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Brain organoids are invaluable tools for pathophysiological studies or drug screening, but there are still challenges to
overcome in making them more reproducible and relevant. Recent advances in three-dimensional (3D) bioprinting of
human neural organoids is an emerging approach that may overcome the limitations of self-organized organoids. It
requires the development of optimal hydrogels, and a wealth of research has improved the knowledge about biomaterials
both in terms of their intrinsic properties and their relevance on 3D culture of brain cells and tissue.
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| 1. Introduction

Neurological disorders are the leading cause of disability and the second cause of deaths worldwide, and this burden is
expected to be driven up by population aging [2l. Despite considerable progress in medical imaging, the complexity and
inaccessibility of the brain still hinder research on the live organ. Post-mortem explorations of brain samples have
provided significant insight, but their potential to pathophysiology or drug screening studies is obviously limited. Even
though they have provided so much knowledge about brain biology, mouse models do not always properly recapitulate
human neurological disorders because of the significant differences in development, structure and physiology of rodent
and human brains @Bl Classical monolayer (two-dimensional, 2D) cultures of neural cells have unveiled important
knowledge on brain disorders with genetic or infectious aetiology (as in the case of lissencephaly M=), but they cannot
recapitulate the complex events underlying brain development or homeostasis. Hence, there is an urgent need for new in
vitro models. Three-dimensional (3D) cell culture has proven its multiple benefits compared to 2D culture in terms of cell
function and homeostasis, and has paved the way for human brain organoids €. Since the pioneering work of Lancaster
et al. [, and throughout the last decade, the generation of brain organoids from human induced pluripotent stem cells
(iPSCs) or human embryonic stem (ES) cells was a milestone towards modelling healthy or diseased human brain and
provided a wealth of knowledge on brain pathophysiology 8. However, there are still challenges to overcome in making
organoids more reproducible and relevant to the complexity of the brain; in particular, brain organoids fail to reproduce
cerebral substructures and lack microvasculature [&l. Meanwhile, tremendous advances in 3D bioprinting of live tissues or
organs have opened up new horizons for disease modelling in recent years. Three-dimensional bioprinting consists in the
precise and automated deposition of cell-laden hydrogels, so-called “bioinks”, for the biomanufacturing of complex human
living tissues or organs, including neural tissues and, expectedly, brain. Convergence between organoid technology and
3D bioprinting is expected to open new avenues in brain research. The development of optimal hydrogel biomaterials for
the bioprinting of neural organoids is of utmost importance and has been the subject of an increasing amount of work in
recent years. A whole field of research has improved the knowledge about biomaterials both in terms of their intrinsic
properties and the impact of their use on 3D brain cells and tissue culture. A wealth of recent and very informative articles
have cleverly reviewed brain mechanobiology 2% or mechanical properties of biopolymers U123l peanwhile, there is a
lack of review articles that focus on the biological roles that these biomaterials exert on the enladen cells. Biomaterials are
rarely biologically neutral. they are able to deliver or collect biological signals to or from the cells, provide cells with
adhesion sites and shape cellular microenvironments. Hydrogel biomaterials direct cell differentiation depending on their
matrix stiffness and may potentially induce organogenesis through mechanotransduction 415 Fyrthermore, the
mechanical properties of the cell microenvironment are involved in normal brain tissue function but also in
neuropathological situations 19, Although of crucial importance, matrix elasticity has been poorly investigated in 3D
culture of brain organoids, as these were mainly produced using Matrigel™, a basement membrane matrix secreted by
mouse sarcoma cells. It is hypothesized that defined hydrogel biomaterials may provide a more reproducible cellular
microenvironment to direct stem cell proliferation and differentiation than animal-derived and variable extracellular
matrices to produce brain organoids. In combination with 3D bioprinting, the multiscale complexity of brain structures may
be mimicked.



| 2. Brain Organoids: Potential and Limits

Brain organoids are 3D clusters of cell populations derived from primary tissue, embryonic stem cells (ESCs), or induced
pluripotent stem cells (iPSCs), capable of self-renewal and self-organization, and that recapitulate certain organ
functionality 2. Brain organoids harbour brain-like substructures, allow for neuronogenic or gliogenic differentiation, and
exhibit electrophysiological activity indicative of neuronal network level functioning 2. Organoids generated from induced
pluripotent stem cells can model complex neurological disorders such as those from patients with Rett syndrome, which
show abnormal, epileptiform-like activity (8. This makes organoids invaluable tools for pathophysiological studies or drug
screening. Since the first human brain organoid described by Lancaster (4, several studies have pushed the limits of what
was thought possible. Neurons represent a non-homogeneous network of cell populations with molecular, regional, and
functional specificities showing different sensitivities to disease. Specific procedures, so-called “guided” procedures, have
been reported to drive organoid patterning towards distinctive lineages X9, For instance, organoids with high density in
hippocampal (29, cortical 24, dopaminergic 22, glutaminergic 23, gamma-aminobutyric acid (GABA)-ergic 23 neurons, as
well as retinal ganglionic neurons 24, astrocytes 23, microglia 2827 or oligodendrocytes 28], have been produced, to
mention a few ground-breaking examples. Furthermore, organoids which recapitulated bilateral optic vesicles 22 and
vasculature-like structures BUEB have been reported.

Against all odds, the fascinating ability of organoids to organize themselves spontaneously raises true issues [&. Firstly,
scalability issues hamper their use in high-throughput assays such as drug screening, since the volume of organoids can
exceed one cubic millimetre upon maturation 2. Moreover, organoid spatial organisation is largely unpredictable and
thus hampers the reproducibility of the 3D models. Furthermore, while the diversity and distribution of cell types in
organoids have strong similarities to those of embryonic or foetal tissue, the spatial organisation of cellular components
and paracrine signals remain far from nature. In particular, axial patterning of soluble morphogens requires topological
patterns that simply do not exist in organoids. Organoids cultured in suspension exert no mechanical constraint driving
neural tissue development, as is the case in vivo (for example as imposed by the developing skull) B3l Inconsistency
might result in heterogeneity and phenotypical variability of organoids, possibly overlapping or even hiding caused by the
disease modelled B4, Controlled assembly of pre-differentiated organoids 29l is a clever approach to bypass this problem,
but it offers limited room to achieve standardization of a model amenable to reproducible assays or controlled geometries.
Furthermore, the innermost cell populations within organoids hardly have access to oxygen and nutrients present in the
culture medium, which inevitably results in local necrosis with possible release of soluble mediators impacting the rest of
the organoid. This is strongly contributed by the absence of vascularizing structures, which negatively impacts progenitor
populations B8 and further contributes to experimental variability B4, Current strategies to overcome this pitfall rely on
culture in bioreactors, transplantation into mouse models or perfusion with microfluidic devices 7.

| 3. Three-Dimensional Bioprinting: Benefits and Challenges

Three-dimensional (3D) bioprinting is a highly promising technology for both tissue regeneration and organ replacement
but may certainly help in the short term to develop models for studying human organ development and diseases as well
as for drug screening in vitro as alternatives to animal experiments 28, Briefly, bioprinting consists in the computerized
fabrication of 3D structures composed of living cell-laden biocompatible hydrogels layer by layer. Three-dimensional
bioprinting allows different cell types to be distributed and arranged in any possible pattern, offers high reproducibility
since it is computer-driven, and favours accessibility of cells to nutrients and oxygen because it controls the pattern infill in
the 3D tissue engineered constructs. It also allows for pre-differentiation of cell populations before controlled assembly by
using bioprinting, a so-called “bottom-up” approach. For instance, 3D bioprinting allows for the accurate picking and
assembly of whole cell spheroids into higher-order structures with minimal cell damage B2. Furthermore, 3D bioprinting
offers a simple solution to reproduce gradients of morphogenic molecules such as those involved in development, by
bioprinting cell populations in distinct but contiguous hydrogels containing the appropriate soluble factors at different
concentrations. Finally, 3D bioprinting makes it possible to insert structures recapitulating blood vessels or even vascular

networks inside an organoid, by using sacrificial bio-inks, which are intended to dissolve to leave room for the “vessel”
lumen 19,

Thus far, 3D bioprinting of brain organoids has been limited by technological challenges such as printability of hydrogel
bioinks, shape fidelity of 3D constructs post fabrication and limited cell migration and/or differentiation [2142l[43] |tg
development is the subject of much research at the technological level but also in terms of the hydrogels used as bioinks.
These biomaterials should not only be cytocompatible to support cell adhesion, growth and differentiation, but they must
have adequate viscoelastic properties for a continuous micro-extrusion as well as forming cross-links to ensure the
stability of the 3D constructs in culture ¥4, Most hydrogels having favourable biological properties to support brain
organoids culture do not meet the physicochemical requirements for 3D bioprinting (e.g., native collagen, fibrinogen,



Matrigel). For instance, extrusion bioprinting requires shear shinning and high viscosity properties to ensure a continuous
and stable strand extrusion of the bioink at physiological temperature, pH and osmolarity. For these reasons, blends of
hydrogels are often used to improve shear thinning properties of bioinks. They result, however, in lower ability to support
neurogenesis and brain organoid maturation. Furthermore, components of the brain extracellular matrix are often
chemically modified by methacrylate coupling (e.g., gelatine Methacrylate, GelMA) to form cross-links by
photopolymerization and to render the 3D constructs stable in culture. Nevertheless, photocurable bioinks induce some
cell mortality due to the presence of free radicals. A large number of solutions have been tested in recent years to improve
bioink properties in terms of printability, long-term stability, cell compatibility and organoid maturation, using raw or
defined, homogeneous or heterogeneous biomaterials, should they be chemically modified or not. Recent works have
revealed that unmodified polymers can efficiently support bioprinting of neural tissues, and researchers here focus on
such native molecules. Most of them are components of the brain extracellular matrix, a key structure to understand the
outcomes of the microenvironment on cell and tissue homeostasis.

References

1. Feigin, V.L.; Vos, T.; Nichols, E.; Owolabi, M.O.; Carroll, W.M.; Dichgans, M.; Deuschl, G.; Parmar, P.; Brainin, M.;
Murray, C. The Global Burden of Neurological Disorders: Translating Evidence into Policy. Lancet Neurol. 2020, 19,
255-265.

2. McGraw, C.M.; Ward, C.S.; Samaco, R.C. Genetic Rodent Models of Brain Disorders: Perspectives on Experimental
Approaches and Therapeutic Strategies. Am. J. Med. Genet. Part C Semin. Med. Genet. 2017, 175, 368.

3. Marshall, J.J.; Mason, J.O. Mouse vs Man: Organoid Models of Brain Development & Disease. Brain Res. 2019, 1724,
146427.

4. Rolland, M.; Martin, H.; Bergamelli, M.; Sellier, Y.; Bessiéres, B.; Aziza, J.; Benchoua, A.; Leruez-Ville, M.; Gonzalez-
Dunia, D.; Chavanas, S. Human Cytomegalovirus Infection Is Associated with Increased Expression of the
Lissencephaly Gene PAFAH1B1 Encoding LIS1 in Neural Stem Cells and Congenitally Infected Brains. J. Pathol. 2021,
254, 92-102.

5. Shahsavani, M.; Pronk, R.J.; Falk, R.; Lam, M.; Moslem, M.; Linker, S.B.; Salma, J.; Day, K.; Schuster, J.; Anderlid,
B.M.; et al. An in Vitro Model of Lissencephaly: Expanding the Role of DCX during Neurogenesis. Mol. Psychiatry 2018,
23, 1674-1684.

6. Kajtez, J.; Nilsson, F.; Fiorenzano, A.; Parmar, M.; Emnéus, J. 3D Biomaterial Models of Human Brain Disease.
Neurochem. Int. 2021, 147, 105043.

7. 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. Cerebral Organoids Model Human Brain Development and Microcephaly. Nature 2013,
501, 373-379.

8. Kelley, K.W.; Pasca, S.P. Human Brain Organogenesis: Toward a Cellular Understanding of Development and Disease.
Cell 2022, 185, 42-61.

9. Mansour, A.A.F,; Schafer, S.T.; Gage, F.H. Cellular Complexity in Brain Organoids: Current Progress and Unsolved
Issues. Semin. Cell Dev. Biol. 2021, 111, 32-39.

10. Proceés, A.; Luciano, M.; Kalukula, Y.; Ris, L.; Gabriele, S. Multiscale Mechanobiology in Brain Physiology and
Diseases. Front. Cell Dev. Biol. 2022, 10, 823857.

11. Amirifar, L.; Shamloo, A.; Nasiri, R.; de Barros, N.R.; Wang, Z.Z.; Unluturk, B.D.; Libanori, A.; levglevskyi, O.; Diltemiz,
S.E.; Sances, S.; et al. Brain-on-a-Chip: Recent Advances in Design and Techniques for Microfluidic Models of the
Brain in Health and Disease. Biomaterials 2022, 285, 121531.

12. Liu, X.; Inda, M.E.; Lai, Y.; Lu, T.K.; Zhao, X.; Liu, X.; Zhao, X.; Inda, M.E.; Lai, Y.; Lu, T.K. Engineered Living
Hydrogels. Adv. Mater. 2022, 34, 2201326.

13. Samanipour, R.; Tahmooressi, H.; Rezaei Nejad, H.; Hirano, M.; Shin, S.R.; Hoorfar, M. A Review on 3D Printing
Functional Brain Model. Biomicrofluidics 2022, 16, 011501.

14. Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell 2006,
126, 677-689.

15. Martino, F.; Perestrelo, A.R.; Vinarsky, V.; Pagliari, S.; Forte, G. Cellular Mechanotransduction: From Tension to
Function. Front. Physiol. 2018, 9, 824.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

Fatehullah, A.; Tan, S.H.; Barker, N. Organoids as an in Vitro Model of Human Development and Disease. Nat. Cell
Biol. 2016, 18, 246-254.

Trujillo, C.A.; Gao, R.; Negraes, P.D.; Gu, J.; Buchanan, J.; Preissl, S.; Wang, A.; Wu, W.; Haddad, G.G.; Chaim, L.A,; et
al. Complex Oscillatory Waves Emerging from Cortical Organoids Model Early Human Brain Network Development.
Cell Stem Cell 2019, 25, 558.

Samarasinghe, R.A.; Miranda, O.A.; Buth, J.E.; Mitchell, S.; Ferando, |.; Watanabe, M.; Allison, T.F.; Kurdian, A.; Fotion,
N.N.; Gandal, M.J.; et al. Identification of Neural Oscillations and Epileptiform Changes in Human Brain Organoids.
Nat. Neurosci. 2021, 24, 1488-1500.

Qian, X.; Song, H.; Ming, G.L. Brain Organoids: Advances, Applications and Challenges. Development 2019, 146,
dev166074.

Todd, G.K.; Boosalis, C.A.; Burzycki, A.A.; Steinman, M.Q.; Hester, L.D.; Shuster, P.W.; Patterson, R.L. Towards
Neuronal Organoids: A Method for Long-Term Culturing of High-Density Hippocampal Neurons. PLoS ONE 2013, 8,
€58996.

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.; et al. Functional Cortical Neurons and Astrocytes from Human Pluripotent Stem Cells in 3D Culture. Nat.
Methods 2015, 12, 671-678.

Tieng, V.; Stoppini, L.; Villy, S.; Fathi, M.; Dubois-Dauphin, M.; Krause, K.-H. Engineering of Midbrain Organoids
Containing Long-Lived Dopaminergic Neurons. Stem Cells Dev. 2014, 23, 1535-1547.

Yuan, F.; Fang, K.-H.; Cao, S.-Y.; Qu, Z.-Y.; Li, Q.; Krencik, R.; Xu, M.; Bhattacharyya, A.; Su, Y.-W.; Zhu, D.-Y.; et al.
Efficient Generation of Region-Specific Forebrain Neurons from Human Pluripotent Stem Cells under Highly Defined
Condition. Sci. Rep. 2016, 5, 18550.

Gill, K.P.; Hewitt, A.W.; Davidson, K.C.; Pébay, A.; Wong, R.C.B. Methods of Retinal Ganglion Cell Differentiation From
Pluripotent Stem Cells. Transl. Vis. Sci. Technol. 2014, 3, 7.

Dezonne, R.S.; Sartore, R.C.; Nascimento, J.M.; Saia-Cereda, V.M.; Romao, L.F.; Alves-Leon, S.V.; de Souza, J.M.;
Martins-de-Souza, D.; Rehen, S.K.; Gomes, F.C.A. Derivation of Functional Human Astrocytes from Cerebral
Organoids. Sci. Rep. 2017, 7, 45091.

Pandya, H.; Shen, M.J.; Ichikawa, D.M.; Sedlock, A.B.; Choi, Y.; Johnson, K.R.; Kim, G.; Brown, M.A.; Elkahloun, A.G.;
Maric, D.; et al. Differentiation of Human and Murine Induced Pluripotent Stem Cells to Microglia-like Cells. Nat.
Neurosci. 2017, 20, 753.

Muffat, J.; Li, Y.; Omer, A.; Durbin, A.; Bosch, |.; Bakiasi, G.; Richards, E.; Meyer, A.; Gehrke, L.; Jaenisch, R. Human
Induced Pluripotent Stem Cell-Derived Glial Cells and Neural Progenitors Display Divergent Responses to Zika and
Dengue Infections. Proc. Natl. Acad. Sci. USA 2018, 115, 7117-7122.

Marton, R.M.; Miura, Y.; Sloan, S.A.; Li, Q.; Revah, O.; Levy, R.J.; Huguenard, J.R.; Pasca, S.P. Differentiation and
Maturation of Oligodendrocytes in Human Three-Dimensional Neural Cultures. Nat. Neurosci. 2019, 22, 484-491.

Gabriel, E.; Albanna, W.; Pasquini, G.; Ramani, A.; Josipovic, N.; Mariappan, A.; Schinzel, F.; Karch, C.M.; Bao, G.;
Gottardo, M.; et al. Human Brain Organoids Assemble Functionally Integrated Bilateral Optic Vesicles. Cell Stem Cell
2021, 28, 1740-1757.€8.

Lancaster, M.A. Brain Organoids Get Vascularized. Nat. Biotechnol. 2018, 36, 407—408.

Mansour, A.A.; Gongalves, J.T.; Bloyd, C.W.; Li, H.; Fernandes, S.; Quang, D.; Johnston, S.; Parylak, S.L.; Jin, X;;
Gage, F.H. An in Vivo Model of Functional and Vascularized Human Brain Organoids. Nat. Biotechnol. 2018, 36, 432—
441.

Costamagna, G.; Comi, G.P.; Corti, S. Advancing Drug Discovery for Neurological Disorders Using IPSC-Derived
Neural Organoids. Int. J. Mol. Sci. 2021, 22, 2659.

Javier-Torrent, M.; Zimmer-Bensch, G.; Nguyen, L. Mechanical Forces Orchestrate Brain Development. Trends
Neurosci. 2021, 44, 110-121.

Wang, H. Modeling Neurological Diseases With Human Brain Organoids. Front. Synaptic Neurosci. 2018, 10, 15.

Sloan, S.A.; Andersen, J.; Pasca, A.M.; Birey, F.; Pasca, S.P. Generation and Assembly of Human Brain Region—
Specific Three-Dimensional Cultures. Nat. Protoc. 2018, 13, 2062—2085.

Shen, Q.; Goderie, S.K.; Jin, L.; Karanth, N.; Sun, Y.; Abramova, N.; Vincent, P.; Pumiglia, K.; Temple, S. Endothelial
Cells Stimulate Self-Renewal and Expand Neurogenesis of Neural Stem Cells. Science 2004, 304, 1338—-1340.

Matsui, T.K.; Tsuru, Y.; Hasegawa, K.; Kuwako, K. ichiro Vascularization of Human Brain Organoids. Stem Cells 2021,
39, 1017-1024.



38.
39.

40.

41.

42.

43.

44.

Ozbolat, I.T.; Peng, W.; Ozbolat, V. Application Areas of 3D Bioprinting. Drug Discov. Today 2016, 21, 1257-1271.

Ayan, B.; Heo, D.N.; Zhang, Z.; Dey, M.; Povilianskas, A.; Drapaca, C.; Ozbolat, |.T. Aspiration-Assisted Bioprinting for
Precise Positioning of Biologics. Sci. Adv. 2020, 6, eaaw5111.

Kolesky, D.B.; Homan, K.A.; Skylar-Scott, M.A.; Lewis, J.A. Three-Dimensional Bioprinting of Thick Vascularized
Tissues. Proc. Natl. Acad. Sci. USA 2016, 113, 3179-3184.

Hospodiuk, M.; Dey, M.; Sosnoski, D.; Ozbolat, I.T. The Bioink: A Comprehensive Review on Bioprintable Materials.
Biotechnol. Adv. 2017, 35, 217-239.

Lovett, M.L.; Nieland, T.J.F.; Dingle, Y.T.L.; Kaplan, D.L. Innovations in 3-Dimensional Tissue Models of Human Brain
Physiology and Diseases. Adv. Funct. Mater. 2020, 30, 1909146.

Yao, Y.; Molotnikov, A.; Parkington, H.C.; Meagher, L.; Forsythe, J.S. Extrusion 3D Bioprinting of Functional Self-
Supporting Neural Constructs Using a Photoclickable Gelatin Bioink. Biofabrication 2022, 14, 035014.

Holzl, K.; Lin, S.; Tytgat, L.; Vlierberghe, S.V.; Gu, L.; Ovsianikov, A. Bioink Properties before, during and after 3D
Bioprinting. Biofabrication 2016, 8, 032002.

Retrieved from https://encyclopedia.pub/entry/history/show/91230



