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Abstract: There is an urgent need for predictive in vitro models to improve disease modeling and 10 

drug target identification and validation, especially for neurological disorders. Brain organoids, as 11 

alternative methods to in vivo studies, appear now as powerful tools to decipher complex biological 12 

processes thanks to their ability to recapitulate many features of the human brain. Combining these 13 

innovative models with microfluidic technologies, referred to as Brain Organoids-on-Chips, allows 14 

to model the microenvironment of several neuronal cell types in 3D. Thus, this platform opens new 15 

avenues to create a relevant in vitro approach for pre-clinical applications in neuroscience.  16 

The transfer to the pharmaceutical industry in drug discovery stages and the adoption of this ap- 17 

proach by the scientific community requires to propose innovative microphysiological systems al- 18 

lowing to generate reproducible brain organoids with high quality in terms of structural and func- 19 

tional maturation, and compatible with automation processes and high-throughput screening.  20 

In this review, we will focus on the promising advantages of cerebral organoids for disease model- 21 

ing and how their combination with microfluidic systems can enhance the reproducibility and qual- 22 

ity of these in vitro models. Then, we will finish by explaining why Brain Organoids-on-Chips could 23 

be considered as promising platforms for pharmacological applications. 24 

Keywords: brain organoid-on-chip, predictive human based in vitro models, standardization, re- 25 

producibility, neurotoxicity 26 

 27 

1. Introduction 28 

Neurological disorders including Alzheimer’s disease, Parkinson’s disease, Amyo- 29 

trophic lateral sclerosis, stroke, and brain injuries represent a significant burden for soci- 30 

ety, and affect up to one billion people worldwide, globally irrespective of sex, age, and 31 

education. They are currently a leading cause of disability, and the second largest cause 32 

of mortality in the world, with 9 million of deaths per year [1]. Yet, no effective treatment 33 

exists for many of these disorders. In addition, neurology is one of the most failure-prone 34 

areas in the drug development pipeline, despite considerable investment [2]. These high 35 

drug attrition rates suggest the limitations of current experimental tools leading to clinical 36 

applications. Indeed, in vivo models have failed to translate into any noteworthy advances 37 

that could help to discover treatments for neurological disorders. One of the potential 38 

reasons for this failure is the gap between rodent models and humans [3]. 39 

Modeling the brain remains an elusive challenge because of its inherent complexity, 40 

which participates in this hampered translational success. This complexity starts at the 41 

cellular level: the human brain is composed of a cellular heterogeneity with approxi- 42 

mately 170 billion cells, organized in an intricated network with 86 billion neurons, and 43 

85 billion non-neuronal cells [4], [5] that comprise glial cells – among which microglial 44 

cells, resident immune cells of the central nervous system - and endothelial cells [6]. In 45 
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addition, neurons are organized in a complex neuronal network, estimated to be com- 46 

posed of nearly 1014 synapses, with approximately 7,000 synapses per neuron in the neo- 47 

cortex [7], ensuring neuronal communication through chemical and electrophysiological 48 

signaling. Another parameter that worsens this incomplete understanding is the brain 49 

plasticity, which role remains elusive, but can result in neuronal networks reorganization, 50 

in strengthened or depressed synapses, or even in changing the functions of a given neu- 51 

ronal population. However, it is still not well explained how this plasticity occurs [8]. Re- 52 

markably, the brain is considered to be an immune-privileged tissue in which, which 53 

means that the immune responses are tightly controlled and regulated [9]. Such a property 54 

is beneficial to protect the brain cells from immune response-mediated damages but also 55 

complicates the predictability of brain responses to drugs. Another level of complexity 56 

linked to this immune-privileged tissue arises with the blood-brain barrier (BBB), formed 57 

by the vasculature enwrapped in astrocytic endfeet. The unique ability of the BBB to se- 58 

lectively filter the blood poses challenges for drug delivery into the brain, drug candi- 59 

dates’ distribution, and neurotoxicity evaluation. In the context of drug discovery and 60 

drug screening it therefore appears necessary to be able to model in vitro the BBB functions 61 

[10], [11]. Overall, this complexity of the human central nervous system complicates the 62 

development of relevant and predictive in vitro pre-clinical models of the human patho- 63 

physiology.   64 

Each model has its own advantages and limitations: conventional two-dimensional 65 

(2D) cell cultures are simplistic and cost-effective, but the information could be far from 66 

human physiology as they lack three-dimensionality (3D); 3D cell culture systems are 67 

more appropriate to model complex functions of the brain in vitro, but they lack repro- 68 

ducibility; finally, microfluidic devices can recapitulate physiological environments un- 69 

der controlled flows, thus enabling predictive in vitro models [10]. 70 

In the last decade, different research groups in academia have developed pluripotent 71 

stem cells (PSCs), mainly human induced PSC (hiPSCs)-based protocols to generate 3D, 72 

multicellular, cerebral organoids (for a review of existing protocols, see [12]). Their use to 73 

model brain biology, early neural development, and human acquired and genetic diseases 74 

has provided new insights into neurological disorders, including microcephaly, autism, 75 

Parkinson’s disease, and Alzheimer’s disease [13]. However, the adoption of organoid 76 

technology for large-scale drug screening in the industry has been hampered by chal- 77 

lenges associated with reproducibility, scalability, and translatability to human diseases. 78 

Organ-on-Chip (OoC) technology has become more widely used in recent years due to its 79 

ability to mimic physiological conditions in an in vitro setting [14]. The combination of 80 

brain organoids and microfluidic systems, named Brain Organoids-on-Chips, could accel- 81 

erate pharmaceutical testing compared to animal models and 2D cultures [14]. The com- 82 

bination of brain organoids and microfluidic systems, named Brain Organoids-on-Chips, 83 

could accelerate pharmaceutical testing compared to animal models and 2D cultures by 84 

meeting the expectations of both the pharmaceutical and biotechnological industries.  85 

In this review, we will examine the advantages offered by brain organoids as com- 86 

plex 3D in vitro models and discuss how microfluidic systems can address some of their 87 

associated challenges. Subsequently, we will provide an overview of what has already 88 

been done in the recent field of Brain Organoids-on-Chips, discussing their benefits and 89 

limitations regarding pharmacological applications. We will then address the current 90 

challenges associated with Brain Organoids-on-Chip technologies, in perspectives of fur- 91 

ther transfer as relevant pre-clinical in vitro models.  92 

  93 

2. Brain organoids: advantages, limitations, and microfluidic technology as solution 94 

Independently from the cell types used, the two-dimensionality of conventional cell 95 

culture limits the relevance of such models. Indeed, cell cultures grown in 2D cannot re- 96 

capitulate the in vivo spatial organization of tissues, with 3D architectures enabling cell- 97 

cell and cell-matrix interactions which play a central role in cell morphology, polarity, and 98 

gene expression [15]. In addition, cells cultured in 2D conditions are directly in contact 99 
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with plastic substrates or adherence coating substrates, which biases their interactions 100 

with their microenvironment, as they do not reproduce the extracellular matrix (ECM) 101 

characteristics [16]. Moreover, in conventional 2D cultures, the friction of liquid against 102 

cell membranes, emphasized by medium renewal and handling of culture plates, induces 103 

non-physiological mechanical forces such as shear stress which can impact cell division, 104 

morphology, and can ultimately lead to cell death [17].  105 

 106 

2.1. Brain organoids: promising in vitro 3D models of the human brain  107 

Brain organoids (also called cerebral organoids) are self-assembled and self-orga- 108 

nized cellular aggregates in 3D, obtained in vitro by neural differentiation of PSCs. They 109 

comprise different cell types observed in the developing human brain, including neural 110 

progenitors, neurons, and glial cells. Contrary to traditional 2D cell cultures and neuro- 111 

spheroids, brain organoids assemble into cellularly complex 3D architectures like certain 112 

regions present in the human brain. These cerebral regions comprise forebrain, hindbrain, 113 

cortex, hippocampus and choroid plexus [18]. Brain organoids recapitulate the develop- 114 

ing human brain not only at the cellular level, but also regarding organizational levels, as 115 

well as global developmental trajectories. The cell-cell interaction enables to recapitulate 116 

the cellular microenvironment more realistically, by promoting exchanges of information 117 

between cells and with the ECM, as well as improving cell differentiation [19].  118 

Several methods for generating brain organoids generation exist, resulting in differ- 119 

ent types of cerebral organoids. These methods can be classified in two main differentia- 120 

tion protocols: unguided and guided. Both methods rely on the aggregation of human 121 

PSCs into embryoid bodies (EBs), that are harvested and then induced thanks to specific 122 

culture media. The unguided methods enable the generation of “whole-brain” organoids. 123 

They rely entirely on spontaneous morphogenesis and intrinsic differentiation capacities 124 

within the organoids towards a global cerebral identity, without orienting the differenti- 125 

ation into a specific cerebral region. The first unguided protocol was established by Lan- 126 

caster and Knoblich in 2013, following the publication of their article the year before about 127 

microcephaly modeling using brain organoids [18], [20]. The guided methodology (also 128 

called region-specific) is an alternative method, in which external patterning factors are 129 

added during the differentiation process to drive the differentiation of stem cells towards 130 

specific cerebral regions [21]. Guided protocols have been established for cerebral cortex 131 

[22]–[25], midbrain [26] , cerebellum [27], hippocampus [28], thalamus [25] and hypotha- 132 

lamus [29]. Unguided methodologies enable to model a global cerebral development, 133 

which in return has the disadvantage of generating unique organoids with a high hetero- 134 

geneity. On the contrary, guided methods are considered to generate more reproducible 135 

organoids, but are limited to a particular cerebral region. Overall, the choice between un- 136 

guided and guided approaches depends on the applications and is often seen as a com- 137 

promise between diversity and consistency of the model [12]. 138 

 139 

2.2. Brain organoids: examples of applications in disease modeling 140 

Brain organoids have emerged as a revolutionary in vitro cellular model of the hu- 141 

man brain development and functions, in both physiological and pathological conditions 142 

[12]. In addition, they are considered as a relevant approach to help reducing animal re- 143 

search and to accelerate the process of drug screening [30]. Furthermore, especially when 144 

combined with recent genetic engineering approaches, as well as when derived from pa- 145 

tient-specific cells, they enable to model and study diverse neurological disorders: dis- 146 

eases occurring during neurodevelopment (like microcephaly [18], trisomy 21 [31], [32], 147 

or prenatal exposures to toxic compounds [33], [34]), cancers (glioma) [35], and also can 148 

give clue about the pathogenesis of neurodegenerative diseases (like Alzheimer’s Disease 149 

[36], [37], Creutzfeldt-Jakob disease [38], or Trisomy 21 [39]) (for a detailed review: [13]). 150 
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In addition, brain organoids open up the way to personalized medicine with the utiliza- 151 

tion of patient-specific cells [12]. 152 

 153 

2.3. Challenges for the adoption of brain organoids in pre-clinical applications  154 

Despite the major advances brought by brain organoids, there are still some limita- 155 

tions to these models which hamper their transfer and adoption by the pharmaceutical 156 

industry for neurological disease modeling and drug testing.  157 

A major challenge is the high heterogeneity observed between brain organoids even 158 

when derived from the same PSCs and cultured in the same conditions. These discrepan- 159 

cies include differences in size and morphology between the organoids, as well as struc- 160 

tural and functional variations when further analyzed. Such heterogeneity is mainly due 161 

to the stochastic nature of the PSCs differentiation and the organoids spontaneous self- 162 

organization, that inherently lead to differences in cell type proportions and structural 163 

organizations. Moreover, some intra-organoids heterogeneity is also observed, with dif- 164 

ferences of cellular densities and structures within the same organoid [12]. Some non-cer- 165 

ebral structures can sometimes be found within the organoids: the presence of germ layers 166 

other than neuroectoderm, such as mesoderm [12], [40] and the suboptimal presence of 167 

cystic cavities [41]. In addition to this inherent heterogeneity, another level of discrepancy 168 

is caused by the lack of standard criteria for the generation and culture of brain organoids, 169 

as well as the differences between protocols implemented by the laboratories. Moreover, 170 

the distinct differentiation methods (unguided and guided protocols) also exacerbate the 171 

diversity of brain organoids. Overall, this heterogeneity induces a lack of robustness, re- 172 

producibility and predictability of the model, which raises issues for transfer to an indus- 173 

trial scale, high-throughput screening (HTS) and testing of potential drug candidates in 174 

pre-clinical phases [42]. 175 

Another central limitation is the progressive appearance of a necrotic core at the cen- 176 

ter of brain organoids as they grow, due to the lack of vasculature for proper oxygen and 177 

nutrients supply [12], [43]. Indeed, there is a diffusion limit for oxygen and nutri- 178 

ents/wastes exchanges from the culture medium around 400 µm from the surface of the 179 

organoid [44]. Therefore, since the progenitor cells at the core cannot be properly supplied 180 

in oxygen and nutrients, they progressively undergo necrosis. This necrotic core prevents 181 

further growth, limiting the size of organoid up to 4-5 mm in diameter, and impedes their 182 

maturation, thus preventing the organoids to recapitulate later stages of human brain de- 183 

velopment [12].  184 

Similarly to the absence of vascular cells, microglial cells are also often absent from 185 

this model due to their mesodermal lineage [42]. This lack of brain immune responses 186 

modeling in brain organoids could raise some issues in pre-clinical studies, for drug 187 

screening, drug delivery and neurotoxicity evaluations.  188 

Finally, even if brain organoids recapitulate many key features of early human brain 189 

development, not all aspects of neurodevelopment are fully recapitulated, including the 190 

formation of distinct cortical neuronal layers, the gyrification, and the establishment of 191 

complex neuronal circuitry [12]. In addition, current brain organoid models fail to reca- 192 

pitulate most of the late brain development events, such as gliagenesis and myelination, 193 

mainly due to the longer time needed for maturation. Moreover, this is worsened by the 194 

absence of microglial cells, which play a significant role in the brain maturation by induc- 195 

ing the formation of mature dendritic spine and synapses. 196 

Facing these limitations, microfluidic devices are considered as promising alterna- 197 

tive culture systems to improve overall culture conditions and reduce the heterogeneity 198 

of the generated organoids in the context of neuroscience research [10], [45].   199 

 200 

2.4. Microfluidic systems: promising technologies to tackle brain organoids limitations  201 
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Microfluidic cell cultures rely on engineering sciences and take advantages of tech- 202 

nologies to adapt to biological questions. Thanks to tightly controlled fluid flows, OoCs 203 

are considered to improve the culture conditions, especially by reducing the shear stress 204 

experienced by cells, improving oxygen supply and distribution, enhancing nutri- 205 

ents/waste exchanges, and by facilitating the implementation of chemical gradients. It has 206 

been shown that the ability to modulate these flows have an impact on cell morphology, 207 

migration [46], and differentiation particularly for stem cells [47]. In addition, the con- 208 

trolled flows and microenvironment are also considered to improve the reproducibility of 209 

the cell cultures, by reducing heterogeneity between batches. Regarding organoids, con- 210 

trolling the flows could allow an enhanced penetration of the nutrients in the center of the 211 

organoids. Indeed, Lancaster et al. recently proposed a way to overcome the lack of vas- 212 

cularization in the cerebral organoids, by culturing them in microfluidic devices to facili- 213 

tate nutrients and oxygen uptakes within the cerebral organoids [30]. 214 

Another advantage of microfluidic systems arises from the flexibility of possible de- 215 

signs [48]. For instance, simple design with minimalistic human neural circuits composed 216 

of a single chamber in which one cell type is cultured [49], or more complex neural net- 217 

works allowing co-cultures [50]. In more sophisticated platforms, several chambers on the 218 

device can comprise different cell types and can be separated or connected thanks to chan- 219 

nels or porous membranes, following a logic of compartmentalization [51], [52]. In even 220 

more complex designs, several devices can be coupled, to enable connection of distinct 221 

organs forming multi-Organ-on-Chips [42].  222 

Other benefits include the integration of multi-parametric analyses: compatibility 223 

with imaging techniques (most of microfluidic devices are optically clear, enabling fluo- 224 

rescence assay), and electrophysiological measurements (to monitor cells in a non-inva- 225 

sive approach) (Coluccio et al., 2019; Holloway et al., 2021; Nikolakopoulou et al., 2021; 226 

Miny et al., 2022).  227 

Nowadays, microfluidic devices are perceived as alternative novel platforms to cur- 228 

rent in vitro models based on 2D cell cultures and in vivo models using animals [10], [11], 229 

[53]. Brain Organoids-on-Chips could represent good compromises between physiologi- 230 

cal relevance and reproducibility (Figure 1). 231 

 232 

Figure 1. Human brain Organoid-on-Chips as physiologically relevant and reproducible models for 233 
the study of brain biological organization. Even if in vivo models enable to perform the highest di- 234 
versity of biological neurological studies, they are associated with low predictivity and experi- 235 
mental control. They are also considered as a black box model: being often privileged by re-search- 236 
ers despite the availability of other models. On the contrary, in vitro 2D human cells allow a high 237 
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experimental control, however they display a low predictivity and do not permit brain bio-logical 238 
studies at higher scale than the cellular level. By opposition, 3D structures such as brain organoids 239 
enable more complex studies with high predictivity but are associated with lower experimental 240 
control and high inter- and intra-batch heterogeneity. Combination of brain organoids with micro- 241 
fluidic technology provides a model with a high experimental controllability, particularly for the 242 
modeling of physiological microenvironments in a minimalist approach, while ensuring a high pre- 243 
dictivity, and enabling a wide range of biological studies. 244 

3. Brain organoids-on Chips: state-of-the art of promising models  245 

Brain organoid-on-chip systems have emerged quite recently as a new field of re- 246 

search. They combine cerebral organoids culture with microfluidic devices, to improve 247 

the culture conditions, physiological relevance, reproducibility, and industrial transfera- 248 

bility of the brain organoids. In the literature, there are currently few articles dealing with 249 

human brain organoid-on-chips. They can be classified according to their global architec- 250 

ture and manufacture process of the microfluidic device (Table 1):  251 

(i) Microfluidic devices: composed of 3D cell culture areas, and channels for 252 

culture medium flows; 253 

(ii) Microfluidic devices with micropillar arrays: comprising micropillars be- 254 

tween which cells are cultured in 3D, from the iPSCs seeding, to the organoid 255 

generation, and further growth and expansion;  256 

(iii) Microfluidic device with an air-liquid interface: air-liquid integrated to the 257 

culture platform. 258 

 259 

Table 1. State-of-the-art of recent Brain Organoids-on-Chip technologies 260 

with their advantages for brain organoids cultures (W: width; L: length; D: 261 

diameter; H: height). 262 
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 263 

Type of device Fields of study  
Protocol for organoid 

generation 

Characteristics of the microflu-

idic device 

Advantages of the microfluidic technology for 

brain organoids culture 
References 

Microfluidic 

devices with 

3D culture ar-

eas and chan-

nels 

Neurodevelopmental 

toxicity: tests of pre-

natal nicotine expo-

sure effects on neuro-

development 

Whole-brain (Lancas-

ter’s protocol) 

Culture channels (w: 2.5 mm 

x L: 14 mm)  

- Perfusion channel in be-

tween  

- Medium flow channels 

- Continuous flow (syringe 

pump) 

Enhancement of cellular viability and growth 

 

[54] 

[33] 

Modeling of the cere-

brospinal fluid flow 

Whole-brain (Lancas-

ter’s protocol) 

- Culture chambers (D: 8 mm) 

between medium chambers 

- Periodic flow: device placed 

on a bi-directional rocker 

- Microfluidic device with bi-

directional fluid flows 

- Enhancement of viability and growth  

- Improvement of oxygen diffusion within the 

organoids 

- Acceleration of the maturation (structural + 

functional) 

- Enhanced reproducibility 

[55] 

Modeling of cerebral 

folding and diseased 

modeling of lissen-

cephaly 

Whole-brain (not 

Lancaster's protocol) 

 

- Constrained culture cham-

ber (150 µm height) 

- Medium perfusion through 

a semi-permeable membrane 

between the chamber and a 

medium reservoir above 

 

- Appearance of surface wrinkles and folding 

in organoids 

- Lissencephalic organoids displayed reduced 

convolutions 

- Entirely in situ organoids culture  

 

[56] 

Vascularized brain 

organoid in a micro-

fluidic device 

Whole-brain 

(adapted from Lan-

caster’s protocol) 

 

- Individual culture chamber 

(D: 2 mm) per device, sur-

rounded by channels for en-

dothelial cells/pericytes to 

vascularize the organoid 

- Perfusion and permeability of the vascular 

network 

- Improved neuronal maturation 

- Could be used as a model of BBB  

[57] 

Microfluidic 

devices with 

micropillar ar-

rays 

Neurodevelopmental 

toxicity: tests of pre-

natal cadmium expo-

sure effects on neuro-

development   

Whole-brain (Lancas-

ter’s protocol) 

- Micropillar arrays with octa-

gon-shaped pillars (D: 1 mm 

x H: 0.8 or 0.6)  

- Characterizations of the organoids (neuro-

genesis and brain structures) 

- Entirely in situ organoids culture  

[58], [59] 

Neurodevelopmental 

toxicity: tests of pre-

natal exposure effects 

on neurodevelop-

ment with valproic 

acid and breast can-

cer-derived exosomes   

Cortical (guided dif-

ferentiation) 

- Micropillar arrays (D: 1 mm 

x 1 mm) 
- Entirely in situ organoids culture  

[60], [61] 

Microfluidic 

devices with 

air-liquid inter-

face 

Neurodevelopmental 

toxicity: tests of pre-

natal cannabis expo-

sure effects on neuro-

development 

Whole-brain  

(STEMdiff cerebral 

organoid kit), 

adapted from Lancas-

ter’s protocol) 

- Culture chambers with an 

integrated air-liquid interface 

(D: 2mm) 

- Improved viability + reduced hypoxia + en-

hanced homogeneity of diameters   

- Entirely in situ organoids culture - Possibil-

ity of in situ Matrigel embedding (Lancaster’s 

protocol) 

[34] 
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3.1. Microfluidic devices  264 

In 2018, Wang and colleagues have developed an innovative Brain Organoid-on- 265 

Chip technology to improve brain organoids quality, compared to conventional cell cul- 266 

ture support [54]. The microfluidic device has been designed with a perfusion system to 267 

enhance oxygen and nutrients supply in the center of the organoids, using whole-brain 268 

organoids generated following the Lancaster’s protocol [18]. Concretely, the device is 269 

composed of two culture channels into which the organoids were cultured from the EBs 270 

stage and maintained up to 33 days. The culture channels surround a central perfusion 271 

channel with a continuous flow of culture medium provided by a syringe pump system, 272 

and they are wrapped between two additional medium channels with flows of medium. 273 

The architecture of the device enables medium flows and facilitates nutrients/waste ex- 274 

changes between the culture channels and the other channels. This system has proved to 275 

enhance cellular viability and organoids growth, with improved cortical development, 276 

compared to static culture conditions.  277 

In a consecutive article from the same research team, this Brain Organoid-on-Chip 278 

technology served as a model of human brain development to study the effects of prenatal 279 

nicotine exposure on neurodevelopment [33]. They have demonstrated that brain region- 280 

alization, neuronal outgrowth and cortical development were disrupted in the nicotine- 281 

treated organoids, with premature neuronal differentiation, thus suggesting that nicotine 282 

exposure impaired neurogenesis in early fetal brain development. This study also high- 283 

lights that Brain Organoids on-Chip technologies could be adequate models and powerful 284 

tools in pre-clinical in vitro studies. 285 

The main advantage that offers this microfluidic device lies in the perfusion system, 286 

both enabled by continuous medium renewal with a pump, and by the presence of several 287 

channels surrounding the culture channels. The design of the device also seems to im- 288 

prove flow exchanges between the channels, and to enhance the perfusion through the 289 

Matrigel - an equivalent of ECM acting as a scaffold to facilitate the organoids expansion 290 

in 3D and bringing supplementary growth factors to the organoids - in the culture chan- 291 

nels. This device also seems adapted to real-time imaging. Moreover, this platform ena- 292 

bles to study a variety of other prenatal exposures, as well as neurodevelopment in both 293 

physiological and pathological contexts. However, this microfluidic system does not per- 294 

mit to culture organoids individually, which can be suboptimal for some pathological 295 

studies and regarding drug testing applications. It also requires a syringe pump for con- 296 

tinuous medium renewal, which is not an easy-to-use format, and which represents a sup- 297 

plementary constraint in laboratories and in industry.  298 

 299 

Another potential drawback that could be associated with this system is that the cer- 300 

ebral 3D cellular microenvironment is not entirely recapitulated. Indeed, the unidirec- 301 

tional medium flows established in the channels of the device do not model the complex- 302 

ity of fluid flows in the brain.  303 

To face this issue, Cho et al. have developed a specific microfluidic device, coupled 304 

with an improved ECM for the EBs embedding [55]. More precisely, their work was based 305 

on two bioengineering strategies: (i) addition of an ECM specific to the brain (brain extra- 306 

cellular matrix), to bring additional brain-specific cues; and (ii) dynamic culture condi- 307 

tions in a microfluidic device, to model a bidirectional fluid flow. Regarding the microflu- 308 

idic device, there are two large open culture chambers per device for the brain organoids 309 

culture, surrounded by three medium chambers containing culture medium. The different 310 

chambers are fluidly connected by vertical microchannels that enable medium flows from 311 

a chamber to another. Moreover, a periodic and gravity-driven flow from left-to-right is 312 

created by putting the device onto a bi-directional rocker. Concerning the organoids, they 313 

are also whole-brain organoids generated following the Lancaster’s protocol [18]. In this 314 

study, they have demonstrated that this microfluidic device improves oxygen diffusion 315 

within the cerebral organoids, using oxygen-sensing nanoparticles (PtTFPP-PUAN). The 316 
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microfluidic conditions also contributed to enhance the organoids viability and growth, 317 

to reduce their heterogeneity, to increase the neurogenesis and corticogenesis, as well as 318 

accelerating maturation (mature neurons, astrocytes, synapses, and electrophysiological 319 

signals) after 60 days of culture, compared to classical culture conditions. Such results 320 

were even exacerbated when the microfluidic culture was coupled with an embedding in 321 

human brain ECM-enriched Matrigel. 322 

The design of this microfluidic device has been adapted to the protocol, with a sys- 323 

tem of open chambers that facilitates the introduction of the organoids, covered by the 324 

addition of lids afterwards. Such design proves the flexibility of microfluidic devices, that 325 

can be adapted to experimental constraints. This design also offers other advantages. In- 326 

deed, the combination of microchannels that connect the medium and culture chambers, 327 

with a left-right flow of medium, seems to play a central role in the improvements ob- 328 

served regarding organoids viability and maturation. In addition, this improved medium 329 

flow, renewal, and diffusion through the organoids are permitted in a simple pump-free 330 

manner, adapted to an industrial transfer. Moreover, this platform appears to be adapted 331 

to a whole range of studies of brain development and functions, in both physiological and 332 

pathological conditions.  333 

Nonetheless, this microfluidic device does not seem suitable to culture brain organ- 334 

oids from their earliest stages either. Indeed, EBs could be easily introduced inside the 335 

chambers, but the Matrigel embedding step required in the Lancaster’s protocol does not 336 

seem feasible inside this format, due to presence of lateral microchannels that would be 337 

blocked by polymerized Matrigel. As for the previously described articles (Wang, Wang, 338 

Guo, et al., 2018; Wang, Wang, Zhu, et al., 2018), this device does not permit to culture 339 

organoids individually, which can limit drug testing applications.  340 

 341 

The culture of cerebral organoids requires long culture times for the organoids to 342 

expand and mature. In this previous article, this point was not addressed, since they still 343 

required quite long culture times, up to 120 days to observe a distinct separation between 344 

upper and deep cortical layers (immunostained by Satb2 and Ctip2 respectively).  345 

One experimental strategy that could overcome this issue is the culture of brain or- 346 

ganoids in a device with a constrained environment to model the cerebral wrinkling and 347 

folding [56]. For this purpose, they designed a device inside which the organoid is com- 348 

pressed in a small culture chamber of only 150 µm in height (compared to 8 mm in Cho et 349 

al.). The chamber was covered with a semi-permeable membrane and a medium reservoir 350 

to facilitate the diffusion of nutrients. The device was composed of different parts which 351 

were progressively assembled to facilitate the different steps of brain organoids culture 352 

(for instance, EBs were positioned in an open chamber, which was sealed to the rest of the 353 

device afterwards). Moreover, a bottom coverslip positioned under the device facilitates 354 

in situ imaging during the culture. Interestingly, this platform is also adapted to in situ 355 

immunostaining of the organoids. The generated organoids were whole-brain organoids, 356 

but according to a different protocol and timescale than the Lancaster’s method, and with 357 

smaller EBs at the initial stages. This study demonstrated the appearance of surface wrin- 358 

kles in brain organoids when grown in a constrained space and enabled to study a model 359 

of lissencephaly. Thus, this device provided for the first time a platform to study mecha- 360 

nisms underlying brain folding, as well as associated pathologies. In addition, the con- 361 

strained environment and the resulting surface wrinkles could also imply an accelerated 362 

maturation of the organoids, compared to non-spatially restrained cultures.  363 

However, the step-by-step assembly of this device does not seem compatible with 364 

scaled-up fabrication processes and industrial transfer. Nevertheless, approaches to accel- 365 

erate the maturation of brain organoids are of great interest, especially for some neuro- 366 

logical diseases modeling and pharmacological studies, and solutions adapted to an in- 367 

dustrial transfer should be further investigated.  368 
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The inherent absence of vascular cells in brain organoids raises another challenge 369 

regarding their viability. To answer this issue, Salmon and co-workers developed vascu- 370 

larized brain organoids [57] by co-culturing a brain organoid with a vasculature com- 371 

posed of human PSCs-derived endothelial cells and pericytes, inside a microfluidic de- 372 

vice. As for the brain organoids, the 3D vascular network was obtained by differentiation 373 

of human PSCs in a 3D culture. The brain organoids were whole-brain organoids, follow- 374 

ing the Lancaster protocol [18]. The aim of this study was to recapitulate the temporal 375 

synchronization and spatial orientation of both cultures in an in vivo-like manner. Regard- 376 

ing the structure of the microfluidic device, it is composed of an individual culture cham- 377 

ber for the brain organoid culture, surrounded by lateral channels for endothelial cells 378 

and pericytes to vascularize the central organoid. In this study, the authors have demon- 379 

strated the feasibility of co-culturing brain organoids with a 3D vasculature. They also 380 

enhanced both perfusion and permeability of the generated vascular network and 381 

achieved accelerated maturation of the organoids after 15 and 30 days of culture, com- 382 

pared to control non-vascularized brain organoids. This device could also serve as a base 383 

to model the BBB, by addition of human astrocytes. In the end, it appears to be quite trans- 384 

ferable to an industrial scale, considering the fabrication process, the standardizable for- 385 

mat of the device and its suitability for drug testing applications. This device seems also 386 

adapted to vascularize other types of organoids. However, the most optimal flow regime, 387 

as well as its implications on organoids growth, remain to be determined. 388 

 389 

All the microfluidic systems described in this part have been fabricated in-house by 390 

the experimenters themselves. Globally, a major advantage of this “home-made” strategy 391 

is that the devices are specifically designed to answer the needs of the experiments. How- 392 

ever, the corresponding drawback is that they are not all suitable for higher production 393 

scales, due to the in-house designs and fabrication methods. 394 

 395 

3.2. Microfluidic devices with micropillar arrays  396 

Such devices comprise multiple micropillar structures between which cells are 397 

seeded, self-aggregate to form EBs, and further expand into organoids. Therefore, a main 398 

advantage with these micropillar devices is the entirely in situ generation of the brain or- 399 

ganoids, which reduces manual transfers of the EBs for the harvesting step.  400 

In a first article from Zhu and colleagues, they present a device composed of mi- 401 

cropillar array with octagon-shaped micropillars [58]. The protocol followed to generate 402 

the brain organoids was the Lancaster’s methodology [18], whose all the steps were per- 403 

formed in situ. The objective of this article was to design and optimize the micropillar 404 

arrays to generate brain organoids, especially the dimensions of the pillars and the dis- 405 

tances between them. The organoids obtained were then characterized to assess correct 406 

neurogenesis, and to identify different brain structures. Later, the same research team ap- 407 

plied this micropillar device to investigate the neural impairments induced by cadmium 408 

- known to be a neurotoxic compound with a long biological half-life - during early brain 409 

development [59]. For the treated organoids, they observed an increased cell apoptosis, 410 

impaired neural differentiation, and maturation, compared to the control organoids, sug- 411 

gesting that cadmium exposure impaired neurodevelopment. Therefore, this microfluidic 412 

system seems to be a relevant approach for drug testing and neurotoxicity studies.  413 

Another team developed its own Brain Organoid-on-Chip platform with micropillar 414 

arrays and coupled with cortical organoids (guided differentiation), to study the effects 415 

on neurodevelopment of prenatal exposures with valproic acid (VPA) [60], and exosomes 416 

derived from breast cancer [61]. For the study with VPA, the treated cortical organoids 417 

exhibited impaired neurodevelopment with increased neuronal progenitors, but inhibited 418 

neuronal differentiation, and altered forebrain regionalization. Interestingly, similarities 419 

with autism patient-derived organoids were observed, highlighting the risk of autism 420 
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onset associated with prenatal VPA exposure. Regarding the study with breast cancer- 421 

derived exosomes, treated organoids displayed not only impaired neurogenesis, but also 422 

carcinogenesis with activated signaling pathways associated with breast cancer and me- 423 

dulloblastoma.  424 

 425 

Overall, these devices with micropillar arrays could become interesting platforms for 426 

HTS and drug testing, especially with applications in neurotoxicity studies. However, the 427 

absence of compartmentalization between the organoids could be problematic for some 428 

studies in which individual responses of the organoids could be required (e.g.: measure- 429 

ment of metabolites). Moreover, flows of medium do not seem well controlled yet within 430 

the micropillar arrays, indicating a need for further microfluidic studies.   431 

3.3. Microfluidic devices with an air-liquid interface   432 

Ao and colleagues have developed an in-house device made of individual chambers for 433 

brain organoids culture, with a generation protocol entirely in situ [34]. The chambers 434 

contain an air-liquid interface, supposed to promote the oxygenation within the medium, 435 

to minimize the hypoxic core formation within the organoids. The microfluidic device also 436 

induces a physical restriction for the growing organoids to control their size to be under 437 

2 mm, to enhance their reproducibility in terms of dimensions. The authors demonstrated 438 

that the generated organoids recapitulated structural and electrophysiological character- 439 

istics of the early human brain, while exhibiting reduced hypoxia and being more homog- 440 

enous in terms of sizes, compared to conventional cultures.  441 

This platform was also used to study neurotoxic effects on the cerebral development 442 

during cannabis prenatal exposure. The treated organoids especially displayed reduced 443 

neuronal maturation, impaired neurite outgrowth, and reduced spontaneous firing rate  444 

Since this device is compatible with commercially available standard 6-well or 24- 445 

well plates formats, it seems well adapted to a transfer at a larger scale. Moreover, it ena- 446 

bles to simultaneously culture a high number of brain organoids (up to 169 in a 6-well 447 

plate format), while preventing fusion and merging between the organoids, contrary to 448 

conventional culture conditions. Overall, the main advantages of this system are the re- 449 

duced hypoxic core formation, and the enhanced homogeneity of sizes between the gen- 450 

erated organoids. Ultimately, this approach seems to provide an experimental strategy to 451 

control the size of organoids. However, regarding the size homogeneity observed between 452 

the organoids, the measurements rely on the diameters of the organoids, which provides 453 

interesting information, but is generally considered as less representative than measure- 454 

ments of volumes, since organoids expand in 3D.  455 

Interestingly, Giandomenico and Lancaster have recently described an innovative 456 

brain organoid culture, based on the combination of organotypic slices cultured with an 457 

air-liquid interface, for improved oxygen and nutrients supply, in order to accelerate or- 458 

ganoids maturation [62]. This system enabled increased neuronal survival and matura- 459 

tion, axon outgrowth, and circuit formation, leading to an active neuronal network. How- 460 

ever, in this protocol based on organoid slices, the organoids are not maintained intact 461 

during the culture, contrary to the protocol of Ao and colleagues where whole organoids 462 

have been cultured at the air-liquid interface thanks to a microfluidic technology. 463 

4. Discussion: Current insight towards industrialized Brain Organoids-on-Chips for 464 

pharmacological applications 465 

Proposing human Brain-Organoids-on-Chips as predictive platforms to study drug 466 

responses for neurological disorders requires taking into account different aspects such 467 

as (i) conceiving methods to obtain brain organoids closely mimicking the physiology of 468 

the human brain, with a high reproducibility and an increased maturation rate in order to 469 

limit the time spent in culture, (ii) having access to standardized and reproducible 470 
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manufacturing processes, while (iii) increasing the performance for high throughput anal- 471 

ysis via non-invasive monitoring techniques such as electrophysiology, and (iv) having 472 

the capability to complexify the model by integrating several cell types or forming multi- 473 

organ/multi-organoids-on-chip (for an overview of current Brain Organoids-on-Chips ad- 474 

vantages and limitations towards pharmacological applications, see Table 2). Since the 475 

cerebral organoid generation protocol requires expertise in stem cells and neurodevelop- 476 

ment, the platform must remain affordable and easily transferable to user laboratories, 477 

while being standardized and adapted to HTS and automation process for industrial 478 

transfer. 479 

 480 

Table 2. Advantages and current limitations of Brain Organoids-on-Chip technolo- 481 

gies regarding pharmaceutical applications 482 

References Scalability Reproducibility Maturity* Functionality** 
Drug permeability  

(BBB modeling) 

[33], [54] Possible Yes 33 days No No 

[55] Possible Yes 120 days 
+/- (Ca2+, patch-

clamp) 
No 

[56] 
Does not seem possi-

ble 
Yes 20 days No No 

[57] Possible Yes 30 days No +/- 

[58], [59] Possible Yes 40 days No No 

[60], [61] Possible Yes 70 days No No 

[34] Yes Yes 90 days +/- (2D MEA) +/- 

*Maximal timepoint  483 

**Electrophysiological recording assays    484 

4.1. Standardization methods for reproducible brain organoids generation 485 

The stochastic nature of PSCs self-organization and differentiation inherently leads 486 

to heterogeneity and variability between cell types and structures obtained, within and 487 

between the individual brain organoids. In particular, unguided differentiation results in 488 

higher heterogeneity, compared to guided methods [12]. Yet, only one research team to 489 

date used a guided protocol to generate cortical organoids (compared to eight using un- 490 

guided protocol) in a micropillar arrays-based platform [60], [61] (Table 1). However, us- 491 

ing guided protocols seems more suitable for larger scale pharmaceutical applications, 492 

due to their inherent reduced heterogeneity.  493 

For pharmacological studies, others key variable parameters of the organoid generation 494 

protocols should be considered: (i) the source of PSCs, ranging from commercially avail- 495 

able PSCs lines to patients-derived cells, as well as the quality and initial state of the PSCs 496 

used to generate the organoids, (ii) experimental parameters of cell culture, and (iii) the 497 

presence of undefined components. 498 

Culturing PSCs in feeder-dependent conditions is considered to increase variability 499 

and inconsistency of the cells, in addition to be technically more difficult [12]. Therefore, 500 

feeder-free cultures appear more appropriate for pre-clinical studies in terms of reproduc- 501 

ibility.  502 
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Regarding other experimental parameters, including the number of passages of the 503 

PSCs used, their state of confluency before their self-aggregation in EBs, or the initial mor- 504 

phology of the EBs, it seems important to define quality controls and selection criteria for 505 

improved standardization and reproducibility. Another important aspect to consider is 506 

the limitation of undefined ingredients in the protocols. Notably concerning the Matrigel, 507 

commonly used either to embed the EBs [18], or diluted in the culture medium [24]. Its 508 

animal-origin, undefined composition, batch-to-batch variability, relatively high-cost, as 509 

well as the recent global shortage, provide reasons to reflect on the necessity to replace 510 

animal-derived ECMs in pre-clinical studies, and on the need to multiply industrial sup- 511 

pliers. Alternatives to Matrigel could include defined non-animal hydrogels. However, 512 

these latter must be carefully selected in terms of mechanical properties since they are 513 

known to influence brain organoids development [48]. Another solution could lie in the 514 

use of brain organoids protocols that do not require an ECM, as already existing [22], [23]. 515 

Interestingly, in the study of Cho and colleagues, they used a human brain ECM-enriched 516 

Matrigel for the EBs embedding [55]. They demonstrated that the presence of ECM ex- 517 

tracted from human cortex samples led to improvements of viability and growth of the 518 

organoids, as well as an accelerated maturation at the structural and functional levels. 519 

Thinking about using human brain ECM is certainly more physiologically relevant, how- 520 

ever, the lack of supply and costs would probably hamper its use in pre-clinical research. 521 

However, synthetic hydrogels that model the human brain ECM physical structure and 522 

proteome could be a promising alternative adapted to brain organoids culture. 523 

Overall, harmonization and standardization of the brain organoid protocols should 524 

be considered to facilitate adoption of these models by the pharmaceutical industry and 525 

regulatory bodies. Moreover, commercial brain organoids could also constitute a potential 526 

alternative for pharmacological studies, by facilitating standardized generation and cul- 527 

ture protocols [13]. 528 

4.2. Standardization microfluidic fabrication process for reproducible devices 529 

As highlighted in Table 1, microfluidic systems tend to enhance the reproducibility 530 

and quality of 3D cell culture. However, microfluidic devices implementation requires 531 

quite complex and time-consuming prototyping and fabrication processes, with specific 532 

equipment. Since the generation of brain organoids is challenging and can lead to a great 533 

variability between batches, the manufacturing processes must therefore ensure robust 534 

and reproducible microfluidic architectures. In addition, the use of microfluidic systems 535 

needs to be easy-to-use, and suppliers should give all the details and protocols to be 536 

adopted by the whole scientific community [14]. Quality criteria and device standardiza- 537 

tion are thus necessary to allow comparison and experimental reproducibility between 538 

laboratories, and to facilitate a large-scale transfer for pharmacological studies. Overall, 539 

this necessary standardization could be achieved using commercial microfluidic systems 540 

[48]. Similarly, the materials used to fabricate the devices are another important parameter 541 

to consider [63]. Indeed, the absorption properties of the material must be considered, 542 

particularly concerning some small molecules [64].  543 

4.3. Compatibility of microfluidic technologies with HTS pharmacological assays: 544 

electrophysiology as relevant non-invasive read-out 545 

Emergent Micro-Electrode Array (MEA) technologies enable non-invasive and long- 546 

term recording of electrophysiological signals in brain organoids. Mature brain organoids 547 

have the ability to recapitulate complex neuronal networks with electrophysiological 548 

communications (for detailed reviews, see [65], [66]).   549 

In 2D MEA, brain organoids are positioned on the MEA support, and action poten- 550 

tials can be detected and recorded from neurons located on the surface of the organoid in 551 

contact with the MEA. However, this means that the recording is limited to a certain re- 552 

gion at the surface of the organoid. To overcome this limitation, other MEA technologies 553 
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are currently being developed, including 3D MEA, to improve electrical detection in the 554 

center of brain organoids.  555 

In perspectives, combination of Brain Organoids-on-Chip platforms with integrated 556 

MEA technologies could provide a relevant non-invasive readout appropriate for high- 557 

throughput analyses and automatization processes, and suitable for HTS compounds 558 

screening, drug discovery and toxicological evaluations. 559 

4.4. Enhancing capabilities by coupling 3D cell culture with the Blood-Brain Barrier 560 

One of the major obstacles in the development of efficient therapeutic drugs for 561 

many neurological diseases is the high selectivity of the BBB. Developing high-fidelity in 562 

vitro models of the BBB is necessary, in order to test drug permeability and distribution. 563 

Conventional in vitro models are based on transwell culture systems with co-cultures of 564 

several neurovascular cells – generally endothelial cells and astrocytes. However, these 565 

minimalistic models are limited in terms of physiological relevance. To address this issue, 566 

microfluidic devices have been proved to recapitulate in physiological microenvironment, 567 

the BBB complexity, thanks to the 3D geometry, capability of compartmentalization, and 568 

improved fluid flows [11]. Typically, a microfluidic-based BBB device commonly consists 569 

of a porous membrane separating two channels thus forming two distinct compartments 570 

modeling vascular and neural sides, separated by an endothelial cell monolayer. These in 571 

vitro models allow to investigate the ability of different compounds to interact with endo- 572 

thelial cells, pericytes, and astrocytes, and to transit across the BBB [67]. An interesting 573 

future perspective could be the combination of brain organoids with such BBB models, 574 

thanks to complex microfluidic platforms, notably for in vitro neurotoxic assessment.  575 

Similarly, another perspective of Brain Organoids-on-Chips complexification lies in 576 

the emerging field of multi-Organs/Organoids-on-Chips, with complex co-cultures of sev- 577 

eral cell types or organoids, and the addition of porous membranes to model physiological 578 

barriers.  579 

 580 

5. Conclusions 581 

The synergy between brain organoid culture and microphysiological chips, termed 582 

“Brain Organoid-on-Chips", can recapitulate the complexity of the human brain while lev- 583 

eraging the advantages of the technology by recreating a physiological and controlled mi- 584 

croenvironment. 3D microfluidic in vitro models based on brain organoids will open the 585 

field to study toxicology (ADME-tox), as well as the delivery and screening of molecules 586 

that target the brain under more physiologically relevant conditions. However, a routine 587 

use in the early phases of drug development requires a reduced variability and an in- 588 

creased quality in terms of culture duration and expression of maturation markers to 589 

achieve the possibility of high throughput analysis. Thus, adoption in routine of Brain 590 

Organoids-on-Chips requires:  591 

- The establishment of standardized cell culture conditions with defined and repro- 592 

ducible validation and characterization criteria,  593 

- Proof of concept that the technology allows to contribute efficiently and reliably 594 

to clinical success for novel therapeutics and improve translational research with 595 

providing evidence of successfully predicted human responses,  596 

- Evidence that the model will reduce the need for animal testing while maintaining 597 

consistency with the scientific aims of the study. 598 

Once validated, two axes of complexification with very strong benefits could be proposed, 599 

namely opening to personalized medicine with the use of primary human cells obtained 600 

from patients and generating Multi-Organoids-on-Chips platforms. 601 

 602 
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