the role of shear stress on BBB function remains 
inconclusive. Among the studies selected for this review, eight (57%) considered shear stress[19-22,24,
27,30,31], whereas two[22,30] designed their BBB mimics to minimize shear stress. Vatine et al[27] 
reported an increase in the expression of tight junction genes, such as tight junction protein 1/ZO-1, 
OCLN, PECAM-1, and cadherin 5/VE-cadherin, even under shear stress as low as 0.01 or 0.5 dyne/cm2. 
A study by Noorani et al[21] found ambiguous results for cultures under shear stress; perfusion did not 
induce changes in tight junction gene expression but decreased the permeability levels of sucrose and 
mannitol. In turn, the work by DeStefano et al[31] focused solely on the effect of increasing shear stress 
(0, 4, or 12 dyne/cm2) on the genotype and phenotype of iPSC-derived ECs. The authors found no 
correlation between the presence of shear stress and the expression of a more robust EC phenotype, 
since tight junctions are already formed under static conditions. Some authors considered that perfusion 
makes a bigger difference in BBB models made of non-iPSC-derived EC cultures such as HUVECs or 
primary ECs[31,54], whereas iPSC-derived ECs do not experience drastic changes in BBB markers upon 
shear stress[21,31]. Motallebnejad et al[24] gathered evidence that culturing iPSC-derived ECs on 
laminin511-E8 ECM improves the response of ECs to shear stress, wherein the cells exhibit changes in 
morphology, surface area, and the upregulation of tight junction proteins.

Regarding BBB applications, the specialized literature has not yet been able to establish a consistent 
microfluidic BBB model that can cover a broad range of applications, from modeling CNS disorders, 
including cancer metastasis, to screening for drugs able to permeate the BBB to treat such maladies. This 
is reflected in the goals of most studies selected to be part of this review. The great majority of the 
articles (roughly 80%) were aimed at developing a microfluidic BBB model, as well as assessing the 
convenience of the manufactured model by quantifying common molecular markers that are normally 
expressed in cells that make up the BBB in vivo[18-21,23,24,26-30]. Only one of the studies focused not 
on the BBB model itself but on the permeation potential of either commercial or synthesized polymer 
NPs through the in vitro 3D BBB mimic[25]. The BBB is a significant obstacle to the effective transport of 
large molecules for the treatment of brain disorders, and a study by Lee et al[25] showed that iPSC-ECs 
are appropriate for generating the 3D in vitro BBB model[25]. Surface modification of NPs with ligands 
for specific binding to BBB cells enhances NP accumulation in the brain through receptor-mediated 
endocytosis, providing good conditions to explore personalized therapies[25].

Another different application for the 3D BBB model was reported in a study by Wevers et al[20], 
which employed hypoxia together with hypoglycemia and lack of perfusion to successfully mimic 
ischemic stroke on-a-chip[20]. This hypoxic condition was also used to improve the iPSC differentiation 
to BMECs inside the microfluidic device by Park et al[28]. Based on the hypoxic environment found 
during the embryological development of the BBB in vivo, the whole differentiation step of iPSCs into 
ECs, both on a plate and in the microfluidic chip, was performed under low oxygen (5% O2). For the 
cells cultured under hypoxia, the authors observed the upregulation of diverse tight junction proteins 
and membrane transporters, contributing to a more robust BBB function. Moreover, they found that the 
differentiated ECs produce hypoxia-inducible factor 1α, a molecular marker whose presence was found 
to improve the function and durability of the BBB model[28].

Concerning the characterization techniques, the structural evaluation of the BBB model was mainly 
targeted by immunocytochemistry, whereas functional aspects have been mainly assessed using 
fluorescence techniques. Immunocytochemistry assays are the golden standard for identifying proteins 
related to the BBB, as well as for identifying different stages of BBB maturation (early, intermediate, and 
late phases of BBB development)[55]. Fluorescence assays are easily accessible and generally offer a vast 
array of markers that can be used for various purposes, from evaluating BBB permeability and integrity 
to neuronal functionality. Many studies mentioned TEER measurements as an important method to 
characterize BBB function[20,21,24,27,28,30,56]. However, they pose a number of disadvantages. The 
TEER values across BBB culture models are frequently influenced by disregarded physical and technical 
factors such as temperature, viscosity, and current density, generated by various electrode types, surface 
size, circumference, and porosity of the insert membrane, leading to severalfold differences within the 
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same biological model[57]. Additionally, these TEER values can vary according to cell type (primary, 
immortalized, iPSC-derived), cell source (animal or human), and culture type (2D, 3D culture, co-
culture)[58]. Therefore, the comparison of TEER values among different studies is highly discouraged in 
the relevant literature.

This systematic review highlights the main aspects of the current literature on BBB models on-a-chip, 
from iPSC differentiation to the NVU formation and characterization inside the microfluidic devices, 
also considering the functional duration of the proposed models by diverse approaches, focusing on 
future applications. However, the lack of uniform nomenclature and protocols made it a challenge to 
deeply analyze and comprehend all the steps in the processes involved.

The construction of BBB-on-a-chip still faces numerous challenges in producing feasible, 
reproducible, and reliable models. This becomes apparent in that, among the 14 articles studied in this 
review, 12 focused on the development of a robust in vitro model[18,19,21-24,26-31], and only 2 focused 
on the application of a model to study BBB disruption following ischemic stroke[20] and study the BBB 
permeability to polymer NPs[25]. Even though the use of iPSCs in microfluidic systems poses an 
advancement in these BBB constructs, there remain obstacles in the use of this type of cells, especially 
related to differentiation protocols, which need to be further developed in order to result in more 
dependable cell phenotypes. Moreover, on-chip technology remains a costly in vitro alternative, and the 
in-house manufacture of microfluidic devices is hampered by the need for a clean room and specialized 
equipment and personnel.

The integration of sensors to monitor barrier permeability and neuronal response to drug exposure is 
an important aspect scarcely addressed. The addition of such sensors could enable more precise and 
real-time measurements of drug transport across the BBB and its effects in brain cells. In terms of 
potential impacts, this technology can accelerate the development of new drugs by allowing for faster 
and more accurate screening of compounds that cross the BBB for therapeutic effects on the brain. One 
important step towards this scenario was already taken in the study by Vatine et al[27], who were 
successful in perfusing whole human blood through their microfluidic device, creating promising 
conditions to evaluate disease[27]. Moreover, more reliable BBB-on-a-chip constructs may help to better 
understand the in vivo functioning of the BBB across different individuals, representing a significant 
impact on personalized medicine.

CONCLUSION
Despite the well-known literature on iPSCs, microfluidic devices, and BBB in vitro models in isolation, 
the combination of the three subjects is a currently relevant theme, already presenting with advanced 
technology in the use of commercial microdevices for modeling the BBB. The BBB-on-a-chip models, in 
spite of their particularities in each study, have shown to be efficient for reconstructing the NVU in vitro, 
being able to reproduce the characteristics found in vivo in terms of structure and function. They have 
displayed promising qualities for investigating barrier disorders, drug delivery, mimicking disease, and 
personalized medicine.

ARTICLE HIGHLIGHTS
Research background
Induced pluripotent stem cells (iPSCs) offer a potential alternative to building blood-brain barrier (BBB)-
on-a-chip models that more closely resemble the structure and functions found in vivo.

Research motivation
iPSC-derived BBB models on-a-chip are a promising field that still lacks improvements and uniformity 
within the specialized literature.

Research objectives
To search the literature and analyze the selected data on the cultivation of iPSCs within microfluidic 
environments to mimic the human BBB.

Research methods
A literature search using the PRISMA approach using the following terms: “iPSC,” “BBB,” and 
“microfluidic device,” wherein 14 studies were selected based on the inclusion and exclusion criteria, 
and data were organized into three tables and one flow chart.

Research results
Studies have been found from 2017 to 2022, wherein the microdevices were either commercially 
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available or manufactured in-house using soft-lithography. iPSCs were differentiated into endothelial or 
neural cells and seeded in the chips individually or in co-culture onto an extracellular-matrix layer 
mainly made of collagen IV/fibronectin. The selected studies focused principally on the structural and 
functional design of the human BBB model on-a-chip, displaying future application potential for drug 
screening and disease modeling.

Research conclusions
Despite the lack of consensus in protocols, the studies analyzed herein were able to efficiently reproduce 
a human microfluidic BBB in vitro making use of iPSCs.

Research perspectives
The developed BBB models on-a-chip have shown great potential to study physiopathological 
conditions related to the central nervous system, to apply advanced technology approaches for novel 
therapies (drug delivery through nanoparticles), and to develop genetic modification therapies for BBB 
dysfunctions through clustered regularly interspaced short palindromic repeats methodologies.
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