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A B S T R A C T   

Neural organoids consist of three-dimensional tissue derived from pluripotent stem cells that could recapitulate 
key features of the human brain. During the past decade, organoid technology has evolved in the field of human 
brain science by increasing the quality and applicability of its products. Among them, a novel approach involving 
the design of neural organoids engineered by mechanical forces has emerged. This review describes previous 
approaches for the generation of neural organoids, the engineering of neural organoids by mechanical forces, and 
future challenges for the application of mechanical forces in the design of neural organoids.   

1. Introduction 

Neural organoids present three-dimensional (3D) miniature brain- 
like structures that are derived from pluripotent stem cells (PSCs), 
such as embryonic stem cells or induced pluripotent stem cells (iPSCs) 
(Kadoshima et al., 2013; Lancaster et al., 2013). Neural organoids 
recapitulate the features of the human brain at the early stage, therefore 
offering several advantages for studying early human brain develop-
ment and related diseases. First, this technology allows researchers to 
create three-dimensional architecture that carry the genetic background 
of individuals with specific neurological disorders, providing a valuable 
tool for studying disease-specific mechanisms and provide opportunities 
for disease-pathomechanism analysis and drug discovery. Additionally, 
neural organoids can be genetically modified and/or exposed to external 
factors such as viral infections, noxious substances, and drug treatments, 
providing insights into how these factors affect brain morphogenesis and 
function (Di Lullo and Kriegstein, 2017; Amin and Pasca, 2018). 

While neural organoid engineering is progressing rapidly and is 
leading to a new era of brain science research, there is still a long road 
ahead for the development of the highly complex organoids such as the 
human brain. In this review, we summarize up-to-date information 
about achievements in the field of neural organoid technology and 
discuss the potential of the next-generation neural organoids with the 
application of mechanical forces for organoid design. 

2. Previous approaches to neural organoid generation 

Neural organoids technology typically involves a series of steps to 
recapitulate the sequential events that occur during embryogenesis and 
human brain development. In general, the creation of organoids, and 
also neural organoids, is based on a combination of spatial, biological, 
and synthetic design strategies that closely resemble natural organs in 
structure and function (Takebe and Wells, 2019). Size control and 
composition of cell aggregates as well as modeled tissue-tissue interac-
tion create an initial physical arrangement and spatial organization that 
allows for self-organization and the emergence of complex tissue 
structures. Biological environmental control refers to the deliberate se-
lection and implementation of environmental factors that mimic the 
complex conditions found in vivo during organogenesis, homeostasis, 
and regeneration. This approach involves carefully designing the culture 
conditions and providing specific cues such as inducing factors or 
extracellular matrix (ECM) components to create an environment that 
could recapitulate the biological complexity of living organisms. 

To date, whole neural organoids that include various brain regions 
(Lancaster et al., 2013) or regionally isolated neural organoids have 
been generated from human PSCs including cerebral (Kadoshima et al., 
2013; Qian et al., 2016), cerebellum (Muguruma et al., 2015), midbrain 
(Jo et al., 2016; Qian et al., 2016; Monzel et al., 2017), hippocampus 
(Sakaguchi et al., 2015), thalamus (Xiang et al., 2019), hypothalamus 
(Qian et al., 2016), choroid plexus (Pellegrini et al., 2020), spinal cord 
(Ogura et al., 2018; Lee et al., 2022), and neuromuscular organoid 
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(Faustino Martins et al., 2020). Even a complex process like somite 
segmentation has been recapitulated in 3D structure (Miao et al., 2023; 
Yamanaka et al., 2023). Besides, cultured neural organoids also exhibit 
maturation phenotypes such as gliogenesis and myelination (Pasca et al., 
2015; Sloan et al., 2017; Madhavan et al., 2018; James et al., 2021). 

Based on the achievements from the first generation of neural 
organoids, many different approaches have been taken to overcome the 
existing limitations of the organoid system such as reproducibility and 
variability, absence of blood vessels as well as immune system, and low- 
maturation (Hofer and Lutolf, 2021). These complicated approaches 
involve integrated glial cells such as oligodendrocytes (Madhavan et al., 
2018; Marton et al., 2019), microglia (Abud et al., 2017; Ormel et al., 
2018; Song et al., 2019), and blood vessels (Cakir et al., 2019; Ham 
et al., 2020; Shi et al., 2020) into neural organoids. Culture sectioned 
neural organoids at the air-liquid interface also showed enhancing 
maturation and functioning (Giandomenico et al., 2019; Qian et al., 
2020). Another popular engineering approach is the combining of 
different region-specific neural organoids into fusion or assemblies to 
recapitulate the interaction between brain regions. The fused organoids 
can mimic neural migration, projection, or functional neural circuits 
(Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017; Sloan et al., 
2018; Xiang et al., 2019; Andersen et al., 2020; Miura et al., 2020; Ao 
et al., 2021; Miura et al., 2022). Remarkably, connected neural orga-
noids through projecting axons (also called connectoids) in a specific 
microdevice (Kirihara et al., 2019; Osaki and Ikeuchi, 2021) or within a 
tube of gel (Cullen et al., 2019) can generate more complex neural cir-
cuits. On the other hand, a complex technique such as creating a con-
centration gradient of specific morphogens within neural organoids has 
been successfully simulated to mimic patterned structures during brain 
development (Cederquist et al., 2019; Rifes et al., 2020; Seo et al., 2023). 

3. Engineering neural organoids by mechanical forces 

During brain development, mechanical forces play important roles 
that impact brain morphology and function (Javier-Torrent et al., 2021). 
For example, cerebrospinal fluid (CSF) flow during embryogenesis 
shows critical roles in several important processes such as radial glial 
cell polarization, neuronal migration, axon growth and guidance as well 
as cortical folding events (Sawamoto et al., 2006; Guirao et al., 2010; 
Ohata and Alvarez-Buylla, 2016; Garcia et al., 2018). Moreover, the flow 
of CSF is a key signal for neural stem cell renewal through the activity of 
the epithelium sodium channel (Petrik et al., 2018). Besides, substrate 
properties such as stiffness and topography also regulate neural growth, 
migration, and outgrowth (Tanaka et al., 2018; Leclech et al., 2019). 
Emerging evidence has shown that impairment of brain mechanical 
properties such as brain stiffness is associated with neuronal disorder 
(Hiscox et al., 2020; McIlvain et al., 2020). In addition, the role of me-
chanical forces in controlling cortical folding has been noticed (Kroenke 
and Bayly, 2018). While the mechanisms of cortex folding are large 
unknown, the contribution of some ECM components is required for this 
process (Long et al., 2018). Recognizing the importance of mechanical 
forces in embryogenesis and organogenesis, involving these factors in 
neural organoid technology, is a promising strategy for improving the 
reliability of the neural organoid system. 

3.1. Mechanosensing and mechanotransduction in brain physiology 

During organogenesis, a variety of intrinsic forces as well as extrinsic 
forces were found to guide early embryo development. Forces can arise 
from various sources, including cell-generated forces, mechanical 
interaction between cells and the surrounding extracellular matrix, tis-
sue growth, as well as externally applied forces such as shear, tension, or 
compression (Vining and Mooney, 2017). The processes that cells 
recognize and adapt to environmental forces and convert into 
biochemical signals are called mechanosensing and mechano-
transduction. These activities involve a complex network of proteins, 

receptors, ion channels, and signaling pathways. 
At the cellular level, intrinsic forces, such as actomyosin motor 

during cell division, are sensed and transferred to other cells via trans-
membrane receptors as integrins and cadherins that connect the ECM to 
the cell cytoskeleton (Kechagia et al., 2019; Angulo-Urarte et al., 2020). 
ECM cues such as stiffness and tension can modulate these proteins’ 
structure, followed by influencing the cytoskeletal organization and 
activate downstream signaling pathways that control several cellular 
functions such as focal adhesion kinase (FAK) (Chaturvedi et al., 2007) 
and YAP/TAZ signaling (Voltes et al., 2019). For example, stiff or soft 
matrices facilitate the neuronal/glial fate in the regulation of Rho 
GTPase signaling (Sampayo et al., 2023). Evidence showed that the 
mechanical forces generated during zebrafish hindbrain segmentation 
have an impact on controlling the proliferation and differentiation of 
neuronal progenitors through the activity of YAP/TAZ proteins (Voltes 
et al., 2019). 

On the other hand, extrinsic forces from the environment such as 
shear stress are recognized from multiple pathways including mecha-
nosensitive ion channels, flow-sensitive proteins, and primary cilium 
that are located on the cell surface. Several mechanically activated ion 
channels were discovered as sodium ion channels (DEG, ENaC, ASIC), 
transient receptor potential ion channels (TRPN, TRPV4, TRPA1), po-
tassium channel subfamily K members (TREK1/2, TRAAK), and Piezo 
channel family (Piezo1/2) (Ranade et al., 2015). The open or closed 
status of these channels allow the flow of ions across the membrane, 
leading to changes in membrane potentials and intracellular calcium 
levels. Human neural stem cells exhibit stretch-activated ion channels 
Piezo1 and their activity influences neuronal/astrocytic specifications 
by adapting to substrate stiffness (Pathak et al., 2014). Moreover, neural 
stem cells at brain ventricles sense the flow of CSF through their 
epithelium sodium channels (ENaC), thereby regulating their prolifer-
ation (Petrik et al., 2018). 

In addition, forces can be sensed by primary cilia, the sensory or-
ganelles extending from the surface of most mammalian cells. Primary 
cilia are found in various cell types in the human brain and play 
important roles in the nervous system (Guemez-Gamboa et al., 2014). 
Primary cilia actively respond to mechanical cues such as fluid flow, 
matrix stiffness and biological forces by adjusting their length (Bes-
schetnova et al., 2010), their frequency and their position (Williantarra 
et al., 2022). There are various receptors, ion channels, and signaling 
molecules that localize at the primary cilium membrane and basal body, 
enabling them to receive and transmit signals to the cell interior. Pri-
mary cilia are essential for the transduction of many signaling pathways, 
which is crucial for the brain development of such as Sonic Hedgehog 
(SHH), Wnt, MTOR, Notch, Hippo, PDGFR, or autophagy-related mol-
ecules (Wheway et al., 2018; Park et al., 2019). Among them, force 
sensing through regulation of primary cilia-SHH signaling gets much 
attention during brain development (Breunig et al., 2008; Liu et al., 
2021). SHH signaling pathway is a master regulator of human brain 
development, contributing to patterning, cell proliferation and differ-
entiation (Memi et al., 2018). SHH is secreted from the floor plate in the 
neural tube and acts as a morphogen to control cell identity in different 
regions of the developing brain (Marti et al., 1995; Roelink et al., 1995; 
Ye et al., 1998). Understanding these pathways is crucial for unraveling 
the mechanisms underlying mechanosensing and their impact on 
cellular behavior as well as their application to neural organoid 
generation. 

Mechanical forces undergo alterations during brain development: 
neural tube formation (Sokol, 2016; Galea et al., 2017; Zhang et al., 
2019), neural crest cell migration (Chevalier et al., 2016; Barriga et al., 
2018), neural progenitor proliferation (Banerjee et al., 2009; Desmond 
et al., 2014; Petrik et al., 2018), neural progenitor differentiation (Keung 
et al., 2011; Pathak et al., 2014; Arulmoli et al., 2015; Rammensee et al., 
2017; Nourse et al., 2022), neural/glial migration (Kengaku, 2018; 
Leclech et al., 2019; Minegishi and Inagaki, 2020; Nakazawa and Ken-
gaku, 2020; Lopez-Mengual et al., 2022), axon outgrowth and guidance 
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(Koser et al., 2016; Franze, 2020; Raffa, 2023), synapse formation and 
plasticity (Minegishi et al., 2023), and cortical growth and folding 
(Llinares-Benadero and Borrell, 2019; Del-Valle-Anton and Borrell, 
2022). The cellular functions of the progenitors are also important in 
these areas. 

3.2. Neural organoids guided by mechanical forces 

For the need of clinical application, previous efforts were made to 
enhance the complexity and functionality of organoids, to develop 
techniques for their upscaling, and to improve long-term stability and 
develop standardized protocols. Among them, engineering by mechan-
ical force is widely used, with such as bioreactors and microfluidics, to 
promote the growth and organization of neural organoids. Various types 
of bioreactors have been used for the long-term culture of neural orga-
noids (Lancaster et al., 2013; Lancaster and Knoblich, 2014; Qian et al., 
2016; Velasco et al., 2019; Suong et al., 2021) (Fig. 1). Bioreactors 
enable the improvement of oxygen and nutrition transfer, increase cell 
survival, and accelerate differentiation. Despite these advantages, it 
should be noted that these suspension culture systems might also form 
complex forces caused by fluid mixing on cells and organoids. These 
forces involve shear stress and turbulent energy that can affect cell 
viability and have a high impact on the differentiation and phenotype of 
organoids. 

Previous studies revealed that fluid dynamics within bioreactors has 
a role in enhancing the pluripotency of pluripotent stem cells (Fridley 
et al., 2012). The nuclear translocation of β-catenin and interaction 
between β-catenin and adherens junction-associated vinculin are 
required for fluid shear stress-induced pluripotency (Nath et al., 2021). 
Different fluid forces depend on the agitation rate and size/shape of 
vessel impact spheroid formation such as aggregation size, homogene-
ity, and cellular metabolism as well as differentiation and function in 
comparison with static culture (Kinney et al., 2011). 

Mechanical forces have significant influence on the formation and 
development of organoids (Hofer and Lutolf, 2021; Tortorella et al., 
2022). Understanding and controlling the mechanical forces on orga-
noids is essential for guiding their self-organization and morphogenesis, 
enabling the generation of more complex and functional organoid 
models. Different forces (shear stress, tension, compression, or hydro-
static pressure) and matrix properties (stiffness and elasticity) provide 
specific microenvironments for organoid formation and organization 
(Tortorella et al., 2022). Several studies have explored how forces in-
fluence organoid formation (Fig. 1). Restricting the growth of neural 
organoids in a microfabricated compartment enables the investigation 
of the biophysical forces that underlie the formation of brain folds 
(Karzbrun et al., 2018; Chen et al., 2021). Different matrix stiffness and 
ECM composition influence organoid formation, patterning, and orga-
nization (Ranga et al., 2016; Tang et al., 2022). 

Moreover, extrinsic mechanical forces can guide the patterning of 3D 
organoids. Modulating the cytoskeleton structure by cultivating orga-
noids in stretchable silicone membrane or exposing magnetic field to 
organoids enhances the growth and patterning of neural tubes (Abdel 
Fattah et al., 2021; Abdel Fattah et al., 2023). On the other hand, the 
effect of fluid flow on neural organoid formation has also been noticed. 
Continuous laminar flow increased dopaminergic differentiation of 
midbrain organoids (Berger et al., 2018), while bioreactors or orbital 
shakers are used to provide better nutrient and oxygen perfusion fol-
lowed by better neural layer formation (Lancaster et al., 2013; Lancaster 
and Knoblich, 2014; Qian et al., 2016), or to increase reproducibility 
(Velasco et al., 2019). 

3.3. Neural organoids generated by the mixing of vertical motion 
bioreactor 

Mechanical forces generated by the mixing of vertical motion bio-
reactors had an impact on neural organoid specification (Suong et al., 
2021). Computational analysis of fluid dynamic within vertical motion 
bioreactors showed that the agitation rate is proportional to the dynamic 
force characteristics such as flow velocity, shear stress, strain rate, 
vorticity, turbulent energy, and energy dissipation (Suong et al., 2021). 
The higher the mixing speed, the higher is the value of the fluid me-
chanics that neural organoids are subjected to. Surprisingly, even 
though vertical mixing provides lower flow velocity than orbital mixing, 
it allows for highly uniform dispersion of cells and the control of tur-
bulent energy and energy dissipation. It was also observed that peri-
odically high and low value of turbulent energy and energy dissipation 
due to amplitude oscillations provide a constant and non-steady stim-
ulus to the entire cell surface. This suggested that the high amplitude of 
turbulent energy that occurs within a vertical motion bioreactor might 
be an induction factor for changing the neural organoid morphology. 
Organoids in the vertical motion bioreactor showed movement in radial 
and axial directions, whereas organoids in the orbital shaker just moved 
in a radial direction (Suong et al., 2021). 

Cultivation of neural organoids in vertical motion bioreactor showed 
a dramatic change in their structure and identity (Suong et al., 2021). 
The morphology of neural organoids cultured in a vertical motion 
bioreactor had a different structure from that in an orbital shaker such as 
an inverted order of neurons/neuron progenitors and ventral organoid 
identity with the enrichment of GABAergic neurons. Further analysis 
found that primary cilia of neural progenitors showed a strong response 
to fluid dynamics in both quantity and direction. Neural progenitors in 
organoids generated using a vertical motion bioreactor exerted primary 
cilia in a random direction while those of control mainly showed an 
apical-basal direction. Moreover, activation of SHH pathway is also 
detected. These findings showed that controlling mechanical forces 
applied to neural organoids is one possible way to guide organoid 

Fig. 1. Overview of human pluripotent stem cell-derived neural organoid generated by mechanical force application. Timeline for the development of neural 
organoids guided by mechanical forces with important milestones. Several engineering solutions have been developed to enhance the complexity, maturation, and 
function of neural organoids. 
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differentiation. 

4. Future perspectives and challenges for the application of 
mechanical forces in neural organoid design 

Over the past decade, the rapid development of neural organoid 
technology has enabled major applications to the investigation of the 
mechanisms of human brain development and disease. Subsequent ef-
forts are going to focus on applying engineering solutions to overcome 
current limitations of the neural organoid field. The active application of 
mechanical forces of engineering in neural organoid design holds sig-
nificant potential for advancing our understanding of brain develop-
ment, modeling neurological diseases, and developing novel therapeutic 
strategies. Mechanical force engineering could allow researchers to 
create physiologically relevant environments for neural organoids, 
resulting in improvement of structural complexity and maturation. 
Furthermore, the study of how fluid dynamic forces affect neural orga-
noid development could lead to insights into the fundamental mecha-
nisms of brain growth, neuronal migration, and tissue organization. 
Optimizing the parameters of fluid flow within bioreactors will be 
necessary to find suitable culture conditions for each type of neural 
organoids. 

In summary, despite the existing challenges, the ongoing develop-
ment of mechanical force engineering in neural organoid design pro-
vides numerous advantages that will contribute to the application of 
organoids in a new era of human brain science. 

Acknowledgements 

We would like to express our sincere gratitude to all of our co-workers 
and collaborators. This research was funded in part by AMED 
(JP22bm0104001, JP22bm0804034, JP23bm1423014, JP23bm1423012) 
and the Canon Foundation. 　　 

References 

Abdel Fattah, A.R., Daza, B., Rustandi, G., Berrocal-Rubio, M.A., Gorissen, B., 
Poovathingal, S., Davie, K., Barrasa-Fano, J., Condor, M., Cao, X., Rosenzweig, D.H., 
Lei, Y., Finnell, R., Verfaillie, C., Sampaolesi, M., Dedecker, P., Van Oosterwyck, H., 
Aerts, S., Ranga, A., 2021. Actuation enhances patterning in human neural tube 
organoids. Nat. Commun. 12 (1), 3192 https://doi.org/10.1038/s41467-021-22952- 
0. 

Abdel Fattah, A.R., Kolaitis, N., Van Daele, K., Daza, B., Rustandi, A.G., Ranga, A., 2023. 
Targeted mechanical stimulation via magnetic nanoparticles guides in vitro tissue 
development. Nat. Commun. 14 (1), 5281 https://doi.org/10.1038/s41467-023- 
41037-8. 

Abud, E.M., Ramirez, R.N., Martinez, E.S., Healy, L.M., Nguyen, C.H.H., Newman, S.A., 
Yeromin, A.V., Scarfone, V.M., Marsh, S.E., Fimbres, C., Caraway, C.A., Fote, G.M., 
Madany, A.M., Agrawal, A., Kayed, R., Gylys, K.H., Cahalan, M.D., Cummings, B.J., 
Antel, J.P., Mortazavi, A., Carson, M.J., Poon, W.W., Blurton-Jones, M., 2017. iPSC- 
derived human microglia-like cells to study neurological diseases. Neuron 94 (2), 
278–293. https://doi.org/10.1016/j.neuron.2017.03.042 e279.  

Amin, N.D., Pasca, S.P., 2018. Building models of brain disorders with three-dimensional 
organoids. Neuron 100 (2), 389–405. https://doi.org/10.1016/j. 
neuron.2018.10.007. 

Andersen, J., Revah, O., Miura, Y., Thom, N., Amin, N.D., Kelley, K.W., Singh, M., 
Chen, X., Thete, M.V., Walczak, E.M., Vogel, H., Fan, H.C., Pasca, S.P., 2020. 
Generation of functional human 3D cortico-motor assembloids. Cell 183 (7), 
1913–1929. https://doi.org/10.1016/j.cell.2020.11.017 e1926.  

Angulo-Urarte, A., van der Wal, T., Huveneers, S., 2020. Cell-cell junctions as sensors and 
transducers of mechanical forces. Biochim. Biophys. Acta Biomembr. 1862 (9), 
183316 https://doi.org/10.1016/j.bbamem.2020.183316. 

Ao, Z., Cai, H., Wu, Z., Ott, J., Wang, H., Mackie, K., Guo, F., 2021. Controllable fusion of 
human brain organoids using acoustofluidics. Lab Chip 21 (4), 688–699. https://doi. 
org/10.1039/d0lc01141j. 

Arulmoli, J., Pathak, M.M., McDonnell, L.P., Nourse, J.L., Tombola, F., Earthman, J.C., 
Flanagan, L.A., 2015. Static stretch affects neural stem cell differentiation in an 
extracellular matrix-dependent manner. Sci. Rep. 5, 8499 https://doi.org/10.1038/ 
srep08499. 

Bagley, J.A., Reumann, D., Bian, S., Levi-Strauss, J., Knoblich, J.A., 2017. Fused cerebral 
organoids model interactions between brain regions. Nat. Methods 14 (7), 743–751. 
https://doi.org/10.1038/nmeth.4304. 

Banerjee, A., Arha, M., Choudhary, S., Ashton, R.S., Bhatia, S.R., Schaffer, D.V., Kane, R. 
S., 2009. The influence of hydrogel modulus on the proliferation and differentiation 

of encapsulated neural stem cells. Biomaterials 30 (27), 4695–4699. https://doi.org/ 
10.1016/j.biomaterials.2009.05.050. 

Barriga, E.H., Franze, K., Charras, G., Mayor, R., 2018. Tissue stiffening coordinates 
morphogenesis by triggering collective cell migration in vivo. Nature 554 (7693), 
523–527. https://doi.org/10.1038/nature25742. 

Berger, E., Magliaro, C., Paczia, N., Monzel, A.S., Antony, P., Linster, C.L., Bolognin, S., 
Ahluwalia, A., Schwamborn, J.C., 2018. Millifluidic culture improves human 
midbrain organoid vitality and differentiation. Lab Chip 18 (20), 3172–3183. 
https://doi.org/10.1039/c8lc00206a. 

Besschetnova, T.Y., Kolpakova-Hart, E., Guan, Y., Zhou, J., Olsen, B.R., Shah, J.V., 2010. 
Identification of signaling pathways regulating primary cilium length and flow- 
mediated adaptation. Curr. Biol. 20 (2), 182–187. https://doi.org/10.1016/j. 
cub.2009.11.072. 

Birey, F., Andersen, J., Makinson, C.D., Islam, S., Wei, W., Huber, N., Fan, H.C., 
Metzler, K.R.C., Panagiotakos, G., Thom, N., O’Rourke, N.A., Steinmetz, L.M., 
Bernstein, J.A., Hallmayer, J., Huguenard, J.R., Pasca, S.P., 2017. Assembly of 
functionally integrated human forebrain spheroids. Nature 545 (7652), 54–59. 
https://doi.org/10.1038/nature22330. 

Breunig, J.J., Sarkisian, M.R., Arellano, J.I., Morozov, Y.M., Ayoub, A.E., Sojitra, S., 
Wang, B., Flavell, R.A., Rakic, P., Town, T., 2008. Primary cilia regulate 
hippocampal neurogenesis by mediating sonic hedgehog signaling. Proc. Natl. Acad. 
Sci. USA 105 (35), 13127–13132. https://doi.org/10.1073/pnas.0804558105. 

Cakir, B., Xiang, Y., Tanaka, Y., Kural, M.H., Parent, M., Kang, Y.J., Chapeton, K., 
Patterson, B., Yuan, Y., He, C.S., Raredon, M.S.B., Dengelegi, J., Kim, K.Y., Sun, P., 
Zhong, M., Lee, S., Patra, P., Hyder, F., Niklason, L.E., Lee, S.H., Yoon, Y.S., Park, I. 
H., 2019. Engineering of human brain organoids with a functional vascular-like 
system. Nat. Methods 16 (11), 1169–1175. https://doi.org/10.1038/s41592-019- 
0586-5. 

Cederquist, G.Y., Asciolla, J.J., Tchieu, J., Walsh, R.M., Cornacchia, D., Resh, M.D., 
Studer, L., 2019. Specification of positional identity in forebrain organoids. Nat. 
Biotechnol. 37 (4), 436–444. https://doi.org/10.1038/s41587-019-0085-3. 

Chaturvedi, L.S., Marsh, H.M., Basson, M.D., 2007. Src and focal adhesion kinase mediate 
mechanical strain-induced proliferation and ERK1/2 phosphorylation in human 
H441 pulmonary epithelial cells. Am. J. Physiol. Cell Physiol. 292 (5), C1701–1713. 
https://doi.org/10.1152/ajpcell.00529.2006. 

Chen, C., Rengarajan, V., Kjar, A., Huang, Y., 2021. A matrigel-free method to generate 
matured human cerebral organoids using 3D-Printed microwell arrays. Bioact. 
Mater. 6 (4), 1130–1139. https://doi.org/10.1016/j.bioactmat.2020.10.003. 

Chevalier, N.R., Gazguez, E., Bidault, L., Guilbert, T., Vias, C., Vian, E., Watanabe, Y., 
Muller, L., Germain, S., Bondurand, N., Dufour, S., Fleury, V., 2016. How tissue 
mechanical properties affect enteric neural crest cell migration. Sci. Rep. 6, 20927 
https://doi.org/10.1038/srep20927. 

Cullen, D.K., Gordian-Velez, W.J., Struzyna, L.A., Jgamadze, D., Lim, J., Wofford, K.L., 
Browne, K.D., Chen, H.I., 2019. Bundled three-dimensional human axon tracts 
derived from brain organoids. iScience 21, 57–67. https://doi.org/10.1016/j. 
isci.2019.10.004. 

Del-Valle-Anton, L., Borrell, V., 2022. Folding brains: from development to disease 
modeling. Physiol. Rev. 102 (2), 511–550. https://doi.org/10.1152/ 
physrev.00016.2021. 

Desmond, M.E., Knepper, J.E., DiBenedetto, A.J., Malaugh, E., Callejo, S., Carretero, R., 
Alonso, M.I., Gato, A., 2014. Focal adhesion kinase as a mechanotransducer during 
rapid brain growth of the chick embryo. Int J. Dev. Biol. 58 (1), 35–43. https://doi. 
org/10.1387/ijdb.130305md. 

Di Lullo, E., Kriegstein, A.R., 2017. The use of brain organoids to investigate neural 
development and disease. Nat. Rev. Neurosci. 18 (10), 573–584. https://doi.org/ 
10.1038/nrn.2017.107. 

Faustino Martins, J.M., Fischer, C., Urzi, A., Vidal, R., Kunz, S., Ruffault, P.L., Kabuss, L., 
Hube, I., Gazzerro, E., Birchmeier, C., Spuler, S., Sauer, S., Gouti, M., 2020. Self- 
organizing 3D human trunk neuromuscular organoids. Cell Stem Cell 27 (3), 498. 
https://doi.org/10.1016/j.stem.2020.08.011. 

Franze, K., 2020. Integrating chemistry and mechanics: the forces driving axon growth. 
Annu Rev. Cell Dev. Biol. 36, 61–83. https://doi.org/10.1146/annurev-cellbio- 
100818-125157. 

Fridley, K.M., Kinney, M.A., McDevitt, T.C., 2012. Hydrodynamic modulation of 
pluripotent stem cells. Stem Cell Res Ther. 3 (6), 45 https://doi.org/10.1186/ 
scrt136. 

Galea, G.L., Cho, Y.J., Galea, G., Mole, M.A., Rolo, A., Savery, D., Moulding, D., 
Culshaw, L.H., Nikolopoulou, E., Greene, N.D.E., Copp, A.J., 2017. Biomechanical 
coupling facilitates spinal neural tube closure in mouse embryos. Proc. Natl. Acad. 
Sci. USA 114 (26), E5177–E5186. https://doi.org/10.1073/pnas.1700934114. 

Garcia, K.E., Kroenke, C.D., Bayly, P.V., 2018. Mechanics of cortical folding: stress, 
growth and stability. Philos. Trans. R. Soc. Lond. B Biol. Sci. 373 (1759) https://doi. 
org/10.1098/rstb.2017.0321. 

Giandomenico, S.L., Mierau, S.B., Gibbons, G.M., Wenger, L.M.D., Masullo, L., Sit, T., 
Sutcliffe, M., Boulanger, J., Tripodi, M., Derivery, E., Paulsen, O., Lakatos, A., 
Lancaster, M.A., 2019. Cerebral organoids at the air-liquid interface generate diverse 
nerve tracts with functional output. Nat. Neurosci. 22 (4), 669–679. https://doi.org/ 
10.1038/s41593-019-0350-2. 

Guemez-Gamboa, A., Coufal, N.G., Gleeson, J.G., 2014. Primary cilia in the developing 
and mature brain. Neuron 82 (3), 511–521. https://doi.org/10.1016/j. 
neuron.2014.04.024. 

Guirao, B., Meunier, A., Mortaud, S., Aguilar, A., Corsi, J.-M., Strehl, L., Hirota, Y., 
Desoeuvre, A., Boutin, C., Han, Y.-G., Mirzadeh, Z., Cremer, H., Montcouquiol, M., 
Sawamoto, K., Spassky, N., 2010. Coupling between hydrodynamic forces and planar 
cell polarity orients mammalian motile cilia. Nat. Cell Biol. 12 (4), 341–350. https:// 
doi.org/10.1038/ncb2040. 

D.N.A. Suong et al.                                                                                                                                                                                                                             

https://doi.org/10.1038/s41467-021-22952-0
https://doi.org/10.1038/s41467-021-22952-0
https://doi.org/10.1038/s41467-023-41037-8
https://doi.org/10.1038/s41467-023-41037-8
https://doi.org/10.1016/j.neuron.2017.03.042
https://doi.org/10.1016/j.neuron.2018.10.007
https://doi.org/10.1016/j.neuron.2018.10.007
https://doi.org/10.1016/j.cell.2020.11.017
https://doi.org/10.1016/j.bbamem.2020.183316
https://doi.org/10.1039/d0lc01141j
https://doi.org/10.1039/d0lc01141j
https://doi.org/10.1038/srep08499
https://doi.org/10.1038/srep08499
https://doi.org/10.1038/nmeth.4304
https://doi.org/10.1016/j.biomaterials.2009.05.050
https://doi.org/10.1016/j.biomaterials.2009.05.050
https://doi.org/10.1038/nature25742
https://doi.org/10.1039/c8lc00206a
https://doi.org/10.1016/j.cub.2009.11.072
https://doi.org/10.1016/j.cub.2009.11.072
https://doi.org/10.1038/nature22330
https://doi.org/10.1073/pnas.0804558105
https://doi.org/10.1038/s41592-019-0586-5
https://doi.org/10.1038/s41592-019-0586-5
https://doi.org/10.1038/s41587-019-0085-3
https://doi.org/10.1152/ajpcell.00529.2006
https://doi.org/10.1016/j.bioactmat.2020.10.003
https://doi.org/10.1038/srep20927
https://doi.org/10.1016/j.isci.2019.10.004
https://doi.org/10.1016/j.isci.2019.10.004
https://doi.org/10.1152/physrev.00016.2021
https://doi.org/10.1152/physrev.00016.2021
https://doi.org/10.1387/ijdb.130305md
https://doi.org/10.1387/ijdb.130305md
https://doi.org/10.1038/nrn.2017.107
https://doi.org/10.1038/nrn.2017.107
https://doi.org/10.1016/j.stem.2020.08.011
https://doi.org/10.1146/annurev-cellbio-100818-125157
https://doi.org/10.1146/annurev-cellbio-100818-125157
https://doi.org/10.1186/scrt136
https://doi.org/10.1186/scrt136
https://doi.org/10.1073/pnas.1700934114
https://doi.org/10.1098/rstb.2017.0321
https://doi.org/10.1098/rstb.2017.0321
https://doi.org/10.1038/s41593-019-0350-2
https://doi.org/10.1038/s41593-019-0350-2
https://doi.org/10.1016/j.neuron.2014.04.024
https://doi.org/10.1016/j.neuron.2014.04.024
https://doi.org/10.1038/ncb2040
https://doi.org/10.1038/ncb2040


IBRO Neuroscience Reports 16 (2024) 190–195

194

Ham, O., Jin, Y.B., Kim, J., Lee, M.O., 2020. Blood vessel formation in cerebral organoids 
formed from human embryonic stem cells. Biochem Biophys. Res Commun. 521 (1), 
84–90. https://doi.org/10.1016/j.bbrc.2019.10.079. 

Hiscox, L.V., Johnson, C.L., McGarry, M.D.J., Marshall, H., Ritchie, C.W., van Beek, E.J. 
R., Roberts, N., Starr, J.M., 2020. Mechanical property alterations across the cerebral 
cortex due to Alzheimer’s disease. Brain Commun. 2 (1), fcz049 https://doi.org/ 
10.1093/braincomms/fcz049. 

Hofer, M., Lutolf, M.P., 2021. Engineering organoids. Nat. Rev. Mater. 6 (5), 402–420. 
https://doi.org/10.1038/s41578-021-00279-y. 

James, O.G., Selvaraj, B.T., Magnani, D., Burr, K., Connick, P., Barton, S.K., Vasistha, N. 
A., Hampton, D.W., Story, D., Smigiel, R., Ploski, R., Brophy, P.J., Ffrench- 
Constant, C., Lyons, D.A., Chandran, S., 2021. iPSC-derived myelinoids to study 
myelin biology of humans. Dev. Cell 56 (9), 1346–1358. https://doi.org/10.1016/j. 
devcel.2021.04.006 e1346.  

Javier-Torrent, M., Zimmer-Bensch, G., Nguyen, L., 2021. Mechanical forces orchestrate 
brain development. Trends Neurosci. 44 (2), 110–121. https://doi.org/10.1016/j. 
tins.2020.10.012. 

Jo, J., Xiao, Y., Sun, A.X., Cukuroglu, E., Tran, H.D., Goke, J., Tan, Z.Y., Saw, T.Y., 
Tan, C.P., Lokman, H., Lee, Y., Kim, D., Ko, H.S., Kim, S.O., Park, J.H., Cho, N.J., 
Hyde, T.M., Kleinman, J.E., Shin, J.H., Weinberger, D.R., Tan, E.K., Je, H.S., Ng, H. 
H., 2016. Midbrain-like organoids from human pluripotent stem cells contain 
functional dopaminergic and neuromelanin-producing neurons. Cell Stem Cell 19 
(2), 248–257. https://doi.org/10.1016/j.stem.2016.07.005. 

Kadoshima, T., Sakaguchi, H., Nakano, T., Soen, M., Ando, S., Eiraku, M., Sasai, Y., 2013. 
Self-organization of axial polarity, inside-out layer pattern, and species-specific 
progenitor dynamics in human ES cell-derived neocortex. Proc. Natl. Acad. Sci. USA 
110 (50), 20284–20289. https://doi.org/10.1073/pnas.1315710110. 

Karzbrun, E., Kshirsagar, A., Cohen, S.R., Hanna, J.H., Reiner, O., 2018. Human brain 
organoids on a chip reveal the physics of folding. Nat. Phys. 14 (5), 515–522. 
https://doi.org/10.1038/s41567-018-0046-7. 

Kechagia, J.Z., Ivaska, J., Roca-Cusachs, P., 2019. Integrins as biomechanical sensors of 
the microenvironment. Nat. Rev. Mol. Cell Biol. 20 (8), 457–473. https://doi.org/ 
10.1038/s41580-019-0134-2. 

Kengaku, M., 2018. Cytoskeletal control of nuclear migration in neurons and non- 
neuronal cells. Proc. Jpn Acad. Ser. B Phys. Biol. Sci. 94 (9), 337–349. https://doi. 
org/10.2183/pjab.94.022. 

Keung, A.J., de Juan-Pardo, E.M., Schaffer, D.V., Kumar, S., 2011. Rho GTPases mediate 
the mechanosensitive lineage commitment of neural stem cells. Stem Cells 29 (11), 
1886–1897. https://doi.org/10.1002/stem.746. 

Kinney, M.A., Sargent, C.Y., McDevitt, T.C., 2011. The multiparametric effects of 
hydrodynamic environments on stem cell culture. Tissue Eng. Part B Rev. 17 (4), 
249–262. https://doi.org/10.1089/ten.TEB.2011.0040. 

Kirihara, T., Luo, Z., Chow, S.Y.A., Misawa, R., Kawada, J., Shibata, S., Khoyratee, F., 
Vollette, C.A., Volz, V., Levi, T., Fujii, T., Ikeuchi, Y., 2019. A human induced 
pluripotent stem cell-derived tissue model of a cerebral tract connecting two cortical 
regions. iScience 14, 301–311. https://doi.org/10.1016/j.isci.2019.03.012. 

Koser, D.E., Thompson, A.J., Foster, S.K., Dwivedy, A., Pillai, E.K., Sheridan, G.K., 
Svoboda, H., Viana, M., Costa, L.D., Guck, J., Holt, C.E., Franze, K., 2016. 
Mechanosensing is critical for axon growth in the developing brain. Nat. Neurosci. 
19 (12), 1592–1598. https://doi.org/10.1038/nn.4394. 

Kroenke, C.D., Bayly, P.V., 2018. How forces fold the cerebral cortex. J. Neurosci. 38 (4), 
767–775. https://doi.org/10.1523/Jneurosci.1105-17.2017. 

Lancaster, M.A., Knoblich, J.A., 2014. Generation of cerebral organoids from human 
pluripotent stem cells. Nat. Protoc. 9 (10), 2329–2340. https://doi.org/10.1038/ 
nprot.2014.158. 

Lancaster, M.A., Renner, M., Martin, C.A., Wenzel, D., Bicknell, L.S., Hurles, M.E., 
Homfray, T., Penninger, J.M., Jackson, A.P., Knoblich, J.A., 2013. Cerebral 
organoids model human brain development and microcephaly. Nature 501 (7467), 
373–379. https://doi.org/10.1038/nature12517. 

Leclech, C., Renner, M., Villard, C., Metin, C., 2019. Topographical cues control the 
morphology and dynamics of migrating cortical interneurons. Biomaterials 214, 
119194. https://doi.org/10.1016/j.biomaterials.2019.05.005. 

Lee, J.H., Shin, H., Shaker, M.R., Kim, H.J., Park, S.H., Kim, J.H., Lee, N., Kang, M., 
Cho, S., Kwak, T.H., Kim, J.W., Song, M.R., Kwon, S.H., Han, D.W., Lee, S., Choi, S. 
Y., Rhyu, I.J., Kim, H., Geum, D., Cho, I.J., Sun, W., 2022. Production of human 
spinal-cord organoids recapitulating neural-tube morphogenesis. Nat. Biomed. Eng. 
6 (4), 435–448. https://doi.org/10.1038/s41551-022-00868-4. 

Liu, S., Trupiano, M.X., Simon, J., Guo, J., Anton, E.S., 2021. The essential role of 
primary cilia in cerebral cortical development and disorders. Curr. Top. Dev. Biol. 
142, 99–146. https://doi.org/10.1016/bs.ctdb.2020.11.003. 

Llinares-Benadero, C., Borrell, V., 2019. Deconstructing cortical folding: genetic, cellular 
and mechanical determinants. Nat. Rev. Neurosci. 20 (3), 161–176. https://doi.org/ 
10.1038/s41583-018-0112-2. 

Long, K.R., Newland, B., Florio, M., Kalebic, N., Langen, B., Kolterer, A., Wimberger, P., 
Huttner, W.B., 2018. Extracellular matrix components HAPLN1, Lumican, and 
Collagen I cause hyaluronic acid-dependent folding of the developing human 
neocortex. Neuron 99 (4), 702–719. https://doi.org/10.1016/j.neuron.2018.07.013 
e706.  

Lopez-Mengual, A., Segura-Feliu, M., Sunyer, R., Sanz-Fraile, H., Otero, J., Mesquida- 
Veny, F., Gil, V., Hervera, A., Ferrer, I., Soriano, J., Trepat, X., Farre, R., Navajas, D., 
Del Rio, J.A., 2022. Involvement of mechanical cues in the migration of cajal-retzius 
cells in the marginal zone during neocortical development. Front Cell Dev. Biol. 10, 
886110 https://doi.org/10.3389/fcell.2022.886110. 

Madhavan, M., Nevin, Z.S., Shick, H.E., Garrison, E., Clarkson-Paredes, C., Karl, M., 
Clayton, B.L.L., Factor, D.C., Allan, K.C., Barbar, L., Jain, T., Douvaras, P., 
Fossati, V., Miller, R.H., Tesar, P.J., 2018. Induction of myelinating oligodendrocytes 

in human cortical spheroids. Nat. Methods 15 (9), 700–706. https://doi.org/ 
10.1038/s41592-018-0081-4. 

Marti, E., Bumcrot, D.A., Takada, R., McMahon, A.P., 1995. Requirement of 19K form of 
Sonic hedgehog for induction of distinct ventral cell types in CNS explants. Nature 
375 (6529), 322–325. https://doi.org/10.1038/375322a0. 

Marton, R.M., Miura, Y., Sloan, S.A., Li, Q., Revah, O., Levy, R.J., Huguenard, J.R., 
Pasca, S.P., 2019. Differentiation and maturation of oligodendrocytes in human 
three-dimensional neural cultures. Nat. Neurosci. 22 (3), 484–491. https://doi.org/ 
10.1038/s41593-018-0316-9. 

McIlvain, G., Tracy, J.B., Chaze, C.A., Petersen, D.A., Villermaux, G.M., Wright, H.G., 
Miller, F., Crenshaw, J.R., Johnson, C.L., 2020. Brain stiffness relates to dynamic 
balance reactions in children with cerebral palsy. J. Child Neurol. 35 (7), 463–471. 
https://doi.org/10.1177/0883073820909274. 

Memi, F., Zecevic, N., Radonjic, N., 2018. Multiple roles of Sonic Hedgehog in the 
developing human cortex are suggested by its widespread distribution. Brain Struct. 
Funct. 223 (5), 2361–2375. https://doi.org/10.1007/s00429-018-1621-5. 

Miao, Y., Djeffal, Y., De Simone, A., Zhu, K., Lee, J.G., Lu, Z., Silberfeld, A., Rao, J., 
Tarazona, O.A., Mongera, A., Rigoni, P., Diaz-Cuadros, M., Song, L.M.S., Di Talia, S., 
Pourquie, O., 2023. Reconstruction and deconstruction of human somitogenesis in 
vitro. Nature 614 (7948), 500–508. https://doi.org/10.1038/s41586-022-05655-4. 

Minegishi, T., Inagaki, N., 2020. Forces to drive neuronal migration steps. Front Cell Dev. 
Biol. 8, 863 https://doi.org/10.3389/fcell.2020.00863. 

Minegishi, T., Kastian, R.F., Inagaki, N., 2023. Mechanical regulation of synapse 
formation and plasticity. Semin Cell Dev. Biol. 140, 82–89. https://doi.org/10.1016/ 
j.semcdb.2022.05.017. 

Miura, Y., Li, M.Y., Birey, F., Ikeda, K., Revah, O., Thete, M.V., Park, J.Y., Puno, A., 
Lee, S.H., Porteus, M.H., Pasca, S.P., 2020. Generation of human striatal organoids 
and cortico-striatal assembloids from human pluripotent stem cells. Nat. Biotechnol. 
38 (12), 1421–1430. https://doi.org/10.1038/s41587-020-00763-w. 

Miura, Y., Li, M.Y., Revah, O., Yoon, S.J., Narazaki, G., Pasca, S.P., 2022. Engineering 
brain assembloids to interrogate human neural circuits. Nat. Protoc. 17 (1), 15–35. 
https://doi.org/10.1038/s41596-021-00632-z. 

Monzel, A.S., Smits, L.M., Hemmer, K., Hachi, S., Moreno, E.L., van Wuellen, T., 
Jarazo, J., Walter, J., Bruggemann, I., Boussaad, I., Berger, E., Fleming, R.M.T., 
Bolognin, S., Schwamborn, J.C., 2017. Derivation of human midbrain-specific 
organoids from neuroepithelial stem cells. Stem Cell Rep. 8 (5), 1144–1154. https:// 
doi.org/10.1016/j.stemcr.2017.03.010. 

Muguruma, K., Nishiyama, A., Kawakami, H., Hashimoto, K., Sasai, Y., 2015. Self- 
organization of polarized cerebellar tissue in 3D culture of human pluripotent stem 
cells. Cell Rep. 10 (4), 537–550. https://doi.org/10.1016/j.celrep.2014.12.051. 

Nakazawa, N., Kengaku, M., 2020. Mechanical regulation of nuclear translocation in 
migratory neurons. Front Cell Dev. Biol. 8, 150 https://doi.org/10.3389/ 
fcell.2020.00150. 

Nath, S.C., Day, B., Harper, L., Yee, J., Hsu, C.Y., Larijani, L., Rohani, L., Duan, N., 
Kallos, M.S., Rancourt, D.E., 2021. Fluid shear stress promotes embryonic stem cell 
pluripotency via interplay between beta-catenin and vinculin in bioreactor culture. 
Stem Cells 39 (9), 1166–1177. https://doi.org/10.1002/stem.3382. 

Nourse, J.L., Leung, V.M., Abuwarda, H., Evans, E.L., Izquierdo-Ortiz, E., Ly, A.T., 
Truong, N., Smith, S., Bhavsar, H., Bertaccini, G., Monuki, E.S., Panicker, M.M., 
Pathak, M.M., 2022. Piezo1 regulates cholesterol biosynthesis to influence neural 
stem cell fate during brain development. J. Gen. Physiol. 154 (10) https://doi.org/ 
10.1085/jgp.202213084. 

Ogura, T., Sakaguchi, H., Miyamoto, S., Takahashi, J., 2018. Three-dimensional 
induction of dorsal, intermediate and ventral spinal cord tissues from human 
pluripotent stem cells. Development 145 (16). https://doi.org/10.1242/dev.162214. 

Ohata, S., Alvarez-Buylla, A., 2016. Planar organization of multiciliated ependymal (E1) 
cells in the brain ventricular epithelium. Trends Neurosci. 39 (8), 543–551. https:// 
doi.org/10.1016/j.tins.2016.05.004. 

Ormel, P.R., Vieira de Sa, R., van Bodegraven, E.J., Karst, H., Harschnitz, O., 
Sneeboer, M.A.M., Johansen, L.E., van Dijk, R.E., Scheefhals, N., Berdenis van 
Berlekom, A., Ribes Martinez, E., Kling, S., MacGillavry, H.D., van den Berg, L.H., 
Kahn, R.S., Hol, E.M., de Witte, L.D., Pasterkamp, R.J., 2018. Microglia innately 
develop within cerebral organoids. Nat. Commun. 9 (1), 4167 https://doi.org/ 
10.1038/s41467-018-06684-2. 

Osaki, T., & Ikeuchi, Y. (2021). Advanced Complexity and Plasticity of Neural Activity in 
Reciprocally Connected Human Cerebral Organoids. bioRxiv, 
2021.2002.2016.431387. https://doi.org/10.1101/2021.02.16.431387. 

Park, S.M., Jang, H.J., Lee, J.H., 2019. Roles of primary cilia in the developing brain. 
Front Cell Neurosci. 13, 218 https://doi.org/10.3389/fncel.2019.00218. 

Pasca, A.M., Sloan, S.A., Clarke, L.E., Tian, Y., Makinson, C.D., Huber, N., Kim, C.H., 
Park, J.Y., O’Rourke, N.A., Nguyen, K.D., Smith, S.J., Huguenard, J.R., 
Geschwind, D.H., Barres, B.A., Pasca, S.P., 2015. Functional cortical neurons and 
astrocytes from human pluripotent stem cells in 3D culture. Nat. Methods 12 (7), 
671–678. https://doi.org/10.1038/nmeth.3415. 

Pathak, M.M., Nourse, J.L., Tran, T., Hwe, J., Arulmoli, J., Le, D.T., Bernardis, E., 
Flanagan, L.A., Tombola, F., 2014. Stretch-activated ion channel Piezo1 directs 
lineage choice in human neural stem cells. Proc. Natl. Acad. Sci. USA 111 (45), 
16148–16153. https://doi.org/10.1073/pnas.1409802111. 

Pellegrini, L., Albecka, A., Mallery, D.L., Kellner, M.J., Paul, D., Carter, A.P., James, L.C., 
Lancaster, M.A., 2020. SARS-CoV-2 infects the brain choroid plexus and disrupts the 
blood-CSF barrier in human brain organoids. Cell Stem Cell 27 (6), 951–961. 
https://doi.org/10.1016/j.stem.2020.10.001. 

Petrik, D., Myoga, M.H., Grade, S., Gerkau, N.J., Pusch, M., Rose, C.R., Grothe, B., 
Gotz, M., 2018. Epithelial sodium channel regulates adult neural stem cell 
proliferation in a flow-dependent manner. Cell Stem Cell 22 (6), 865–878. https:// 
doi.org/10.1016/j.stem.2018.04.016. 

D.N.A. Suong et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.bbrc.2019.10.079
https://doi.org/10.1093/braincomms/fcz049
https://doi.org/10.1093/braincomms/fcz049
https://doi.org/10.1038/s41578-021-00279-y
https://doi.org/10.1016/j.devcel.2021.04.006
https://doi.org/10.1016/j.devcel.2021.04.006
https://doi.org/10.1016/j.tins.2020.10.012
https://doi.org/10.1016/j.tins.2020.10.012
https://doi.org/10.1016/j.stem.2016.07.005
https://doi.org/10.1073/pnas.1315710110
https://doi.org/10.1038/s41567-018-0046-7
https://doi.org/10.1038/s41580-019-0134-2
https://doi.org/10.1038/s41580-019-0134-2
https://doi.org/10.2183/pjab.94.022
https://doi.org/10.2183/pjab.94.022
https://doi.org/10.1002/stem.746
https://doi.org/10.1089/ten.TEB.2011.0040
https://doi.org/10.1016/j.isci.2019.03.012
https://doi.org/10.1038/nn.4394
https://doi.org/10.1523/Jneurosci.1105-17.2017
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1038/nprot.2014.158
https://doi.org/10.1038/nature12517
https://doi.org/10.1016/j.biomaterials.2019.05.005
https://doi.org/10.1038/s41551-022-00868-4
https://doi.org/10.1016/bs.ctdb.2020.11.003
https://doi.org/10.1038/s41583-018-0112-2
https://doi.org/10.1038/s41583-018-0112-2
https://doi.org/10.1016/j.neuron.2018.07.013
https://doi.org/10.3389/fcell.2022.886110
https://doi.org/10.1038/s41592-018-0081-4
https://doi.org/10.1038/s41592-018-0081-4
https://doi.org/10.1038/375322a0
https://doi.org/10.1038/s41593-018-0316-9
https://doi.org/10.1038/s41593-018-0316-9
https://doi.org/10.1177/0883073820909274
https://doi.org/10.1007/s00429-018-1621-5
https://doi.org/10.1038/s41586-022-05655-4
https://doi.org/10.3389/fcell.2020.00863
https://doi.org/10.1016/j.semcdb.2022.05.017
https://doi.org/10.1016/j.semcdb.2022.05.017
https://doi.org/10.1038/s41587-020-00763-w
https://doi.org/10.1038/s41596-021-00632-z
https://doi.org/10.1016/j.stemcr.2017.03.010
https://doi.org/10.1016/j.stemcr.2017.03.010
https://doi.org/10.1016/j.celrep.2014.12.051
https://doi.org/10.3389/fcell.2020.00150
https://doi.org/10.3389/fcell.2020.00150
https://doi.org/10.1002/stem.3382
https://doi.org/10.1085/jgp.202213084
https://doi.org/10.1085/jgp.202213084
https://doi.org/10.1242/dev.162214
https://doi.org/10.1016/j.tins.2016.05.004
https://doi.org/10.1016/j.tins.2016.05.004
https://doi.org/10.1038/s41467-018-06684-2
https://doi.org/10.1038/s41467-018-06684-2
https://doi.org/10.1101/2021.02.16.431387
https://doi.org/10.3389/fncel.2019.00218
https://doi.org/10.1038/nmeth.3415
https://doi.org/10.1073/pnas.1409802111
https://doi.org/10.1016/j.stem.2020.10.001
https://doi.org/10.1016/j.stem.2018.04.016
https://doi.org/10.1016/j.stem.2018.04.016


IBRO Neuroscience Reports 16 (2024) 190–195

195

Qian, X., Nguyen, H.N., Song, M.M., Hadiono, C., Ogden, S.C., Hammack, C., Yao, B., 
Hamersky, G.R., Jacob, F., Zhong, C., Yoon, K.J., Jeang, W., Lin, L., Li, Y., Thakor, J., 
Berg, D.A., Zhang, C., Kang, E., Chickering, M., Nauen, D., Ho, C.Y., Wen, Z., 
Christian, K.M., Shi, P.Y., Maher, B.J., Wu, H., Jin, P., Tang, H., Song, H., Ming, G.L., 
2016. Brain-region-specific organoids using mini-bioreactors for modeling ZIKV 
exposure. Cell 165 (5), 1238–1254. https://doi.org/10.1016/j.cell.2016.04.032. 

Qian, X., Su, Y., Adam, C.D., Deutschmann, A.U., Pather, S.R., Goldberg, E.M., Su, K., 
Li, S., Lu, L., Jacob, F., Nguyen, P.T.T., Huh, S., Hoke, A., Swinford-Jackson, S.E., 
Wen, Z., Gu, X., Pierce, R.C., Wu, H., Briand, L.A., Chen, H.I., Wolf, J.A., Song, H., 
Ming, G.L., 2020. Sliced human cortical organoids for modeling distinct cortical 
layer formation. Cell Stem Cell 26 (5), 766–781. https://doi.org/10.1016/j. 
stem.2020.02.002. 

Raffa, V., 2023. Force: a messenger of axon outgrowth. Semin Cell Dev. Biol. 140, 3–12. 
https://doi.org/10.1016/j.semcdb.2022.07.004. 

Rammensee, S., Kang, M.S., Georgiou, K., Kumar, S., Schaffer, D.V., 2017. Dynamics of 
mechanosensitive neural stem cell differentiation. Stem Cells 35 (2), 497–506. 
https://doi.org/10.1002/stem.2489. 

Ranade, S.S., Syeda, R., Patapoutian, A., 2015. Mechanically activated ion channels. 
Neuron 87 (6), 1162–1179. https://doi.org/10.1016/j.neuron.2015.08.032. 

Ranga, A., Girgin, M., Meinhardt, A., Eberle, D., Caiazzo, M., Tanaka, E.M., Lutolf, M.P., 
2016. Neural tube morphogenesis in synthetic 3D microenvironments. Proc. Natl. 
Acad. Sci. USA 113 (44), E6831–E6839. https://doi.org/10.1073/pnas.1603529113. 

Rifes, P., Isaksson, M., Rathore, G.S., Aldrin-Kirk, P., Moller, O.K., Barzaghi, G., Lee, J., 
Egerod, K.L., Rausch, D.M., Parmar, M., Pers, T.H., Laurell, T., Kirkeby, A., 2020. 
Modeling neural tube development by differentiation of human embryonic stem cells 
in a microfluidic WNT gradient. Nat. Biotechnol. 38 (11), 1265–1273. https://doi. 
org/10.1038/s41587-020-0525-0. 

Roelink, H., Porter, J.A., Chiang, C., Tanabe, Y., Chang, D.T., Beachy, P.A., Jessell, T.M., 
1995. Floor plate and motor neuron induction by different concentrations of the 
amino-terminal cleavage product of sonic hedgehog autoproteolysis. Cell 81 (3), 
445–455. https://doi.org/10.1016/0092-8674(95)90397-6. 

Sakaguchi, H., Kadoshima, T., Soen, M., Narii, N., Ishida, Y., Ohgushi, M., Takahashi, J., 
Eiraku, M., Sasai, Y., 2015. Generation of functional hippocampal neurons from self- 
organizing human embryonic stem cell-derived dorsomedial telencephalic tissue. 
Nat. Commun. 6, 8896 https://doi.org/10.1038/ncomms9896. 

Sampayo, R.G., Sakamoto, M., Wang, M., Kumar, S., Schaffer, D.V., 2023. 
Mechanosensitive stem cell fate choice is instructed by dynamic fluctuations in 
activation of Rho GTPases. Proc. Natl. Acad. Sci. USA 120 (22), e2219854120. 
https://doi.org/10.1073/pnas.2219854120. 

Sawamoto, K., Wichterle, H., Gonzalez-Perez, O., Cholfin, J.A., Yamada, M., Spassky, N., 
Murcia, N.S., Garcia-Verdugo, J.M., Marin, O., Rubenstein, J.L.R., Tessier- 
Lavigne, M., Okano, H., Alvarez-Buylla, A., 2006. New neurons follow the flow of 
cerebrospinal fluid in the adult brain. Science 311 (5761), 629–632. https://doi.org/ 
10.1126/science.1119133. 

Seo, K., Cho, S., Shin, H., Shin, A., Lee, J.H., Kim, J.H., Lee, B., Jang, H., Kim, Y., Cho, H. 
M., Park, Y., Kim, H.Y., Lee, T., Park, W.Y., Kim, Y.J., Yang, E., Geum, D., Kim, H., 
Cho, I.J., Lee, S., Ryu, J.R., Sun, W., 2023. Symmetry breaking of human pluripotent 
stem cells (hPSCs) in micropattern generates a polarized spinal cord-like organoid 
(pSCO) with dorsoventral organization. Adv. Sci. (Weinh.) 10 (20), e2301787. 
https://doi.org/10.1002/advs.202301787. 

Shi, Y., Sun, L., Wang, M., Liu, J., Zhong, S., Li, R., Li, P., Guo, L., Fang, A., Chen, R., 
Ge, W.P., Wu, Q., Wang, X., 2020. Vascularized human cortical organoids 
(vOrganoids) model cortical development in vivo. PLoS Biol. 18 (5), e3000705 
https://doi.org/10.1371/journal.pbio.3000705. 

Sloan, S.A., Andersen, J., Pasca, A.M., Birey, F., Pasca, S.P., 2018. Generation and 
assembly of human brain region-specific three-dimensional cultures. Nat. Protoc. 13 
(9), 2062–2085. https://doi.org/10.1038/s41596-018-0032-7. 

Sloan, S.A., Darmanis, S., Huber, N., Khan, T.A., Birey, F., Caneda, C., Reimer, R., 
Quake, S.R., Barres, B.A., Pasca, S.P., 2017. Human astrocyte maturation captured in 
3D cerebral cortical spheroids derived from pluripotent stem cells. Neuron 95 (4), 
779–790. https://doi.org/10.1016/j.neuron.2017.07.035 e776.  

Sokol, S.Y., 2016. Mechanotransduction during vertebrate neurulation. Curr. Top. Dev. 
Biol. 117, 359–376. https://doi.org/10.1016/bs.ctdb.2015.11.036. 

Song, L., Yuan, X., Jones, Z., Vied, C., Miao, Y., Marzano, M., Hua, T., Sang, Q.A., 
Guan, J., Ma, T., Zhou, Y., Li, Y., 2019. Functionalization of brain region-specific 
spheroids with isogenic microglia-like cells. Sci. Rep. 9 (1), 11055 https://doi.org/ 
10.1038/s41598-019-47444-6. 

Suong, D.N.A., Imamura, K., Inoue, I., Kabai, R., Sakamoto, S., Okumura, T., Kato, Y., 
Kondo, T., Yada, Y., Klein, W.L., Watanabe, A., Inoue, H., 2021. Induction of 
inverted morphology in brain organoids by vertical-mixing bioreactors. Commun. 
Biol. 4 (1), 1213 https://doi.org/10.1038/s42003-021-02719-5. 

Takebe, T., Wells, J.M., 2019. Organoids by design. Science 364 (6444), 956–959. 
https://doi.org/10.1126/science.aaw7567. 

Tanaka, A., Fujii, Y., Kasai, N., Okajima, T., Nakashima, H., 2018. Regulation of 
neuritogenesis in hippocampal neurons using stiffness of extracellular 
microenvironment. PLoS One 13 (2), e0191928. https://doi.org/10.1371/journal. 
pone.0191928. 

Tang, C., Wang, X., D’Urso, M., van der Putten, C., Kurniawan, N.A., 2022. 3D interfacial 
and spatiotemporal regulation of human neuroepithelial organoids. Adv. Sci. 
(Weinh.) 9 (22), e2201106. https://doi.org/10.1002/advs.202201106. 

Tortorella, I., Argentati, C., Emiliani, C., Martino, S., Morena, F., 2022. The role of 
physical cues in the development of stem cell-derived organoids. Eur. Biophys. J. 51 
(2), 105–117. https://doi.org/10.1007/s00249-021-01551-3. 

Velasco, S., Kedaigle, A.J., Simmons, S.K., Nash, A., Rocha, M., Quadrato, G., Paulsen, B., 
Nguyen, L., Adiconis, X., Regev, A., Levin, J.Z., Arlotta, P., 2019. Individual brain 
organoids reproducibly form cell diversity of the human cerebral cortex. Nature 570 
(7762), 523–527. https://doi.org/10.1038/s41586-019-1289-x. 

Vining, K.H., Mooney, D.J., 2017. Mechanical forces direct stem cell behaviour in 
development and regeneration. Nat. Rev. Mol. Cell Biol. 18 (12), 728–742. https:// 
doi.org/10.1038/nrm.2017.108. 

Voltes, A., Hevia, C.F., Engel-Pizcueta, C., Dingare, C., Calzolari, S., Terriente, J., 
Norden, C., Lecaudey, V., Pujades, C., 2019. Yap/Taz-TEAD activity links 
mechanical cues to progenitor cell behavior during zebrafish hindbrain 
segmentation. Development 146 (14). https://doi.org/10.1242/dev.176735. 

Wheway, G., Nazlamova, L., Hancock, J.T., 2018. Signaling through the primary cilium. 
Front Cell Dev. Biol. 6, 8 https://doi.org/10.3389/fcell.2018.00008. 

Williantarra, I., Leung, S., Choi, Y.S., Chhana, A., McGlashan, S.R., 2022. Chondrocyte- 
specific response to stiffness-mediated primary cilia formation and centriole 
positioning. Am. J. Physiol. Cell Physiol. 323 (1), C236–C247. https://doi.org/ 
10.1152/ajpcell.00135.2022. 

Xiang, Y., Tanaka, Y., Cakir, B., Patterson, B., Kim, K.Y., Sun, P., Kang, Y.J., Zhong, M., 
Liu, X., Patra, P., Lee, S.H., Weissman, S.M., Park, I.H., 2019. hESC-Derived thalamic 
organoids form reciprocal projections when fused with cortical organoids. Cell Stem 
Cell 24 (3), 487–497. https://doi.org/10.1016/j.stem.2018.12.015 e487.  

Xiang, Y., Tanaka, Y., Patterson, B., Kang, Y.J., Govindaiah, G., Roselaar, N., Cakir, B., 
Kim, K.Y., Lombroso, A.P., Hwang, S.M., Zhong, M., Stanley, E.G., Elefanty, A.G., 
Naegele, J.R., Lee, S.H., Weissman, S.M., Park, I.H., 2017. Fusion of regionally 
specified hPSC-derived organoids models human brain development and interneuron 
migration. Cell Stem Cell 21 (3), 383–398. https://doi.org/10.1016/j. 
stem.2017.07.007. 

Yamanaka, Y., Hamidi, S., Yoshioka-Kobayashi, K., Munira, S., Sunadome, K., Zhang, Y., 
Kurokawa, Y., Ericsson, R., Mieda, A., Thompson, J.L., Kerwin, J., Lisgo, S., 
Yamamoto, T., Moris, N., Martinez-Arias, A., Tsujimura, T., Alev, C., 2023. 
Reconstituting human somitogenesis in vitro. Nature 614 (7948), 509–520. https:// 
doi.org/10.1038/s41586-022-05649-2. 

Ye, W., Shimamura, K., Rubenstein, J.L., Hynes, M.A., Rosenthal, A., 1998. FGF and Shh 
signals control dopaminergic and serotonergic cell fate in the anterior neural plate. 
Cell 93 (5), 755–766. https://doi.org/10.1016/s0092-8674(00)81437-3. 

Zhang, J., Raghunathan, R., Rippy, J., Wu, C., Finnell, R.H., Larin, K.V., Scarcelli, G., 
2019. Tissue biomechanics during cranial neural tube closure measured by Brillouin 
microscopy and optical coherence tomography. Birth Defects Res. 111 (14), 
991–998. https://doi.org/10.1002/bdr2.1389. 

D.N.A. Suong et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.cell.2016.04.032
https://doi.org/10.1016/j.stem.2020.02.002
https://doi.org/10.1016/j.stem.2020.02.002
https://doi.org/10.1016/j.semcdb.2022.07.004
https://doi.org/10.1002/stem.2489
https://doi.org/10.1016/j.neuron.2015.08.032
https://doi.org/10.1073/pnas.1603529113
https://doi.org/10.1038/s41587-020-0525-0
https://doi.org/10.1038/s41587-020-0525-0
https://doi.org/10.1016/0092-8674(95)90397-6
https://doi.org/10.1038/ncomms9896
https://doi.org/10.1073/pnas.2219854120
https://doi.org/10.1126/science.1119133
https://doi.org/10.1126/science.1119133
https://doi.org/10.1002/advs.202301787
https://doi.org/10.1371/journal.pbio.3000705
https://doi.org/10.1038/s41596-018-0032-7
https://doi.org/10.1016/j.neuron.2017.07.035
https://doi.org/10.1016/bs.ctdb.2015.11.036
https://doi.org/10.1038/s41598-019-47444-6
https://doi.org/10.1038/s41598-019-47444-6
https://doi.org/10.1038/s42003-021-02719-5
https://doi.org/10.1126/science.aaw7567
https://doi.org/10.1371/journal.pone.0191928
https://doi.org/10.1371/journal.pone.0191928
https://doi.org/10.1002/advs.202201106
https://doi.org/10.1007/s00249-021-01551-3
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1038/nrm.2017.108
https://doi.org/10.1038/nrm.2017.108
https://doi.org/10.1242/dev.176735
https://doi.org/10.3389/fcell.2018.00008
https://doi.org/10.1152/ajpcell.00135.2022
https://doi.org/10.1152/ajpcell.00135.2022
https://doi.org/10.1016/j.stem.2018.12.015
https://doi.org/10.1016/j.stem.2017.07.007
https://doi.org/10.1016/j.stem.2017.07.007
https://doi.org/10.1038/s41586-022-05649-2
https://doi.org/10.1038/s41586-022-05649-2
https://doi.org/10.1016/s0092-8674(00)81437-3
https://doi.org/10.1002/bdr2.1389

	Design of neural organoids engineered by mechanical forces
	1 Introduction
	2 Previous approaches to neural organoid generation
	3 Engineering neural organoids by mechanical forces
	3.1 Mechanosensing and mechanotransduction in brain physiology
	3.2 Neural organoids guided by mechanical forces
	3.3 Neural organoids generated by the mixing of vertical motion bioreactor

	4 Future perspectives and challenges for the application of mechanical forces in neural organoid design
	Acknowledgements
	References


