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SUMMARY:
Here we describe a protocol for generating brain organoids from human induced pluripotent stem cells (iPSCs). To obtain brain organoids in large quantities and of high quality, we use home-made mini bioreactors.

ABSTRACT:
The iPSC-derived brain organoid is a promising technology for in vitro modeling the pathologies of the nervous system and drug screening. This technology has emerged recently. It is still in its infancy and has some limitations unsolved yet. The current protocols do not allow obtaining organoids to be consistent enough for drug discovery and preclinical studies. The maturation of organoids can take up to a year, pushing the researchers to launch multiple differentiation processes simultaneously. It imposes additional costs for the laboratory in terms of space and equipment. In addition, brain organoids often have a necrotic zone in the center, which suffers from nutrient and oxygen deficiency. Hence, most current protocols use a circulating system for culture medium to improve nutrition.

Meanwhile, there are no inexpensive dynamic systems or bioreactors for organoid cultivation. This paper describes a protocol for producing brain organoids in compact and inexpensive home-made mini bioreactors. This protocol allows obtaining high quality organoids in large quantities.

INTRODUCTION: 
Human iPSC-derived models are widely used in the studies of neurodevelopmental and neurodegenerative disorders[endnoteRef:1]. Over the past decade, 3D brain tissue models, so-called brain organoids, essentially complemented traditional 2D neuronal cultures[endnoteRef:2]. The organoids recapitulate to some extent the 3D architecture of the embryonic brain and allow more precise modeling. Many protocols are published for the generation of organoids representing different brain regions: cerebral cortex[endnoteRef:3],[endnoteRef:4],[endnoteRef:5], cerebellum[endnoteRef:6], midbrain, forebrain, hypothalamus[endnoteRef:7],[endnoteRef:8],[endnoteRef:9], and hippocampus[endnoteRef:10]. There have been multiple examples of using organoids to study human nervous system diseases[endnoteRef:11]. Also, the organoids were implemented in drug discoveries[endnoteRef:12] and used in studies of infectious diseases, including SARS-Cov-2[endnoteRef:13],[endnoteRef:14]. [1: . Marchetto, M. C., Winner, B., Gage, F. H. Pluripotent stem cells in neurodegenerative and neurodevelopmental diseases. Human Molecular Genetics. 19 (R1), R71-R76 (2010)]  [2: . Lee, C. T., Bendriem, R. M., Wu, W. W., Shen, R. F. 3D brain Organoids derived from pluripotent stem cells: promising experimental models for brain development and neurodegenerative disorders. Journal of Biomedical Science. 24 (1), 1-12 (2017).]  [3: . Kadoshima, T. et al. Self-organization of axial polarity, inside out layer pattern, and species-specific progenitor dynamics in human ES cell-derived neocortex. Proceedings of the National Academy of Sciences U.S.A. 110 (50), 20284–20289 (2013).]  [4: . Lancaster, M. A. et al. A. Cerebral organoids model human brain development and microcephaly. Nature. 501 (7467), 373-379 (2013).]  [5: . Xiang, Y. et al. Fusion of regionally specified hPSC derived organoids models human brain development and interneuron migration. Cell Stem Cell. 21, 383–398 (2017).]  [6: . Muguruma, K., Nishiyama, A., Kawakami, H., Hashimoto, K., Sasai, Y. Self-organization of polarized cerebellar tissue in 3D culture of human pluripotent stem cells. Cell Reports. 10 (4), 537–550 (2015).]  [7: . Qian, X. et al. Brain region specific organoids using mini bioreactors for modeling ZIKV exposure. Cell. 165 (5). 1238–1254 (2016).]  [8: . Qian, X. et al. Generation of human brain region specific organoids using a miniaturized spinning bioreactor. Nature Protocols. 13 (3), 565–580 (2018). ]  [9: . Jo, J. et al. Midbrain like organoids from human pluripotent stem cells contain functional dopaminergic and neuro melanin producing neurons. Cell Stem Cell. 19 (2), 248–257 (2016).]  [10: . Sakaguchi, H. et al. Generation of functional hippocampal neurons from self-organizing human embryonic stem cell derived dorsomedial telencephalic tissue. Nature Communication. 6 (1), 8896 (2015).]  [11: . Di Lullo, E., Kriegstein, A. R. The use of brain organoids to investigate neural development and disease. Nature Reviews Neuroscience. 18 (10), 573-584 (2017).]  [12: . Chen, K. G. et al. Pluripotent stem cell platforms for drug discovery. Trends in Molecular Medicine. 24 (9), 805–820 (2018).]  [13: . Dang, J. et al. Zika virus depletes neural progenitors in human cerebral organoids through activation of the innate immune receptor TLR3. Cell Stem Cell. 19 (2), 258–265 (2016).]  [14: . Tiwari, S. K., Wang, S., Smith, D., Carlin, A. F., Rana, T. M. Revealing tissue-specific SARS-CoV-2 infection and host responses using human stem cell-derived lung and cerebral organoids. Stem Cell Reports. 16 (3), 437-445 (2021).] 


The brain organoids can reach up to several millimeters in diameter. So, the inner zone of the organoid may suffer from hypoxia or malnutrition and eventually become necrotic. Therefore, many protocols include special bioreactors8, shakers, or microfluidic systems[endnoteRef:15]. These devices may require large volumes of expensive cell culture media. Also, the cost of such equipment is usually high. Some bioreactors consist of many mechanical parts that make them difficult to sterilize for reuse. [15: . Ao, Z. et al. One-stop microfluidic assembly of human brain organoids to model prenatal cannabis exposure. Analytical Chemistry., 92 (6), 4630-4638 (2020).] 


Most protocols suffer from the "batch effect"[endnoteRef:16], which generates significant variability among organoids obtained from the identical iPSCs. This variability hinders drug testing or preclinical studies requiring uniformity. The high yield of organoids enough to select organoids of uniform size may partially solve this problem. [16: . Di Nardo, P., Parker, G. C. Stem cell standardization. Stem Cells Development. 20 (3), 375-377 (2011).
Jo, J., Xiao, Y. et al. Midbrain like organoids from human pluripotent stem cells contain functional dopaminergic and neuro melanin producing neurons. Cell Stem Cell. 19 (2), 248–257 (2016).] 


The time factor is also a significant problem. Matsui et al. (2018) showed that brain organoids require at least six months to reach maturity[endnoteRef:17]. Trujillo et al. (2019) also demonstrated that electrophysiological activity occurred in organoids only after six months of cultivation[endnoteRef:18]. Due to the long organoid maturation time, the researchers often launch new differentiation before completing the previous one. Multiple parallel processes of differentiation require additional expenses, equipment, and laboratory space. [17: . Matsui, T. K. et al. Six-month cultured cerebral organoids from human ES cells contain matured neural cells. Neuroscience Letters. 670, 75-82 (2018).]  [18: . Trujillo, C. A. et al. Complex oscillatory waves emerging from cortical organoids model early human brain network development. Cell Stem Cell. 25 (4), 558-569 (2019).] 


We have recently developed a mini bioreactor that mainly solves the problems mentioned above[endnoteRef:19]. This home-made bioreactor consists of an ultra-low adhesion or untreated Petri dish with a plastic knob in the center. This plastic knob prevents crowding of organoids and their conglutination in the center of the Petri dish, which is caused by the rotation of the shaker. This paper describes how this inexpensive and simple home-made mini bioreactor allows generating high-quality brain organoids in large quantities. [19: . Eremeev, A. V. et al. “Necessity Is the mother of invention” or inexpensive, reliable, and reproducible protocol for generating organoids. Biochemistry (Moscow). 84 (3), 321-328 (2019).] 


PROTOCOL:

NOTE: Use sterile technique throughout the protocol, excluding steps 1.2 and 1.3. Warm all culture media and solutions to 37 °C before applying to cells or organoids. Cultivate cells in a CO2 incubator at 37 °C in 5% CO2 upon 80% humidity. The protocol scheme is shown in Figure 1.

1. Transforming Petri dishes into mini bioreactors

1.1. Cut sterile 15 mL centrifuge tubes in rings of 7-8 mm in height; autoclave the rings.

1.2. Break low-adhesion, untreated or microbiological Petri dishes into crumbs. Dissolve about 1 g of plastic crumbs in 10 mL of chloroform overnight to prepare liquid plastic.

CAUTION: Work in a fume hood.

1.3. Check that the resulting liquid plastic is viscous enough for pipetting; its drop retains a spherical form and does not spread on the surface. If it is very liquid, add more plastic crumbs. If it is thick, then add chloroform.

1.4. Make a plastic knob in the center of a sterile ultra-low adhesion 6-cm Petri dish. There are two equally suitable ways, as detailed below. 

1.4.1. Put the autoclaved plastic ring on the center and drop the liquid plastic to the inside of the ring. 

1.4.2. Without any plastic ring, drop the liquid plastic on the center of the Petri dish.

1.5. Leave the dishes open for 2-3 h in a laminar flow hood until dried complete. Treat the dried dishes with ultraviolet radiation for 15-20 min.

2. Induction of neuronal differentiation of iPSCs

2.1. Cultivate iPSCs in the medium for pluripotent stem cells up to 75-90% confluence in 35 mm Petri dishes precoated with a matrix consisting of extracellular proteins. 

2.2. Prepare medium A-SR. See Table 1 for details. 

2.3.  Aspirate the cultivation medium and add 2 mL of A-SR medium at Day 0 of differentiation.

2.4. Prepare medium A (see Table 2). 

2.5. Cultivate cells in medium A for two weeks from Days 2-14, refreshing medium in Petri dishes every other day.

[bookmark: _Hlk79752166]3. The formation of spheroids from neuroepithelial precursor cells at Day 14 

3.1. At Day 14, make spheroids from neuroepithelial precursor cells using a special 24-well culture plate containing approximately 1,200 microwells in each well (Figure 2C). Follow the procedure given below. 

NOTE: At this differentiation stage, a 35 mm Petri dish usually contains 3 – 3.5 x 106 neuroepithelial precursor cells. Thus, one 35 mm Petri dish with neuroepithelial precursor cells is sufficient for 3 – 4 wells of 24-well culture plate with microwells.

3.2. Prepare a 24-well culture plate with microwells: To each well, add 1 mL of medium A. Centrifuge briefly at 1,300 x g for 5 min in swinging bucket rotor fitted with plate holder. Control under the microscope that there are no bubbles in microwells.

3.3. Prepare the medium B (Table 3).

3.4. Remove the medium from the Petri dish with neuroepithelial precursor cells; wash the cells with 2 mL of DMEM/F12. For the cell detachment, treat the cells with 1.5 mL of 0.48 mM EDTA solution prepared in PBS. Control the cell detachment under the microscope. 

3.5. Harvest the cells into a 15 mL tube. Add 5 mL of DMEM/F12 in the tube to wash the cells. Centrifuge at 200 x g for 5 min. Remove the supernatant and resuspend cells in 2 mL of medium B. 

3.6. Check the cell concentration and viability by Trypan Blue staining and a hemocytometer. Calculate the volume of suspension needed to contain 1 x 106 viable cells in total.

3.7. Transfer the cell suspension containing 1 x 106 cells into each well of a 24-well plate with microwells. Add medium B up to 2 mL into each well, gently pipette cells up and down several times, and centrifuge briefly 100 x g for 1 min to capture cells in the microwells.

NOTE: The number of cells per well should not exceed 1 x 106. Otherwise, spheroids from neighboring microwells fuse.

3.8. Check under the microscope that cells are evenly distributed in microwells. Repeat pipetting and centrifugation if cells are distributed unevenly. 

3.9. Incubate the plate overnight to let cells aggregate in spheroids.

4. Obtaining and cultivation of organoids

4.1. The next morning (Day 15), check the quality of spheroids under the microscope. Ensure that they are transparent and smooth, if healthy (Figure 2A,B). Carefully collect the spheroids from each well into a 15 mL tube, leave the spheroids to precipitate by gravity for 2-3 min, and then remove the supernatant.

4.2. Add to the spheroids 2 mL of the matrix thawed during the same time on ice. Mix gently by pipetting and incubate at room temperature for 30 min.

4.3. To wash excess of the matrix, add to the tube 8 mL of medium B. Pipette gently, then centrifuge the tube for 1 min at 100 x g. 

NOTE: Do not exceed the time and the speed of centrifugation to avoid the irreversible aggregation of spheroids. 

4.4. Remove the supernatant. Add to the tube 20 mL of medium B, pipette gently. Split the spheroid suspension between two mini bioreactors. Place the mini bioreactors into a 15 cm Petri dish to prevent the evaporation of water and to avoid contamination. 

4.5. Put the Petri dish with mini bioreactors on an orbital shaker. Cultivate the organoids at a rotation rate of 70-75 rpm. 

4.6. On Day 16, prepare medium C (Table 4).

4.7. Transfer the organoids into 15 mL tube. For 5 min, let them fall to the bottom, aspirate the supernatant, add 5 mL of medium C. Return the organoids into the mini bioreactors. 

NOTE: Be careful not to lose the spheroids, which are transparent and barely visible.

4.8. Cultivate spheroids in medium C for two weeks, refreshing the medium every two days. At the end of these two weeks, leave about 100 spheroids per mini bioreactor for the following cultivation. Freeze excessive spheroids in a freezing medium in liquid nitrogen.

4.9. On Day 30, prepare medium D (Table 5).

4.10. Change the cultivation medium to medium D, which is a maturation medium. Refresh cultivation medium every 2-3 days for three weeks, then use medium D without BDNF and GDNF.

REPRESENTATIVE RESULTS: 	
The protocol scheme is shown in Figure 1. The protocol included five media in which iPSCs differentiated into brain organoids during at least one month. The differentiation was started then iPSCs reached the 75-90% confluence (Figure 2A,B). The first signs of differentiation towards neurons were observed on days 10-11 of iPSC cultivation in medium A when cells began to cluster into "rosettes" (Figure 2C). At days 14-15, iPSCs differentiated into neuroepithelial progenitors. 99% of cells were positive on neuroepithelial marker SOX1 and did not express pluripotent cell markers TRA-1-81 and OCT4 (Supplementary Figure S1). We then harvested the cells using EDTA-containing solution and transferred them in medium B to a special 24-well culture plate with microwells (Figure 2D). The cells immediately after transfer to microwells, as shown in Figure 2E. Each microwell promoted the aggregation of cells into a single spheroid. The spheroids from all microwells were of the same size and contained about 100 cells (Figure 2J). After the formation of spheroids, they were coated with freshly thawed matrix and transferred in medium C into home-made mini bioreactors (Figure 2H). The mini bioreactors were rotated on an orbital shaker at the rate of 70-75 rpm. The spheroids differentiated into brain organoids, which all grew up evenly, and morphogenesis proceeded identically in all organoids.

The organoids grew during the first three months, then their growth slowed down and eventually stopped. The maximal size of brain organoids cultured for six months was about 6 mm. Larger organoids had a loose central zone, often with cavities or necrotic areas (Figure 3). Immunohistochemical staining of cryosections of organoids at d45 of differentiation revealed large clusters of SOX2-positive cells, indicating immature neurons (Figure 4B). The two-month-old organoids expressed neuronal and glial markers, such as tyrosine hydroxylase (TH), PAX6, beta-III-tubulin (TUBB3), MAP2, and GFAP proteins (Figure 4A, 4C, and 4D). The maximal cultivation time for organoids of high quality was about ~7 months.

Thus, the formation of spheroids of the identical size followed by the cultivation under dynamic conditions in mini bioreactors results in standard-sized organoids developed through identical morphogenesis.

FIGURE AND TABLE LEGENDS:

Figure 1: The main stages of the protocol. In the beginning, iPSCs are cultivated in a commercial medium for pluripotent stem cells up to 70-95% confluence. The next stage of the protocol consists of two steps. First, for 1-2 days, the medium for pluripotent stem cells is changed to medium A-SR. Second, cells are cultivated in medium A for two weeks. Upon forming rosettes of neuroepithelial cells, the cells are transferred into the culture plate with microwells with medium B to form spheroids. The day after, the spheroids obtained are transferred into mini bioreactors with the medium C. The further maturation of organoids proceeds in medium D.

Figure 2: The key morphological structures observed under the microscope during protocol execution.  (A) The iPSCs in the low confluence, insufficient for the start of differentiation. (B) The iPSCs in the confluence, suitable to launch differentiation. (C). The clusters of neuroepithelial progenitors, so-called rosettes before harvesting. (D) The empty microwells on the bottom of the culture plate. (E) The cells just after seeding in culture plate with microwells. (F) After overnight incubation, the cells aggregate in the spheroid in each microwell. (J).  The spheroid of good quality. H. The spheroids after matrix coating.

Figure 3: Hematoxylin-eosin staining of organoids. (A-D) Normal organoids with the dense central zone. (E) The organoid with an epithelium-lined cavity. (F) The organoid with the necrotic central zone.

Figure 4: Immunohistochemical staining of organoids. The organoids had clusters of cells expressing markers of neural progenitors (SOX2, B) and neural cells (TH, PAX6, A; TUBB3, C; GFAP, MAP2, D). DAPI was used to stain nuclear DNA.

Table 1: Composition of medium A-SR.

Table 2: Composition of medium A.

Table 3: Composition of medium B.

Table 4: Composition of medium A.

Table 5: Composition of medium D.

Supplementary Figure S1: At d14 of the differentiation, the cell population purity was assessed using flow cytometry and RT-PCR. (A) More than 98% of the cells lost a pluripotency marker TRA-1-81. (B) Most of the cells (>99%) exhibited a neuroepithelial marker SOX1. (C) The expression of POU5F1 gene coding a key pluripotency factor OCT4 decreased drastically in three different iPSC lines (IPSRG2L, IPSPDL2.15L, IPSPDP1.5L).

DISCUSSION: 
The described protocol has two crucial steps allowing the generation of high-quality organoids of uniform size. First, the organoids grow from spheroids which are near identical in cell number and cell maturity. Second, the home-made bioreactors provide each organoid a uniform environment, where organoids do not crowd or stick together.
 
The cell quality and state of cell maturation are essential to perform the protocol. It is critical to start neuronal differentiation at 75-90% confluence of iPSCs. If cell density is too low, the iPSCs can differentiate into non-neuronal directions. It is important not to exceed two weeks of neuronal induction of iPSCs because neuronal progenitors later become more vulnerable. During differentiation, the cells and the organoids should be regularly supplied with the fresh medium because starvation leads to the sharp decline of organoid quality. Only short-term breaks are permitted in dynamic cultivation. 

Some modifications of the protocol are allowed. Any inert biological materials can be applied to make a knob in the central part of the mini bioreactor: fluoroplastic, polyethylene, polypropylene. If a Petri dish for microbiology is used to prepare the liquid plastic, then the resulting mini bioreactors should be checked for neuronal cytotoxicity. The Petri dishes of different diameters can serve as a base for the bioreactor. However, then the adjustment of rotation speed is necessary. Also, the rotation speed needs to be adjusted if the volume of the medium is changed. For example, for 8 mL of the medium in a 6 cm Petri dish, the optimal speed is 70-75 rpm.

The recipe of the medium can be reformulated to obtain more mature brain organoids or organoids specific to different brain regions[endnoteRef:20]. Also, the culture plate with microwells is suitable for the formation of complex spheroids. For example, it is possible to mix neuronal progenitors with endothelial progenitors to receive a vascularized brain organoid[endnoteRef:21]. Other iPSC derivatives can also be aggregated into spheroids in a culture plate with microwells to obtain other organoids: chondrospheres[endnoteRef:22], intestinal organoids[endnoteRef:23], etc. [20: . Qian, X. et al. Generation of human brain region–specific organoids using a miniaturized spinning bioreactor. Nature Protocols. 13, 565-580 (2018).]  [21: . Matsui, T. K., Tsuru, Y., Hasegawa, K., Kuwako, K. I. Vascularization of human brain organoids. Stem Cells. 39 (8), 1017-1024 (2021).]  [22: . Hall, G. N. et al. Patterned, organoid-based cartilaginous implants exhibit zone specific functionality forming osteochondral-like tissues in vivo. Biomaterials. 273, 120820 (2021).]  [23: . Zachos, N. C. et al. Human enteroids/colonoids and intestinal organoids functionally recapitulate normal intestinal physiology and pathophysiology. Journal of Biological Chemistry. 291, 3759-3766 (2016).] 


The protocol requires changing medium every 2-3 days during organoid maturation, which can take half of the year. So special care should be taken when using sterile techniques. It is allowed to use the prophylactic dose of antimicrobials for the prevention of mycoplasma infection.

The protocol limitation arises from the limited diffusion of oxygen and nutrients into the center of large organoids. Most current protocols for organoid generation suffer from this problem[endnoteRef:24]. In our conditions, growth stops then the organoid reaches 6 mm. The organoids of larger size developed necrotic zone in the center. Probably, this problem can be solved using vascularization21 or hyperoxygenation[endnoteRef:25].  [24: .  Eremeev, A. et al. Cerebral organoids—challenges to establish a brain prototype. Cells. 10 (7) 1790 (2021).]  [25: . Kadoshima, T. et al.  Self-organization of axial polarity, inside-out layer pattern, and species-specific progenitor dynamics in human ES Cell-derived neocortex. Proceedings of the National Academy of Sciences U. S. A. 110, 20284-20289 (2013).] 


In comparison with other bioreactors, home-made mini bioreactors have apparent advantages in terms of cost and affordability. In addition, they are small. We can keep several dozen home-made bioreactors on one orbital shaker in the incubator. It is impossible to maintain these many bioreactors in the incubator when using stirred bioreactors.

In conclusion, the presented protocol is helpful for biomedical and pharmacological studies where in vitro modeling of the human brain is required. We believe that by varying the differentiation media composition, it is possible to obtain brain organoids of different brain regions and different degrees of maturity. Moreover, the use of mini bioreactors is most likely not limited to neural differentiation and, if the protocol is modified, they can also be used to establish other organoids from pluripotent or adult stem cells.
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