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Preface

Organoids are tiny in vitro 3D models that imitate the architecture and functioning 
of specific tissues and organs. These near-physiological models provide unique prospects 
for different fundamental and translational applications in human research. Organoid 
technology is a multidisciplinary technique that utilizes stem cells’ ability to self-renew, 
differentiate into many lineages, and self-organize into organoids. Scientists have used 
organoid bioengineering techniques and explored the use of induced pluripotent stem 
cells (iPSCs), embryonic stem cells (ESCs), and tissue-resident adult stem cells (ASCs) 
in an attempt to create small tissue-replicating organoids. Several research teams have 
now manipulated stem cells in vitro to derive endodermal, mesodermal, and ectodermal 
organoids. Technological advances have made it possible to generate several tissue-specific 
organoids, including the kidney, brain, lung, colon, intestine, breast, retina, and liver. 
Considering the disparity between animal-based models and human disease  pathology, a 
paradigm shift was needed to imitate human diseases correctly. The 3D human organoid 
platform offers an unparalleled chance to generate better models and a deeper under-
standing of human disease pathophysiology. Organoids give information on human 
disease-associated processes like disease-specific altered signaling, cell–cell interactions, 
therapeutic target identification, therapeutic screening, and discovery.

Advances in genome editing, hybrid culture techniques, single-cell transcriptomics, 
the establishment of biobanks, 3D printing, microfluidics, high-resolution imaging, 
nanotechnology, and other cutting-edge technologies are facilitating the development 
of physiologically accurate human disease models, hence impacting the discovery of 
new treatments. The combination of these approaches has the potential to push the 
limits of present scientific study, and future developments will undoubtedly lead to the 
development of new paradigms for treating human diseases. Tumor organoids are 3D 
cultures of cancer cells that may be successfully generated from individual patients. This 
facilitates the construction of a genetic mutation-specific tumoroid biobank with relevant 
patient samples that can be used for drug screening and development. Due to advances 
in biobanking, it is now feasible to use a person’s stem cells or tumor cells for customized 
disease modeling and personalized therapy. Organoid-based disease modeling is a rapidly 
emerging field with enormous promise for revolutionary research possibilities, including 
preclinical research and theranostics. This collection of chapters aims to shed light on 
the expanding resources addressing the principles of organoids and disease modeling, 
including cancer. The primary areas covered in this book are organ-specific organoids, 
patient-derived organoids, tumoroids, and organoid commercialization. The chapters in 
this collection are intended for biologists, clinicians, and translational scientists.

Manash K. Paul
Department of Pulmonary and Critical Care Medicine,

University of California Los Angeles (UCLA),
Los Angeles, USA
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Chapter 1

Introductory Chapter: Organoid 
Technology and Potential 
Applications
Manash K. Paul

1. Introduction

Owing to the fantastic potential of pluripotent stem cells (PSCs) to develop into all 
cell types in the body, regulating the differentiation of PSCs into particular tissue types 
is a substantial challenge. Early attempts to differentiate human PSCs (hPSCs) used two-
dimensional (2D) monolayer cultures, resulting in cells that showed germ layer markers 
but lacked tissue architecture [1, 2]. Because of the potential to generate differentiated 
cells for therapeutic applications, human-induced pluripotent stem cells (iPSCs) are 
being researched more and more in stem cell research [3, 4]. Recent research has con-
centrated on developing organoids from human iPSCs and avoiding the ethical problems 
connected with embryonic stem cell (ESC) usage. Initial attempts at three-dimensional 
(3D) structure generation relied heavily on aggregation and spontaneous differentia-
tion, resulting in disorganized tissue mixes [4, 5]. Recently, incredible progress has been 
made in the in vitro development of 3D organized tissues—dubbed organoids. Organoid 
technology is a multidisciplinary technique that uses stem cells’ ability to self-renew, dif-
ferentiate into many lineages, and self-organize into organoids. Scientists have explored 
human PSCs and adult stem cells (ASCs) to create tiny tissue mimics that resemble a 
wide variety of organs [6]. Several research groups have now manipulated PSCs and 
ASCs in vitro to generate endodermal, mesodermal, and ectodermal cell-derived organ-
oids. Organoid culture has been used to promote the development of various tissues, 
including the kidney, brain, lung, colon, stomach, breast, liver, etc. (Figure 1).

Organoid technology has the potential to produce organ-specific tissue organoids and 
can provide an unprecedented opportunity for effective modeling of human-specific 
disease and to simulate the physiology and complexity of tissue-specific ailments. Given 
the existing difference between animal models and human disease pathology, a para-
digm shift was needed to model human diseases appropriately. The 3D human organoid 
platform can aid in acquiring a better knowledge of the pathobiology of human diseases 
[7]. Organoids throw light on human disease-associated signaling interactions, cell-cell 
communications, therapeutic target identification, therapeutic discovery, and screen-
ing, thereby decoding the process of disease development in humans. Organoids closely 
replicates human physiology and simulates disorders affecting many organ systems is a 
more viable alternative to in vivo animal models when studying regenerative medicine 
[8]. It has now become feasible to use a person’s own stem cells for personalized disease 
models and precision treatment as a result of improvements in biobanking [9, 10]. This 
collection of chapters attempts to bring together professionals from a variety of fields in 
order to shed light on the use of organoids in human disease management.
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Organoid-based disease modeling is a rapidly evolving field with significant 
potential for integrating novel techniques into future investigations [6]. Recent 
breakthroughs in organoid technology, such as creating a unique organoid platform, 
the engineering of organoid complexity, and the incorporation of pathological 
characteristics, have accelerated the development of tiny tissue or organs on a dish. 
Novel technologies, such as high-resolution 3D imaging, organ on a chip, 3D printing, 
gene manipulation, and single-cell sequencing, have accelerated the development 
of organoids, which can provide unprecedented insight into the behavior of stem 
cells, as well as serve as a platform for preclinical research and theranostics [11, 12]. 
Genome editing, hybrid culture techniques, biobank development, and single-cell 
sequencing are all examples of cutting-edge technologies that may help generate 
more physiologically realistic human disease models, thereby altering the identifica-
tion of new therapies. A combination of these approaches has the potential to push 
the frontiers of present scientific study, and future advances will almost certainly 
result in the development of new paradigms for battling human diseases [7, 12]. 
This book presents a comprehensive overview of organoids and has three sections: 
Organ-specific organoid, Patient-derived organoid and tumoroid, and Organoid 
commercialization.

2. Organ-specific organoid

This section reviews how scientists are cultivating organ-specific tissue from 
stem cells, which has the potential to revolutionize the way diseases are investi-
gated and treated. Retinal organoids (ROs) are unique to several exciting organ-
oid types. ROs are 3D tissue constructs made from ESCs or iPSCs and accurately 
reproduce the spatiotemporal differentiation of the retina, making them useful 

Figure 1. 
Human organoids are vital in the progress of human biology research, preclinical investigations, and their 
translation into successful therapeutics.
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in vitro models of retinal development and retinal disease [13]. ROs, available 
since 2011, allowed researchers to study retinal development (especially light-
sensitive photoreceptors), pathology, and regeneration. The ROs’ differentiation 
efficiency and development degree have improved dramatically during the last 
decade and offer many applications, including disease modeling. This section also 
reviews the role of ROs in evaluating disease pathogenesis, medication screening, 
and retinal regeneration treatment [14]. Although ROs have a promising future, 
their lack of structure and function, differentiation and culture constraints, and 
embryonic retina differences remain unsolved. Neural organoids, or cerebral 
organoids, are 3D in vitro culture systems produced from hPSCs that mimic the 
human brain’s development. Specific distinctions between animal and human 
neurodevelopment have led to a dearth of information about human neurogenesis 
and understanding the pathological aspect. This section describes the applica-
tions of neural organoids in neurodevelopment and regenerative medicine. 
Advances in stem cell technology and the advent of the human-specific 3D neural 
organoid model are now widely used to study a specific aspect of the human 
brain and neurodevelopment. They can be vital in developing more effective 
therapeutics and regenerative medicine applications [15]. This section reviews 
current developments and future directions in the brain and retinal organoid 
developments and their applications.

3. Patient-derived organoid and tumoroid

The current paradigm for preclinical cancer drug development entails extensive 
and expensive optimization for lead discovery, often using in vitro human-cancer-
cell-based models or in vivo animal-based tumor models that do not closely mirror 
actual solid tumors and, therefore, with little translational value [16]. Multicellular 
cancer “oids,” including tumoroids, spheroids, and organoids, can address the existing 
loopholes in conventional 2D human cancer cell cultures and in vivo animal-based 
cancer models. Cancer “oids” display physiologically relevant cell-cell and cell-matrix 
interactions, gene expression and signaling pathway profiles, heterogeneity, and 
structural complexity, all of which are the characteristics of in vivo malignancies 
[17]. When cultivated appropriately, tumoroids develop easily and exhibit the in vitro 
model system’s efficacy, repeatability, and resilience. Preclinical researchers are using 
tumoroids to present case studies on basic tumor biology, host-tumor interactions, and 
the application of high-throughput screening platforms for anticancer drug discovery 
and development [18]. This section discusses the evolution of organoids and research 
trends in cancer research.

This section also reviews patient-derived organoids (PDOs) as a revolution-
ary model system for cancer research. To circumvent the limitations of established 
cell lines, PDOs have recently been produced from varied tumor types [18, 19]. 
Researchers standardized 3D organoid culture methods to expand epithelial stem 
cells further and differentiate them into genetically and phenotypically stable “mini-
organs in a dish,” not only for humans but also for other species [17]. The in vitro 
response of PDOs mimics that of the result of related patients [20]. PDOs might be 
used to test immunomodulatory drugs in co-culture with different immune cell types. 
This book also addresses significant organoid-based bench-to-bedside applications 
and provides an overview of the therapeutic areas where organoids transform drug 
discovery and development.
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4. Organoid commercialization

Organoids are 3D microtissue replicators that have been successfully employed 
for various applications, including disease modeling, drug screening, pathogenesis 
research, stem cell research, and tumor immunology. Organoids are as diverse as 
the tissues and organs of the human body and have immense economic potential 
[21, 22]. They have the potential to pave the path for personalized treatment and 
precision medicine (Figure 1). PDOs have been utilized in clinical trials to predict 
patient responses to therapy regimens and perhaps enhance cancer treatment results. 
Recent advances in stem cell research and genomic technology have resulted in 
ground-breaking breakthroughs in organoid bioengineering, large-scale production, 
biobanking, and commercialization [6]. This section of the book reviews the concept 
of organoid biobanking, the firms engaged, the commercialization process, and ethi-
cal issues. Additionally, this book discusses possible barriers to clinical translation of 
organoids and suggests future research avenues for therapeutic translation and cancer 
treatment. This collection of chapters is intended for a wide readership and will serve 
as an indispensable resource for fundamental biologists, translational scientists, and 
clinicians.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Applications of Neural Organoids 
in Neurodevelopment and 
Regenerative Medicine
Jing Gong, Jiahui Kang, Minghui Li, Xiao Liu, Jun Yang  
and Haiwei Xu

Abstract

Recent advances in stem cell technologies have enabled the application of  
three-dimensional neural organoids for exploring the mechanisms of neurodevelop-
ment and regenerative medicine. Over the past decade, series of studies have been 
carried out to investigate the cellular and molecular events of human neurogenesis 
using animal models, while the species differences between animal models and 
human being prevent a full understanding of human neurogenesis. Human neural 
organoids provide a new model system for gaining a more complete understanding of 
human neural development and their applications in regenerative medicine. In this 
chapter, the recent advances of the neural organoids of the brain and retina as well as 
their applications in neurodevelopment and regenerative medicine are reviewed.

Keywords: neural organoids, neurogenesis, brain, retina, neurodevelopment, 
regenerative medicine

1. Introduction

Researchers have been attracted by the mystery of human neural development 
for hundreds of years. Numerous cellular and animal models have been explored 
to improve our understanding of neurogenesis in humans for hundreds of years. 
Although animal models have greatly improved our understanding of neural develop-
ment, neurological disorders, cortical architecture, and functional regionalization, 
there are significant differences between the human and rodent brains. For example, 
the organization and behavior of neural progenitors during embryonic develop-
ment determine the expansion and folding of the human neocortex to a large degree. 
Therefore, studying the development of the human brain requires models with 
human brain characteristics. Organoids are simply, self-organized three-dimensional 
(3D) tissue cultures that are derived from human pluripotent stem cells (hPSCs), 
including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), 
which has gained great interest in simulating tissue development and disease. This 
technology opens a window to observe some of the most elusive aspects of human 
biology. Compared with animal models or two-dimensional (2D) cell culture systems, 
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3D-cultured organoids can overcome the differences between species and closely 
represent the realistic human-specific development features, which can be utilized to 
mimic the architecture and functionality of the human tissues, having great advan-
tages in explaining the unique human developmental processes [1, 2]. In the field of 
neurodevelopment and regenerative medicine, neural organoids replicate human 
specific features of neurodevelopment, contributing to modeling neurogenesis and 
neurological diseases [3, 4]. Central nervous system (CNS) injury or damage initiates 
spatial and temporal neurodegeneration, resulting in irreversible neuronal loss and 
functional deficits. The vertebrate retina is an extension of the CNS that is composed 
of seven main types of neurons and glial cells. In recent years, emerging organoid-
based research studies of brain and retina have made progress in understanding 
neural organogenesis, which facilitates successful application of 3D organoid systems 
in disease modeling and regenerative medicine. In this chapter, we summarize the 
application of neural organoids of the brain and retina in neurodevelopment and 
regenerative medicine.

2. Organoids in neural development

CNS is generally regarded as the most complex system in human body. Limited by 
accessibility of living neural tissues and ethical challenges, human-specific features 
of neurodevelopment and neurological diseases remain largely unknown to us. Recent 
advances in stem cell technologies and 3D culture neural organoids have opened a 
new avenue in exploring the mechanisms of neurodevelopment. Early versions of 
the neural organoids range from complex neural epithelial structures to disorganized 
brain regions with large cellular diversity [5]. By supplementing exogenous fac-
tors and assembly of organoids during embryonic brain development, efforts have 
been made to gain the well-developed multilayer neural organoids and higher-order 
 functions in terms of controlling patterning, morphogenesis, and function [6, 7].

2.1 Neural organoids in brain development

Through the embryonic brain development, neural progenitors progressively 
follow precise orchestration and coordination to acquire their spatial identities, 
a process characterized by successive changes in cellular composition and cyto-
architecture (Figure 1a). Dysregulation of this process may affect neurogenesis, 
synaptogenesis, and myelination and induce neurological or psychiatric disorders. 
To better investigate the early formation and function of the human brain in vitro, 
two different methodologies have been applied to generate human brain organoids: 
unguided and guided methods. The unguided methods rely largely on the capacity of 
spontaneous morphogenesis and intrinsic differentiation of the 3D aggregates while 
the guided organoid methods highly require supplementation of exogenous factors to 
induce hPSCs to differentiate toward specific brain regions [5]. Over the past decade, 
guided methods were induced by a set of growth factors and small molecules to 
induce the production of brain organs containing broad and specific identity, includ-
ing forebrain, large cortical organoids, cerebellum, midbrain, and hippocampus. 
For instance, glycogen synthase kinase-3 (GSK-3) inhibitor, SMAD inhibitors, and 
WNT3A were for forebrain organoids induction [6]; SMAD inhibitors, Wnt activator, 
sonic hedgehog (SHH), and FGF8 were used for midbrain organoids induction [8]; 
FGF19 and SDF1 for cerebellum organoids induction [9]; WNT-3A and SHH were 
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used for hypothalamic organoids induction [10]. These generated brain organoids 
show robust neuronal and glial subtypes resembling the organization, transcriptional 
frameworks, and developmental timing of a primitive human fetal brain.

The 3D cultured brain organoids have been proven useful for many applications 
in basic research, for example, the development of the human brain cortex. It firstly 
begins with the expansion of the neuroepithelium, and then folds into six differ-
ent layers. The main principles of the cortical layer formation are similar between 
mammals, such as primates and humans; however, the morphological differences 
are unneglectable. It is well known that neuronal number in primates massively 
increases in cortical surface, which eventually leads to the gyrification of the cortex 
(the generation of gyri and sulci) [11]. However, the mechanisms controlling the 
generation of gyrification are still not clear during the formation of cortical areas. 
The application of cortical organoids has helped us better understand the rapid 
expansion of human neocortex and the formation of cerebral cortical sulcus and 
gyrus. Karzbrun et al. revealed two opposing mechanical forces with the usage of 

Figure 1. 
Schematic depiction of brain and eye development in vivo and in vitro. a. The timeline of brain development 
in human body and the features of human retinal development. b. Generation of hPSC-derived human brain 
organoids and retinal organoids in vitro, and the application of the generated organoids in regenerative medicine.
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the brain organoids-on-a-chip: the middle cytoskeletal contraction and peripheral 
cell-cycle-dependent nuclear expansion, physically leading to differential growth and 
folding into brain wrinkling [12], and the extracellular matrix (ECM) components are 
implicated in neocortical expansion [13].

For another example, brain organoids are used to investigate the development of 
cellular interactions in the human brain. The human CNS originated from several 
distinct vesicles and then after a range of progenitors migrate and integrate, it moves 
into areas to generate multiple intertwined regions, ultimately resulting in emerging 
complex networks, neurons branching, and projecting. To model the intricate cellular 
interactions in human brain, fusing regionalized organoids into assembloids reca-
pitulates more elaborate biological processes of brain development. This approach has 
been applied to study forebrain axis establishment, interneuron migration, oligoden-
drogenesis, and neuronal projections like the fused dorsal-ventral cerebral organoids 
to model interneuron migration in [7, 14, 15].

2.2 Neural organoids in retinal development

The eye originates from the ventral diencephalon, where a group of eye field 
transcription factors (EFTFs) are highly expressed such as PAX6, RAX, SIX3, and 
OTX2, and becomes specified as the eye field [16]. The eye field region is firstly split 
into optic vesicles in pairs and subsequently forms the optic cup by experiencing the 
valgus and invagination of the optic vesicle. The outer layer of the optic cup develops 
into retinal pigment epithelium(RPE) while the inner layer develops into neural 
retina. The neural retina with multilayered structure undergoes different phases of 
development, with different types of cells differentiating and maturing over the time 
(Figure 1a).

However, the understandings of the function and development of the human reti-
nal are limited by scarce human fetal retina sample and species differences between 
animals and human. Since 2011, Sasai et al. released a landmark study to generate a 
self-organized 3D optic cup with layered neuroepithelia from mouse pluripotent stem 
cells (mPSCs), which opened a window for generating retinal models [17]. Many 
research groups have subsequently optimized the protocol to generate human retinal 
organoids derived from hPSCs. During retinal organoid generation, stem cell patterns 
the eye field-like regions expressing a complete component of the EFTFs to mimic the 
optic vesicle in early development [18]. What is encouraging, these tiny retinal organ-
oids even contain almost all relevant retinal cell types: retinal ganglion cells (RGCs), 
amacrine cells, horizontal cells, bipolar cells, Müller cells, and photoreceptors.

2.2.1 Retinal organoids in RGC development

RGCs, the early-born neurons, transmit visual information between the eye and 
the brain, playing a critical role in retinal neuronal outputs. The loss of RGCs trends 
to result in a group of degenerative diseases such as glaucoma and optic nerve hypo-
plasia. Due to the specific time point of the RGC development, it is a challenge to 
obtain human fetus samples. In addition, the long-distance projection of neurites is 
the mostly important characteristic for RGC development as the extension of axons 
is regulated by extrinsic factors, including the ECM, growth factors, and glial cells. 
Recent several approaches have improved the capacity to differentiate hPSC-derived 
retinal organoids into RGCs that possess appropriate morphological and functional 
properties [19]. For example, Fligor et al. found that substrate composition including 
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laminin and Matrigel shows the most conducive for RGC neurite outgrowth; similarly, 
the growth factors with Netrin-1 and BDNF have the ability to guide and direct RGC 
axons outgrowth [20]. Besides, single-cell RNA sequencing (RNA-seq) results proved 
that the ganglion cells of retinal organoids at day 60 give the similar clusters to the 
human fetal retina on day 59 [21]. Collectively, the established retinal organoids serve 
as effective models for investigations of RGC development and disease modeling and 
as a valuable tool for cell replacement.

2.2.2 Retinal organoids in photoreceptors development

Rod and cone photoreceptors are specialized neurons with functioning in the 
initial step of vision, which convert light stimuli into neurological responses. Rods 
are highly sensitive to light and operate under dim lighting conditions while the cones 
control color vision and high visual acuity. It is reported that the progressive loss of 
photoreceptors leads to blindness-associated inherited retinal diseases(IRDs), such as 
well-known retinitis pigmentosa (RP), congenital stationary night blindness(CSNB), 
and Leber congenital amaurosis (LCA). Therefore, it is particularly important to 
understand retinal progenitor fate choices toward rod photoreceptors and cone 
subtypes during retinogenesis. As such, the phototransduction mechanism requires 
a complicated cascade of gene regulatory networks. Aiming to induce hPCS-derived 
retinal organoids with mature photoreceptors, efforts of genetic manipulation 
and transcriptomic analysis have become the focal point for researchers [22]. Most 
recently, NRL (neural retina leucine zipper)-/- human-based 3D organoids were used 
to uncover the regulative role of MEF2C in cones’ development [22]. RNAseq analysis 
of hPCS-derived retinal organoids has identified certain molecular signatures related 
with human photoreceptors development [23]. In brief, these observations and datas-
ets have enabled to reconstruct developmental trajectories and recapitulate dynamics 
in vivo photoreceptors development.

3. Neural organoids in regenerative medicine

Neural organoids, which recapitulate the process of native neurogenesis in the 
development of CNS, have been applied in a large variety of areas including simulat-
ing brain development and retinogenesis. Moreover, emerging organoid-based cell 
transplantation has made considerable progress in reconstruction of lost neural cir-
cuits, damaged neural cortex and visual function, which facilitates the application of 
3D organoid systems in disease modeling and regenerative medicine. Representative 
examples are involved in two aspects: (a) isolating neural progenitor cells (NPCs) 
from neural organoids; (b) transplanting neural organoids in immunodeficient 
animals. The stem cells in the organoids derived from hPSCs present a higher survival 
rate and closer connection with the surrounding tissues in the host. Distinct from 
conventional stem cell therapy usually focusing on specific populations of stem cells 
or NPCs, neural organoids offer an entire set of cell types of the human organs.

3.1 Brain organoid system in regenerative medicine

Brain disorders, such as Alzheimer's disease (AD), Parkinson's disease (PD), trau-
matic brain injury (TBI), and stroke, along with several other chronic neurodegenera-
tive disorders, are debilitating diseases that have few treatment options. Stem cell 
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therapy is likely to provide beneficial effects for the indications of these diseases. The 
current understanding of brain diseases is mainly based on traditional 2D monocul-
tural cells, animal models, and postmortem examination. Because of the inherent 
species differences between animals and humans and the individual differences 
among genetic and environmental backgrounds, it remains a challenge to investigate 
brain development and associated disorders. To establish better models of human 
brain development, stem-cell-based 3D brain organoids systematically decipher the 
developmental rules, presenting the 3D architectures and physiology of the brain. 
These generated brain organoids show robust neuronal subtypes and glial subtypes 
and functionality to mimic in vivo neural connectivity [24, 25]. In comparison with 2D 
monocultural stem cell cultures, physiologic conditions closer to the human organism 
are provided by organoids to support cell-cell and cell-matrix interactions. Therefore, 
as an ideal cell source, brain organoids have great potential for the reconstruction of 
lost neural circuits. Brain organoids transplantation strategy is expected to become an 
effective treatment for neurological defects after brain injury (Figure 1b).

Recently, in two studies, scientists transplanted hPSC-derived cerebral organoids 
into mouse cerebral cortex and successfully generated vascularized organoids, which 
promoted the progressive neuronal differentiation and maturation and increased 
cell survival [26, 27]. They observed the widespread axonal extension and precise 
synaptic connectivity outside the graft area; however, the region-specific long projec-
tions and synaptogenesis mapping were not reported in the two studies. Previously, 
reported approaches produced brain organoids with large lumens and tubes, which 
results in insufficient oxygen and nutrients support in increasing metabolic needs, 
making them difficult to apply in transplantation therapy [10, 28]. Recently, an opti-
mized culture protocol was developed to efficiently generate small human cerebral 
organoids, which presents the benefit of alleviating the risk of cell overgrowth and 
safety concerns after injecting into the mouse medial prefrontal cortex [29]. The 
transplanted cerebral organoids extended projections to basal brain regions and gen-
erated human glutamatergic neurons with mature electrophysiology [29]. Moreover, 
mice transplanted with cerebral organoids show potentiated auditory startle fear 
response, indicating that the organoids can be functionally integrated into preexisting 
host mouse neural circuits via building up bidirectional synaptic connections, which 
provides crucial therapeutic strategy for neurological diseases [29].

However, owing to the cellular composition of brain, organoids dramatically 
changes along the time course of the development, it is necessary to demonstrate 
which stage of the organoids is best suitable for transplantation. To address this 
limitation, Kitahara et al. transplanted hESC-derived cerebral organoids at 6w or 10w 
into mouse cerebral cortex and found that 6w-organoids extend more axons along 
corticospinal tracts but caused graft overgrowth with higher populations of prolif-
erative cells while axonal extensions from 10w-organoids were smaller in number 
but enhanced after brain injury 1 week [30]. A similar study reported that 55d and 
85d-cerebral organoids were transplanted into damaged motor cortex, indicating 
that 55d-cerebral organoids can be used as a better transplantation donor for trau-
matic brain injury (TBI) [31]. Cells from the transplanted cerebral organoids have 
the capability to support region-specific reconstruction of damaged brain cortex, 
upregulate hippocampal neural connection protein and neurotrophic factor, and 
improve of damaged motor cortex. It is also reported that cerebral organoids were 
transplanted at 55 days to explore the feasibility of organoid transplantation in stroke 
[32]. Cerebral organoids were transplanted at 6 h or 24 h after middle cerebral artery 
occlusion (MCAO) surgery, resulting in reducing brain infarct volume and improving 
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neurological motor function. Furthermore, they also observed that the transplanted 
cerebral organoids were also related with increased neurogenesis, synaptic recon-
struction, axonal regeneration and angiogenesis, decreased neural apoptosis, and 
rescued more survival neurons after stroke [32]. Although a few works with respect 
to transplanting brain organoid system were reported, it still has promising technolo-
gies in the future treatment of central nervous system diseases. Hence, the effects of 
the developmental organoid stage and host brain environment should be accurately 
evaluated when developing an organoid-replacement therapy for brain injury.

3.2 Retinal organoid in regenerative medicine

Retinal degenerative diseases, such as glaucoma, RP, and Age-Related Macular 
Degeneration (AMD), usually lead to irreversible blindness. So does the importance of 
finding a viable treatment. Regardless of the underlying etiology of retinal degenera-
tion, the common endpoint is the loss of photoreceptors and underlying RPE. Cell 
replacement strategy provides a good solution for the treatment of retinal degenera-
tion. Although plenty of studies have been made to understand the cellular and 
molecular mechanisms of retinal disorders, our knowledge is still in its infancy, and 
the immortalized retinal cell lines have not recapitulated the developmental stages of 
the human native retina. The new methodological advances in inducing hPSCs into 
human retina tissues have opened new possibilities for basic research on investigating 
the therapies or treatments in regenerative medicine [18, 33]. The generated retinal 
organoids closely resemble many aspects of the real human retina, including retina-
specific ribbon synapse [34] and physiological-relevant response to light stimuli [35], 
which empower researchers to explore the pathogenesis of retinal diseases and pursue 
cell/tissue transplantation for developing novel treatment options. Because retinal 
organoids contain all the cell types of human retina, it plays a primary role in the field 
of transplantation therapy. In this section, we focus on single-cell suspensions isolated 
from retinal organoids and application of retinal organoids sheets transplantation used 
for cell therapies in regenerative medicine (Figure 1b).

3.2.1 Retinal organoids as a cell source for therapeutic transplantation

During the previous decade, the aborted human fetal tissues and the hPSC-
derived retinal progenitors were two cell sources for transplantation. Representative 
retinal cell replacement clinical trials are transplantation of hPSC-derived RPE for 
the treatment of retinal diseases, including AMD and Stargardt disease [36–38]. It 
has been proved that the mature mammalian retina lacks the ability to accept and 
incorporate stem cells or to promote photoreceptor differentiation. In 2006, stem-
cell-derived precursor photoreceptors were first integrated into the outer retinal 
layer of degenerating retina and had success in improving vision [39, 40]. However, 
the strong ethical restrictions and limited cell sources remain a challenge in cur-
rent transplantation therapies. The retinal organoids that contain abundant retinal 
progenitor cells (RPCs) can act as an ideal cell source transplantation in retinal 
degenerative diseases. Zou et al. transplanted effectively purifying RPCs with the 
surface markers (C-Kit+/SSEA4−) into the retinal degeneration models of rats and 
mice, showing benefits to the improvement of vision and preservation of the retinal 
structure [41]. The RGCs are the earliest differentiated cells closely associated with 
glaucoma. But the population of RGCs in retinal organoids is not substantial as 
they gradually degenerate following long-term culture time. Thus, prolonging the 
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survival time of RGCs may provide the possibility for RGC replacement therapy. 
Several approaches have been taken to improve the short life of implanted RGCs 
and the length of axons, such as adding extrinsic growth factors [20], combining 
2D and 3D protocols [42], and co-culturing with Müller glia [43]. In another animal 
study, by transplanting purified rod photoreceptors isolated from retinal organoids 
in defective S- and M- cone opsins, Nrl-/- mouse retinas can restore rod-mediated 
visual function and be incorporated into the host retina with forming synaptic-like 
structures in close apposition to mouse interneurons [44]. Interestingly, recent stud-
ies contradicted the common view that transplanted photoreceptors integrate into 
the photoreceptor layer of recipients. They demonstrated that the material transfer 
between donor rod photoreceptors and host photoreceptors leads to the acquisition 
of proteins originally expressed only by donor cells [45, 46]. Thus, the mechanism of 
the photoreceptor transplantation demands reinterpretation.

3.2.2 Retinal organoid sheet transplantation for improving visual function

A retinal sheet derived from cultured retinal organoids or fetal retina is another 
approach to preserving the neural circuitries and improving visual function. Cell 
suspension strategies consist of transplanting purified photoreceptor precursor cells, 
whereas retinal sheet transplantations engraft retinal organoids containing both 
photoreceptor cells and inner retinal neurons. The inner neurons located in the trans-
planted retinal sheet, which serves as a scaffold and nurturing microenvironment, are 
conductive to outer layer retinal cells in differentiation and maturation, preserving 
normal lamination structures. It is reported that the retinal sheet graft can produce 
less immune activation that enhances life span and the survival rate of transplanted 
cells, providing suitability approach for therapies of late-stage retinal diseases.

Furthermore, several studies have demonstrated that the transplantation of hPSC-
derived RPE cells in AMD patients shows promising outcomes in clinical trials, such 
as improvement in retinal integrity, maintainability in visual acuity, and increase in 
vision-related quality of life [47]. Currently, the transplantation of early-stage retinal 
organoid sheets is verified to establish connections more effectively with host retinal 
degeneration, and these connections show higher survival rate over time. A series 
of studies have been performed to investigate whether the transplantation of retinal 
organoid sheets can differentiate, integrate, and improve visual function in animal 
models with severe retinal degeneration [48–50]. In 2016, Shirai et al. dissected 
“retinas” from organoids to get transparent and continuous neural retina sheets 
and transplanted them into two primate models with retinal degeneration. In both 
monkey and rat, grafted hESC-retina differentiated into a range of retinal cell types, 
such as photoreceptors. The photoreceptors were proved to have migrated to the 
outer nuclear layer and the host-graft synaptic connections were established in those 
animal models [51]. Similar results were achieved in another study of transplanting 
the sheets dissected from hESC-derived retinal organoids into retinal degenerate 
rats [48]. In addition, to enhance functional integration of transplanted retinal 
sheet, a method in which a genetic modification was used to reduce ON-bipolar cells 
resulted in efficiently restoring RGC light responsiveness in degenerated retina [52]. 
However, in those studies, the absence of a well-defined RPE monolayer presents a 
main limiting factor for retinal sheet transplantation. To overcome this limitation, 
hESC-derived retinal organoids and RPE monolayer were combined using different 
bio-adhesives to transplant into immunodeficient Royal College of Surgeons (RCS) 
rats. The co-grafts were observed to reconstruct the severely damaged retina structure 



19

Applications of Neural Organoids in Neurodevelopment and Regenerative Medicine
DOI: http://dx.doi.org/10.5772/intechopen.104044

and improve visual function [53]. Those studies demonstrate the clinical feasibility of 
hPSC-derived retinal organoids sheet transplantation and provide practical tools to 
optimize transplantation strategies for future clinical applications.

In retinal tissue engineering, biomaterials are utilized to optimize the models of 
the human retina. A growing number of biomaterials, especially synthetic polymer 
scaffolds, such as biodegradable polycaprolactone (PCL) and polylactic-coglycolic 
acid (PLGA), have been widely used. The remarkable properties of defined synthetic 
polymer substrate are thin and biodegradable, which can be placed into the retinal 
subretinal space with minimal physical distortion [54]. In terms of the report, 
transplanting mouse RPCs cultured on biodegradable thin-film PCL scaffolds with 
varying surface topographies into the retinal subretinal space help newly integrated 
mRPCs exhibit potential to guide stem cell differentiation toward photoreceptor fate 
and to help cells localized to the outer nuclear layer [55]. Another study implanted 
the human retinal organoids, which are seeded on PLGA sheets into both normal and 
Chronic Ocular Hypertension (OHT) rhesus monkey retinas. They found that despite 
the need of immunosuppression for dexamethasone after transplantation, survival 
and differentiation into retinal tissue were successfully improved [56]. Subsequently, 
the same group proved again that with the support of PLGA sheets, retinal organoids 
showed active proliferation, migration and projection of axons into the host optic 
nerve after transplanting into OHT rhesus monkey eyes [57].

4. Comments and future challenges

Development of neural organoid techniques has yielded rapid progress in clarify-
ing the mechanisms of human neural development. Organoids display many char-
acteristics of the organs from which they were made, including cellular anatomy and 
interaction, genetics, and specific tissue functions, advancing our understanding the 
neuro of biology, developmental science, and regeneration. Some of the limitations 
and challenges of neural organoids have been addressed, but emerging technologies 
are still required to be applied in further study. With respect to brain organoids, many 
points are needed to be improved, such as the maturation of neuronal and glial cells, 
reliable anatomical organization, long-range axonal projection and synaptic con-
nections, and the precise construction of neuronal circuits. Providing a physiologi-
cally relevant microenvironment and the more complex whole-brain organoids to 
reproduce the developmental events of the human nervous systems may be needed in 
the future. Retinal organoids serve as an ideal choice for therapeutic transplantation, 
which still face many challenges as following: low yield, high heterogeneity, degen-
erative inner cell layers, and cancerogenesis. The next-generation retinal organoids 
would be anticipated to have an integrated vascular network, mature microglia 
system, and pigment layer wrapping around as well as the integration of bioengineer-
ing technologies. To achieve the goal, several engineering approaches may be useful: 
(1) engineered biomaterials to investigate cell-cell and cell-matrix interactions; (2) 
genetic engineering technology to study various aspects of organoids development 
and performance; (3) organoid-on-a-chip device to create an optimal microenviron-
ment with the purpose of generating organoids with higher physiological relevance. 
Furthermore, the next generation of organoids probably needs to integrate more 
bioengineering technologies, aiming to overcome each approach’s limitation and 
provide a superior, synergistic approach for constructing more complex organoids in 
regenerative and precision medicine.



Organoid Bioengineering - Advances, Applications and Challenges

20

Author details

Jing Gong1,2,3, Jiahui Kang1,2, Minghui Li1,2, Xiao Liu1,2, Jun Yang3 and Haiwei Xu1,2*

1 Southwest Hospital/Southwest Eye Hospital, Third Military Medical University 
(Army Medical University), Chongqing, China

2 Key Lab of Visual Damage and Regeneration and Restoration of Chongqing, 
Chongqing, China

3 Key Laboratory of Biorheological Science and Technology, Ministry of Education, 
College of Bioengineering, Chongqing University, Chongqing, China

*Address all correspondence to: haiweixu2001@163.com

Declaration of competing interest

The authors declare no conflicts of interest.

Acknowledgements

This study was supported by the funding from the National Key Research and 
Development Program of China (Grant No. 2018YFA0107302); the National Natural 
Science Foundation of China (Grant No. 31930068); and the Military Key Program 
(Grant No. 20QNPY025).

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Applications of Neural Organoids in Neurodevelopment and Regenerative Medicine
DOI: http://dx.doi.org/10.5772/intechopen.104044

21

References

[1] Shi YC, Wu Q , Wang XQ . Modeling 
brain development and diseases with 
human cerebral organoids. Current 
Opinion in Neurobiology. 2021;66:103-
115. DOI: 10.1016/j.conb.2020.09.006

[2] O'Hara-Wright M, Gonzalez-
Cordero A. Retinal organoids: A window 
into human retinal development. 
Development. 2020;147:dev189746. 
DOI: 10.1242/dev.189746

[3] Chhibber T, Bagchi S, Lahooti B, 
Verma A, Al-Ahmad A, Paul MK, et al. 
CNS organoids: An innovative tool for 
neurological disease modeling and drug 
neurotoxicity screening. Drug Discovery 
Today. 2020;25:456-465. DOI: 10.1016/j.
drudis.2019.11.010

[4] Lu X, Yang J, Xiang Y. Modeling human 
neurodevelopmental diseases with brain 
organoids. Cell Regeneration. 2022;11:1. 
DOI: 10.1186/s13619-021-00103-6

[5] Lancaster MA, Renner M, Martin CA, 
Wenzel D, Bicknell LS, Hurles ME, 
et al. Cerebral organoids model human 
brain development and microcephaly. 
Nature. 2013;501:373-379. DOI: 10.1038/
nature12517

[6] Qian XY, Nguyen HN, Song MM, 
Hadiono C, Ogden SC, Hammack C, 
et al. Brain-region-specific organoids 
using mini-bioreactors for modeling 
ZIKV exposure. Cell. 2016;165:1238-
1254. DOI: 10.1016/j.cell.2016.04.032

[7] Bagley JA, Reumann D, Bian S, 
Levi-Strauss J, Knoblich JA. Fused 
cerebral organoids model interactions 
between brain regions. Nature Methods. 
2017;14:743-751. DOI: 10.1038/nmeth.4304

[8] Jo J, Xiao YX, Sun AX, Cukuroglu E, 
Tran HD, Goke J, et al. Midbrain-like 

organoids from human pluripotent stem 
cells contain functional dopaminergic 
and neuromelanin-producing neurons. 
Cell Stem Cell. 2016;19:248-2457. 
DOI: 10.1016/j.stem.2016.07.005

[9] 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. 2015;10:537-550. 
DOI: 10.1016/j.celrep.2014.12.051

[10] Qian XY, Jacob F, Song MM, 
Nguyen HN, Song HJ, Ming GL. 
Generation of human brain region-specific 
organoids using a miniaturized spinning 
bioreactor. Nature Protocols. 2018;13: 
565-580. DOI: 10.1038/nprot.2017.152

[11] Kyrousi C, Cappello S. Using 
brain organoids to study human 
neurodevelopment, evolution and 
disease. WIREs Developmental Biology. 
2020;9:e347. DOI: 10.1002/wdev.347

[12] Karzbrun E, Kshirsagar A, 
Cohen SR, Hanna JH, Reiner O. 
Human brain organoids on a chip 
reveal the physics of folding. Nature 
Physics. 2018;14:515-522. DOI: 10.1038/
s41567-018-0046-7

[13] Long KR, Newland B, Florio M, 
Kalebic N, Langen B, Kolterer A, et al. 
Extracellular matrix components 
HAPLN1, lumican, and collagen I cause 
hyaluronic acid-dependent folding 
of the developing human Neocortex. 
Neuron. 2018;99:702-719. DOI: 10.1016/j.
neuron.2018.07.013

[14] Birey F, Andersen J, Makinson CD, 
Islam S, Wei W, Huber N, et al. Assembly 
of functionally integrated human 
forebrain spheroids. Nature. 2017;545: 
54-59. DOI: 10.1038/nature22330



Organoid Bioengineering - Advances, Applications and Challenges

22

[15] Xiang YF, Tanaka Y, Patterson B, 
Kang YJ, Govindaiah G, Roselaar N, 
et al. Fusion of regionally specified 
hPSC-derived organoids models human 
brain development and interneuron 
migration. Cell Stem Cell. 2017;21:383-
398. DOI: 10.1016/j.stem.2017.07.007

[16] Vielle A, Park YK, Secora C, 
Vergara MN. Organoids for the study of 
retinal development and developmental 
Aabnormalities. Frontiers in Cellular 
Neuroscience. 2021;15:667880. 
DOI: 10.3389/fncel.2021.667880

[17] Eiraku M, Takata N, Ishibashi H, 
Kawada M, Sakakura E, et al. Self-
organizing optic-cup morphogenesis 
in three-dimensional culture. Nature. 
2011;472:51-56. DOI: 10.1038/nature09941

[18] Zhong XF, Gutierrez C, Xue T, 
Hampton C, Vergara MN, Cao LH, 
et al. Generation of three-dimensional 
retinal tissue with functional 
photoreceptors from human iPSCs. 
Nature Communications. 2014;5:4047. 
DOI: 10.1038/ncomms5047

[19] Aparicio JG, Hopp H, Choi A, 
Comar JM, Liao VC, Harutyunyan N, 
et al. Temporal expression of 
CD184(CXCR4) and CD171(L1CAM) 
identifies distinct early developmental 
stages of human retinal ganglion 
cells in embryonic stem cell derived 
retina. Experimental Eye Research. 
2017;154:177-189. DOI: 10.1016/j.
exer.2016.11.013

[20] Fligor CM, Langer KB, Sridhar A, 
Ren Y, Shields PK, Edler MC, et al. 
Three-dimensional retinal organoids 
facilitate the investigation of retinal 
ganglion cell development, organization 
and neurite outgrowth from human 
pluripotent stem cells. Scientific 
Reports. 2018;8:14520. DOI: 10.1038/
s41598-018-32871-8

[21] Sridhar A, Hoshino A, 
Finkbeiner CR, Chitsazan A, 
Dai L, Haugan AK, et al. Single-cell 
transcriptomic comparison of human 
fetal retina, hPSC-derived retinal 
organoids, and long-term retinal 
cultures. Cell Reports. 2020;30:1644-
1659. DOI: 10.1016/j.celrep.2020.01.007

[22] Kallman A, Capowski EE, Wang J, 
Kaushik AM, Jansen AD, Edwards KL, 
et al. Investigating cone photoreceptor 
development using patient-derived NRL 
null retinal organoids. Communications 
Biology. 2020;3:82. DOI: 10.1038/
s42003-020-0808-5

[23] Kaewkhaw R, Kaya KD, Brooks M, 
Homma K, Zou JZ, Chaitankar V, et al. 
Transcriptome dynamics of developing 
photoreceptors in three-dimensional 
retina cultures recapitulates temporal 
sequence of human cone and rod 
differentiation revealing cell surface 
markers and gene networks. Stem 
Cells. 2015;33:3504-3518. DOI: 10.1002/
stem.2122

[24] Tao YL, Zhang SC. Neural subtype 
specification from human pluripotent 
stem cells. Cell Stem Cell. 2016;19:573-
586. DOI: 10.1016/j.stem.2016.10.015

[25] Wang Z, Wang SN, Xu TY, Miao ZW, 
Su DF, Miao CY. Organoid technology 
for brain and therapeutics research. 
CNS Neuroscience & Therapeutics. 
2017;23:771-778. DOI: 10.1111/cns.12754

[26] Cakir B, Xiang YF, Tanaka Y, 
Kural MH, Parent M, Kang YJ, et al. 
Engineering of human brain organoids 
with a functional vascular-like system. 
Nature Methods. 2019;16:1169-1175. 
DOI: 10.1038/s41592-019-0586-5

[27] Mansour AA, Goncalves JT, 
Bloyd CW, Li H, Fernandes S, Quang D, 
et al. An in vivo model of functional and 



Applications of Neural Organoids in Neurodevelopment and Regenerative Medicine
DOI: http://dx.doi.org/10.5772/intechopen.104044

23

vascularized human brain organoids. 
Nature Biotechnology. 2018;36:432-441. 
DOI: 10.1038/nbt.4127

[28] Ao Z, Cai HW, Havert DJ, Wu ZH, 
Gong ZY, Beggs JM, et al. One-stop 
microfluidic assembly of human brain 
organoids to model prenatal cannabis 
exposure. Analytical Chemistry. 
2020;92:4630-4638. DOI: 10.1021/acs.
analchem.0c00205

[29] Dong X, Xu SB, Chen X, Tao MD, 
Tang XY, Fang KH, et al. Human 
cerebral organoids establish subcortical 
projections in the mouse brain after 
transplantation. Molecular Psychiatry. 
2021;26:2964-2976. DOI: 10.1038/
s41380-020-00910-4

[30] Kitahara T, Sakaguchi H, 
Morizane A, Kikuchi T, Miyamoto S, 
Takahashi J. Axonal extensions along 
corticospinal tracts from transplanted 
human cerebral organoids. Stem Cell 
Reports. 2020;15:467-481. DOI: 10.1016/j.
stemcr.2020.06.016

[31] Wang Z, Wang SN, Xu TY, Hong C, 
Cheng MH, Zhu PX, et al. Cerebral 
organoids transplantation improves 
neurological motor function in rat 
brain injury. CNS Neuroscience & 
Therapeutics. 2020;26:682-697. 
DOI: 10.1111/cns.13286

[32] Wang SN, Wang Z, Xu TY, 
Cheng MH, Li WL, Miao CY. Cerebral 
organoids repair ischemic stroke brain 
injury. Translational Stroke Research. 
2020;11:983-1000. DOI: 10.1007/
s12975-019-00773-0

[33] Nakano T, Ando S, Takata N, 
Kawada M, Muguruma K, Sekiguchi K, 
et al. Self-formation of optic cups and 
storable stratified neural retina from 
human ESCs. Cell Stem Cell. 2012;10: 
771-785. DOI: 10.1016/j.stem.2012.05.009

[34] Li JY, Chen YJ, Ouyang S, Ma JY, 
Sun H, Luo LX, et al. Generation and 
staging of human retinal organoids based 
on self-formed ectodermal autonomous 
multi-zone system. Frontiers in Cell and 
Development Biology. 2021;9:732382. 
DOI: 10.3389/fcell.2021.732382

[35] Wahlin KJ, Maruotti JA, Sripathi SR, 
Ball J, Angueyra JM, Kim C, et al. 
Photoreceptor outer segment-like 
structures in long-term 3D retinas from 
human pluripotent stem cells. Scientific 
Reports. 2017;7:766. DOI: 10.1038/
s41598-017-00774-9

[36] Souied E, Pulido J, Staurenghi G. 
Autologous induced stem-cell-derived 
retinal cells for macular degeneration. 
The New England Journal of 
Medicine. 2017;377:792. DOI: 10.1056/
NEJMc1706274

[37] da Cruz L, Fynes K, Georgiadis O, 
Kerby J, Luo YH, Ahmado A, et al. 
Phase 1 clinical study of an embryonic 
stem cell-derived retinal pigment 
epithelium patch in age-related macular 
degeneration. Nature Biotechnology. 
2018;36:328-337. DOI: 10.1038/nbt.4114

[38] Mehat MS, Sundaram V, 
Ripamonti C, Robson AG, Smith AJ, 
Borooah S, et al. Transplantation of 
human embryonic stem cell-derived 
retinal pigment epithelial cells in 
macular degeneration. Ophthalmology. 
2018;125:1765-1775. DOI: 10.1016/j.
ophtha.2018.04.037

[39] Bartsch U, Oriyakhel W, Kenna PF, 
Linke S, Richard G, Petrowitz B, 
et al. Retinal cells integrate into the 
outer nuclear layer and differentiate 
into mature photoreceptors after 
subretinal transplantation into adult 
mice. Experimental Eye Research. 
2008;86:691-700. DOI: 10.1016/j.
exer.2008.01.018



Organoid Bioengineering - Advances, Applications and Challenges

24

[40] MacLaren RE, Pearson RA, 
MacNeil A, Douglas RH, Salt TE, 
Akimoto M, et al. Retinal repair by 
transplantation of photoreceptor 
precursors. Nature. 2006;444:203-207. 
DOI: 10.1038/nature05161

[41] Zou T, Gao L, Zeng Y, Li Q , 
Li Y, Chen S, et al. Organoid-derived 
C-Kit+/SSEA4- human retinal 
progenitor cells promote a protective 
retinal microenvironment during 
transplantation in rodents. Nature 
Communications. 2019;10:1205. 
DOI: 10.1038/s41467-019-08961-0

[42] Rabesandratana O, Chaffiol A, 
Mialot A, Slembrouck-Brec A, Joffrois C, 
Nanteau C, et al. Generation of a 
transplantable population of human 
iPSC-derived retinal ganglion cells. 
Frontiers in Cell and Development 
Biology. 2020;8:585675. DOI: 10.3389/
fcell.2020.585675

[43] Ruzafa N, Vecino E. Effect of Müller 
cells on the survival and neuritogenesis 
in retinal ganglion cells. Archivos De 
La Sociedad Espaola De Oftalmología. 
2015;90:522-526. DOI: 10.1016/j.
oftal.2015.03.009

[44] Gonzalez-Cordero A, Kruczek K, 
Naeem A, Fernando M, Kloc M, 
Ribeiro J, et al. Recapitulation of 
human retinal development from 
human pluripotent stem cells generates 
transplantable populations of cone 
photoreceptors. Stem Cell Reports. 
2017;9:820-837. DOI: 10.1016/j.
stemcr.2017.07.022

[45] Singh MS, Balmer J,  
Barnard AR, Aslam SA, Moralli D, 
Green CM, et al. Transplanted 
photoreceptor precursors transfer 
proteins to host photoreceptors by a 
mechanism of cytoplasmic fusion. 
Nature Communications. 2016;7:13537. 
DOI: 10.1038/ncomms13537

[46] Pearson RA, Gonzalez-Cordero A, 
West EL, Ribeiro JR, Aghaizu N, Goh D, 
et al. Donor and host photoreceptors 
engage in material transfer following 
transplantation of post-mitotic 
photoreceptor precursors. Nature 
Communications. 2016;7:13029. 
DOI: 10.1038/ncomms13029

[47] Schwartz SD, Regillo CD, Lam BL, 
Eliott D, Rosenfeld PJ, Gregori NZ, et al. 
Human embryonic stem cell-derived 
retinal pigment epithelium in patients 
with age-related macular degeneration 
and Stargardt's macular dystrophy: 
Follow-up of two open-label phase 
1/2 studies. Lancet. 2015;385:509-516. 
DOI: 10.1016/S0140-6736(14)61376-3

[48] McLelland BT, Lin B, Mathur A, 
Aramant RB, Thomas BB, Nistor G, 
et al. Transplanted hESC-derived 
retina organoid sheets differentiate, 
integrate, and improve visual function 
in retinal degenerate rats. Investigative 
Ophthalmology & Visual Science. 
2018;59:2586-2603. DOI: 10.1167/
iovs.17-23646

[49] Assawachananont J, Mandai M, 
Okamoto S, Yamada C, Eiraku M, 
Yonemura S, et al. Transplantation of 
embryonic and induced pluripotent 
stem cell-derived 3D retinal sheets into 
retinal degenerative mice. Stem Cell 
Reports. 2014;2:662-674. DOI: 10.1016/j.
stemcr.2014.03.011

[50] Matsuyama T, Tu HY, Sun JA, 
Hashiguchi T, Akiba R, Sho J, et al. 
Genetically engineered stem cell-derived 
retinal grafts for improved retinal 
reconstruction after transplantation. 
Iscience. 2021;24:102866. DOI: 10.1016/j.
isci.2021.102866

[51] Shirai H, Mandai M, Matsushita K, 
Kuwahara A, Yonemura S, Nakano T, 
et al. Transplantation of human 
embryonic stem cell-derived retinal 



Applications of Neural Organoids in Neurodevelopment and Regenerative Medicine
DOI: http://dx.doi.org/10.5772/intechopen.104044

25

tissue in two primate models of retinal 
degeneration. Proceedings of the 
National Academy of Sciences of the 
United States of America. 2016;113:E81-
E90. DOI: 10.1073/pnas.1512590113

[52] Yamasaki S, Tu HY, Matsuyama T, 
Horiuchi M, Hashiguchi T, Sho J, et al. 
A Genetic modification that reduces 
ON-bipolar cells in hESC-derived retinas 
enhances functional integration after 
transplantation. iScience. 2021;25:103657. 
DOI: 10.1016/j.isci.2021.103657

[53] Thomas BB, Lin B, Martinez-
Camarillo JC, Zhu D, McLelland BT, 
Nistor G, et al. Co-grafts of human 
embryonic stem cell derived retina 
organoids and retinal pigment 
epithelium for retinal reconstruction 
in immunodeficient retinal degenerate 
royal college of surgeons rats. Frontiers 
in Neuroscience. 2021;15:752958. 
DOI: 10.3389/fnins.2021.752958

[54] Redenti SM, Tao S, Saigal S, 
Gu P, Yang J, Klassen H, et al. Retinal 
tissue engineering using mouse 
retinal progenitor cells and a novel 
biodegradable poly(e-caprolactone). 
Nanofiber Scaffold. 2008;1:19-29. 
DOI: 10.1007/s12177-008-9005-3

[55] Yao J, Ko CW, Baranov PY, 
Regatieri CV, Redenti S, Tucker BA, et al. 
Enhanced differentiation and delivery 
of mouse retinal progenitor cells using 
a micropatterned biodegradable thin-
film polycaprolactone scaffold. Tissue 
Engineering Pt A. 2015;21:1247-1260. 
DOI: 10.1089/ten.TEA.2013.0720

[56] Xian BK, Luo ZM, Li KJ, 
Li K, Tang MJ, Yang RC, et al. 
Dexamethasone provides effective 
immunosuppression for improved 
survival of retinal organoids after 
epiretinal transplantation. Stem Cells 
International. 2019;2019:7148032. 
DOI: 10.1155/2019/7148032

[57] Luo ZM, Xian BK, Li K, Li KJ, 
Yang RC, Chen MF, et al. Biodegradable 
scaffolds facilitate epiretinal 
transplantation of hiPSC-Derived 
retinal neurons in nonhuman primates. 
Acta Biomaterialia. 2021;134:289-301. 
DOI: 10.1016/j.actbio.2021.07.040





27

Chapter 3

The Brain Organoid Technology: 
Diversity of Protocols  
and Challenges
Andrey Popatansov

Abstract

The brain organoid technology emerged a little over a decade ago. During this 
short time span, the handling approach has seen tremendous advancements in order 
to solve current obstacles and enable the development of new applications. Using 
these methodologies, the fundamental characteristics of the majority of the brain 
regions may be mimicked in organoids; however, the existing brain organoids cannot 
be regarded an exact replica of the human brain or its anatomical regions. This chap-
ter will present some of the biological phenomena on which the brain organoid tech-
nology relies. Following this, a summary of the gross common structure and timeline 
of the brain organoid protocols along with their main components and strategies for 
their improvement is included. A special selection of protocols for each major brain 
region will be presented with their origin, rationale, and key specifics. Finally, some 
of the daunting challenges to brain organoid technology will be highlighted.

Keywords: brain organoids, cerebral organoids, embryoid bodies, methodology, 
technology, challenges

1. Introduction

More than a decade has passed since the first brain organoid emerged from the 
lab of one of the fathers of organoid technology – Yoshiki Sasai. During that time, 
an increasing number of researchers worldwide got attracted by the potential of this 
technology and the hope that we may learn how to build our brains in vitro and thus 
further adopted and developed it [1]. A few years before the first brain organoid 
protocol was published, Zhang et al. developed a protocol for the generation of free-
floating embryoid bodies (EB) from dissociated human embryonic stem cells (hESC), 
which afterward could be directed to differentiate into neural precursors in rosette 
structures. This technique actually was an offspring of the methods for aggregated 
suspension culture from dissociated fetal brain cells like the one by Bjerkvig et al. 
from 1986 [2, 3]. The team used cells from post-neurulation stages, when loss of 
potency is present and which can affect their self-organization and differentiation 
capacities, as some recent studies reveal, while Zhang et al. used embryonic cells from 
a much earlier stage of the embryogenesis and therefore could direct them to form 



Organoid Bioengineering - Advances, Applications and Challenges

28

neural rosettes (resembling early neural tube-like structures). Noteworthy to mention 
is the contemporary study by Doetschman et al., in which they could observe nerve 
cells generated spontaneously and stochastically from EBs formed from blastocyst 
cells using undefined medium. However, they lacked the knowledge of the molecular 
mechanisms and ways to direct them to a desired cellular fate [3–6]. Zhang et al. 
succeeded in generating EBs, which were directed to structures recapitulating very 
early stages of neural tube formation and comprised mostly of neural precursor cells, 
thanks to the newer discoveries on the neural induction mechanisms [2]. However, 
the goal of their study was to get transplantable neural precursors and not to recapitu-
late later-stage brain regions. Therefore, their protocol was much shorter and more 
straightforward than the ones for organoids.

By the turn of the twentieth century, the recently acquired knowledge of the 
molecular control of the embryonic brain patterning got consolidated in updated 
models of neural induction and morphogenesis. It became evident that the brain 
morphogenesis is spatiotemporally organized and orchestrated by a dynamic network 
of transient patterning centers (organizers) that secrete a bunch of molecular control-
lers (morphogens) that can trigger identity change of nearby cells in a concentra-
tion−/distance-dependent fashion. These morphogens are activators or inhibitors of 
a handful of signaling pathways. In addition, more evidence was accumulated that 
the neural progenitors without extrinsic signals develop anterior neural specification 
[7]. So, during the first decade of the new millennium, protocols for stem cell dif-
ferentiation towards identities from the major brain regions were developed based on 
this framework. Besides, some of the growth and differentiation conditions were also 
significantly improved; for example, with the popular dual SMAD inhibition strategy 
for improved neural induction or with the usage of the survival enhancer of dissoci-
ated cells -Y-27632 (ROCK inhibitor that diminishes dissociation-induced apoptosis) 
[8, 9]. This review will present some of the key biological phenomena engaged in brain 
organoid generation. The structure and the main components of the brain organoid 
protocols will be analyzed and summarized. The protocols specific to different brain 
regions will be presented and analyzed to introduce and guide the readers in this grow-
ing field. Furthermore, some of the major obstacles related to brain organoid technol-
ogy and recapitulating the brain and its regions will be discussed.

2.  Brain organoid protocols: general timeline, stages, strategies to improve 
outcome and classification

Most of the current brain organoid protocols use the dissociation-re-aggregation 
method to form 3D aggregates from the stem cells. After some period of recovery and 
establishment of cell–cell contacts and maturation, these aggregates become EBs, 
which are used as a starting point for organoid formation and development. The EBs 
are not formed from every stem cell aggregate. So far, the studies have revealed a set 
of important variables [10, 11]. Firstly, the critical cell mass, i.e., a sufficiently large 
number of cells, is needed to form EB. Secondly, size and uniformity have a huge effect 
on the homogeneity and structure of the EBs and may impact the fate choice. Studies 
found that the addition of Y-27632 is beneficial for these results. To overcome these 
issues, geometric confinement approaches are often used. Thirdly, the time for aggre-
gation also plays a critical role. These and other variables secure the establishment of 
an appropriate intra-EB microenvironment to trigger the intrinsic embryo develop-
mental programs. The EBs are multicellular aggregates of stem cells, which resemble 
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the inner cell mass of the pre-gastrulation embryo. These cells have the potential to 
develop into cells from all three germ layers [12]. Afterward, the cells from the EBs 
were then committed to neural development through medium change and addition in 
the medium of various signaling molecules. Initially, during this process of differentia-
tion EBs are directed to neuroectoderm formation. The neuroectoderm then gets trans-
formed to neuroepithelium, which depending on the culturing conditions (as dynamic 
or static culture) attains the form of large neuroepithelium bulges or small neural 
rosettes, thus recapitulating the neural tube. These structures further differentiate into 
more specific brain regions according to the applied patterning scheme [13–16].

The summarized workflow of the procedures and timelines can be divided 
schematically into the following stages (Figure 1), (note that the steps and timeline 
are exemplary and can vary depending on the organism, used patterning strategies, 
goals, and other factors) [13–16]:

i. Dissociation of the stem cells and re-aggregation– day −1.

ii. Formation of embryoid bodies – day 0–1. To the embryoid body medium usually 
is added Y-27632 to increase cell survival. Microscopically the edges of EB have a 
thin bright ring.

iii. Neural induction – the cells are directed to neuroectodermal fate. Commonly 
is around 3−6 (10) days for human organoids. The neural induction medium 
is often supplied with dual SMAD inhibitors (as SB431542 or A83–01 and 
LDN193189 or dorsomorphin). Microscopically, the edges of EB have a thicker 
bright ring.

iv. Differentiation – the neuroectoderm is further transformed to neuroepithelium 
and further expanded. Sometimes this stage is subdivided into two:

v. Region-specific patterning − The differentiation/patterning medium is com-
monly supplemented with patterning molecules, sometimes also with dual 
SMAD inhibitors.

vi. Tissue induction and growth − The medium, sometimes, has neural patterning 
molecules. Often the organoids are embedded or encapsulated in gel in order to 
prevent the diffusion of the secreted morphogens.

Figure 1. 
A schematic timeline of generalized brain organoid protocol: A. stages of the treatments; B. timeline of the 3D 
culture development and growth; C. timeline of the neural differentiation. After [14–17].
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vii. Organoid growth − Maturation medium is commonly used without patterning 
molecules but instead with growth factors (such as BDNF, NT-3), antioxidants 
(such as ascorbic acid), and other additives, which enhance the organoid matu-
ration and long-term survival.

Patterning agents: Currently, the available protocols for brain organoids try to 
mimic the molecular control exercised by the embryonal network of brain patterning 
centers. The major signaling pathways elaborated or triggered by them are the pathways 
of fibroblast growth factor (FGF), sonic hedgehog (Shh), Wnt, bone morphogenic pro-
tein (BMP), and nodal/activin. This patterning network with its morphogen gradients 
can be presented in a 3D coordinate system where at each spatial coordinate of the brain 
primordium corresponds a combination of morphogens (which usually are the first 
messengers of these pathways) with specific concentrations (Figure 2) [19, 20]. Based 
on this model, the researchers approximate the morphogen combination patterning the 
region of interest and determine the appropriate concentrations afterward. Although 
in the brain organoid protocols usually are used as morphogens the first messengers 
of these pathways, in some scenarios are used secondary messengers or their analogs 
instead – for example, when it is cost-efficient; or it is difficult to work with them; or 
is needed partial activation of the pathway or for another reason [21]. In general, the 
used patterning agents can be divided by their ability to caudalize or ventralize the cell 
populations regarding the most anterior and dorsal end of the central nervous system 
primordium. As caudalizing agents, the first messengers from the Wnt and BMP fami-
lies are often employed, while Shh and Wnt are used as ventralizing agents.

Oxygenation and metabolite exchange: To cope with the lack of vascularization 
and the hindered oxygen and metabolite exchange, several strategies are developed:

i. Static-to-spinning strategy – during the neural induction and early regional 
specification phases, the organoids are grown under static conditions and, 
during the longer stages of growth and maturation, are transferred to a shaker or 
spinning reactor [22].

ii. Sliced strategy – the growing organoids are regularly sliced during the growth 
and maturation phase [23].

iii. Air-liquid interface strategy – the maturing organoids, after 2 months are 
embedded in agarose and cut into slices, one side of which is exposed to air 
 during the consequent culturing [24].

iv. Hyperoxygenation – the air above the brain organoid culture is supplied with 
extra oxygen (up to 40%) [25].

Figure 2. 
The morphogen gradients in the developing embryonal CNS. T – Telencephalon; D – Diencephalon;  
MB – Midbrain; R1-R8 – Rhombomeres of the rhombencephalon; SC – Spinal cord. After [18].



31

The Brain Organoid Technology: Diversity of Protocols and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.105733

v. Transplantation in animal brain – the maturing organoids are transplanted 
into the brain of the host animal after one and half months of in vitro culture. 
After a few weeks, the organoids get vascularized and continue to grow in the 
host [26].

Mediums and Supplements: They are the fundamental components of the 
organoid microenvironment; however, there is no strict rule on which formula-
tion to use. It requires experimenting with a few recipe/brand choices and their 
combinations to achieve optimum output. Some commonly used mediums are 
DMEM/F12; Neurobasal, GlasgowMEM, BrainPhys, mTESR1, Essential medium, 
etc. [13–16, 27, 28].

As supplements are commonly used: KSR (knockout serum replacement), N2, 
B27, Gem21 Neuroplex, etc. [13–16, 27, 28].

Stage-dependent medium composition specifics: The biological transformation 
of the EBs and consequently organoids require adjustment of the microenvironment 
according to the dynamic transient necessities of the culture. During the initial stages 
are used DMEM/F12, essential medium supplied with KSR, etc. The medium is 
often changed during the differentiation stages to Neurobasal, DMEM/F12 with N2, 
b27(−A). For the maturation stage, often the choice is for Neurobasal, DMEM/F12, or 
their combination with added supplements [13–17, 27, 28].

Culture dishes and substrates: Dishes with U or V-shaped wells with ultra-low 
attachment characteristics or hanging drop culture are suggested for the initial 
stages. At later stages, there is more freedom of dish choice – petri dish, micro-
wells, and microfluidics [13–17, 27, 28]. So far, if a substrate is used at all in the pro-
tocols, the most commonly used is Matrigel (basement membrane matrix produced 
from mouse sarcoma cells); it is used either in differentiation or maturation stages 
or both [13, 28].

Classification: The current brain organoid protocols can be classified in several 
ways. One of the commonest is based on the approaches for differentiation and can be 
divided into two groups: 1. Guided (use external agents to direct the patterning) and 2. 
Unguided (accentuate on the intrinsic developmental programs) (Figure 3) [13–17, 28]. 
Another way is based on the anatomical region in which the organoids recapitulate – 
telencephalic, diencephalic, mesencephalic, and rhombencephalic [14–17, 27, 28]. Here 
will be used in a nested fashion.

Figure 3. 
Approaches for generation of brain organoids. (a). Unguided - without use of patterning agents; (B). And (C). 
Guided – Utilizing patterning agents to direct the patterning process. (B). Generating region-specific organoids. 
(C). Generation of fussed organoids from separately grown guided region-specific organoids.
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3. Brain organoid protocols – Regional specification

3.1 Guided brain organoids - telencephalon

The telencephalon is the largest part of the brain in humans. Regardless of its 
astonishing evolutionary expansion in primates, the telencephalon retains its major 
subdivisions among the vertebrates: 1. The dorsal telencephalon or pallium, which via 
the thalamus receives most sensory afferents, and 2. Ventral telencephalon subpal-
lium is mainly involved in motor functions (Figure 4) [29]. Major organizers are the 
roof and floor plate and ANR, cortical hem, PSB (pallial-subpallial boundary), or 
antihem. It may seem that the telencephalon organoids should be the easiest to grow 
and develop since the default fate of the early embryonic ectodermal cells is one of 
the rostral telencephalic neurons. However, in reality, this presented a challenge. The 
first experimental protocols for neural progenitor’s induction could derive only neural 
cells with caudal identity or at best, the midbrain’s one [31, 32]. By the early 2000s, 
an established and empirically discovered neural inducer was the retinoic acid, which 
induces only neural cells with posterior identity [33].

In the 1990s, few endogenously synthesized molecules were discovered with neu-
ral inducing activity, namely Chordin and Follistatin, but they worked for amphibian 
organisms, while such knowledge was still lacking for the mammalians. One of the 
leading reasons for this situation was the usage of the animal cap assay as the main 
workhorse for such discoveries, which is from Xenopus sp., while for mammals, such 
an assay was missing [32]. Kawasaki et al. in 2000 did an extensive test with a series 
of perspective molecules for neural induction as FGF2, FGF8, Shh, HGF (hepatocyte 
growth factor), EGF, PDGF (platelet-derived growth factor), LIF, LiCl (activator of 
Wnt signaling) on mESC [32, 34]. However, the authors failed to induce neurons with 
any of them. Instead, they discovered that co-culturing with stromal PA6 cells pro-
motes neural differentiation of mESC, which they named stromal cell-derived induc-
ing activity (SDIA), which seemed to be suppressed by BMP4 treatment (around that 
time, it was known that BMP4 inhibits neural differentiation [35]. A few years later, 
Watanabe et al. used a similarly defined medium, but they used SFEB (serum-free 

Figure 4. 
Organizing centers in the brain primordia with their main morphogens. ANR - anterior neural ridge; ZLI - zona 
limitans intrathalamica; PSB – Pallial-subpallial boundary; LT - Lamina terminalis; MHB - midbrain-
hindbrain boundary. After [29, 30].
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floating culture of embryoid body-like aggregates) type culturing instead of attached 
one [36]. They applied at the beginning during the induction phase Nodal antagonist 
(LeftyA) since it was found in 2004 that Nodal inhibits ES differentiation to neural 
fate [37]. In addition, they applied Wnt antagonist (Dkk1), which was in concordance 
with the neural anteriorizating role of Wnt-inhibitors and caudalizing one of Wnts 
in the early developmental stages [22]. Later, the authors applied various signaling 
molecules known to be involved in the brain patterning as Shh and Wnt3a [38, 39].

Eiraku et al. successfully modified the protocol of Watanabe et al. for brain 
organoids [1, 36]. One of the breakthroughs was shortening the initial aggregation 
step, which allowed the earlier restoration of the cell–cell interactions. The other 
facilitating condition was the usage of small bottom micro-well spheroid plates 
instead of large bottom petri dishes, which improved the aggregation by reducing 
the number and increasing the size of the formed aggregates. During the late neural 
induction phase, in the aggregates was formed a cavity through apoptosis similar 
to those observed by Coucouvanis & Martin in EBs [40]. Thus, forming polarized 
neuroepithelial structures with an apical surface inside and a basal side outside, 
which are later divided into smaller neuroepithelial rosettes. Like the mESC culture, 
the hESC aggregates also formed an internal cavity covered with neuroepithelium; 
however, they did not reform into smaller rosettes but into mushroom-like shapes. 
The authors initially applied Dkk1 and LeftyA and later different combinations of 
FGF8, FGFR3-fc, and BMP4. In this way, they generated polarized tissues recapitu-
lating early corticogenesis of different regions of the forebrain primordium. Few 
years later, the authors improved this protocol by replacing the partly defined KSR 
(Knockout Serum Replacement) medium with chemically-defined components [41]. 
In addition, they added ECM components (as Matrigel, fibronectin, laminin, and 
laminin/entactin complex) from day 1, which significantly improved the morpho-
logical stability of the organoids, especially the later complex. Initially, they applied 
IWP2 (Wnt inhibitor) and later optionally Shh and FGF8. Thus, they generated 
cortical neuroepithelium resembling cortical hem-like or lateral ganglionic emi-
nence–like tissues (with Shh addition).

Paşca et al. proposed another approach for generating cortical organoids [42]. 
Instead of using some of the classical morphogens, they relied on the default 
neural fate of the ectoderm and the use of some mitogens and growth factors 
that were found to be able to induce differentiation. Initially, they applied the 
dual SMAD-inhibition strategy. Afterward, a combination of FGF2 and EGF was 
applied. Earlier studies have shown the mitogen action of FGF2 and EGF, plus for 
the EGF, it was found that at later stages, it can also induce differentiation towards 
neurons and astrocytes [43, 44]. In the next step, the organoids were transferred 
in a medium with neurotrophic factors BDNF and NT3. As a result, they generated 
cortical organoids with neurons and astrocytes analogous to the late mid-fetal 
stage (19–24 weeks post-conception). Next year Qian et al. developed a series of 
protocols for region-specific organoids [45]. The first type was the forebrain one. 
They started with a dual SMAD-inhibition strategy (dorsomorphine and A83–01) 
without morphogens. For the patterning stage, they used CHIR99021, SB431542, 
and Wnt3a and embedded the organoids in Matrigel. In the next stage, the organ-
oids were detached from the Matrigel and placed in a custom spinning bioreactor. 
For the maturation stage, growth factors such as BDNF, GDNF, etc., were added. 
As a result, the authors acquired forebrain organoids with all six cortex layers, 
which were identified by their respective markers as REELIN, CUX1, BRN2, 
SATB2, CTIP2, or TBR1.
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3.1.1 Guided brain organoids - dorsal telencephalon

The dorsal telencephalon or pallium, for most of its parts, has laminar organiza-
tion. It can be subdivided into dorsal pallium (isocortex), medial pallium (hippo-
campus), and lateral pallium (olfactory cortex). The mostly non-neuronal formation 
of choroid plexus is also included in this region [29, 46]. Kadoshima et al. improved 
the protocol of Nasu et al. for human dorsal telencephalon organoids [41, 47]. They 
used the same inhibitors but with tripled cell density. They added FBS and Matrigel in 
the final step, which improved the long-term growth. In this way, they got organoids 
of cortical neuroepithelium recapitulating the fetal cortex in the second trimester. 
Often these organoids formed spontaneously intracortical dorsocaudal-ventrorostral 
polarity. The neuroepithelium flanking tissue often had cortical hem markers. In a 
dose-dependent manner with SAG (Shh agonist), they could imitate dorsoventral 
gradient and generate LGE (lateral ganglionic eminence) and MGE (medial gangli-
onic eminence) type cells.

Further Mariani et al. optimized the protocol for human-induced pluripotent 
stem cells (hiPSC) [48]. They used 3-fold higher cell density and Dkk1, SB431542, 
and BMPRIA-Fc as inhibitors of Wnt, TGF-β/activin/nodal, and BMP pathways. 
They acquired tissues with a dorsal pallial telencephalic identity corresponding to 
embryonic human cerebral cortex 8−10 weeks post-conception with stratifying 
cytoarchitecture, including radial glial cells expressing neural progenitor proteins, 
intermediate progenitors, and maturing neurons. Later, they used this protocol for 
patient-specific organoids for autism research [49]. Choroid plexus develops on the 
dorsal side of the brain ventricles, and its chief functions are the secretion of the 
cerebrospinal fluid (which has important roles in the homeostasis and neurogenesis) 
and barrier for the molecular exchange with the vascular system [50]. Therefore, it is 
the desired target for researchers and medicians alike.

Sakaguchi et al. used the procedure of Kadoshima et al. as a foundation for the 
production of additional region-specific organoids [51]. At that time, it was known 
that Wnt and BMP signaling had a leading role in the telencephalon patterning of 
that region during embryogenesis [52, 53]. First, they explored the ways to generate 
choroid plexus organoids by using a series of BMPs and a Wnt agonist (CHIR 99021) 
with different concentrations. As a result, it was found that BMP4 plus CHIR 99021 
is the most potent combination, followed by BMP2 and BMP7, and treatment only 
with CHIR 99021 produces hem-like tissues. The authors also found that the choroid 
plexus or cortical hem organoids start to produce the patterning ligands characteristic 
for these organizers in the embryo. Further, they attempted to generate hippocampal 
primordium tissues. This was achieved by shortening the exposure time to BMP4 plus 
CHIR 99021, with medium change and additional oxygen supply.

Pellegrini et al. used the protocol for unguided brain organoids of Lancaster et al. 
to develop a scheme for choroid plexus organoids [13, 54]. The forebrain organoids 
often have a small percentage of cells with choroid plexus identity. To increase this 
ratio, an uncommon scheme with pulsed treatment was developed. The authors used 
the protocols of Watanabe et al. and Sakaguchi et al. to select BMP4 and CHIR 99021 
as patterning factors [51, 55]. The generated organoids formed cysts filled with a 
liquid whose content recapitulates one of the cerebrospinal fluids. Also, the authors 
found tight barrier formation, the medium and intra-organoid fluid with junction 
types and transporters characteristic of the native choroid plexus. The marvel of this 
protocol is that for the first time, such regional organoids could secrete fluid that 
emulates cerebrospinal fluid and form structures with brain-barrier-like functions. 
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This provides the researchers with a unique platform to study in vitro the mechanisms 
of the secretion of cerebrospinal fluid or to develop better drugs capable of crossing 
the blood–brain barrier.

3.1.2 Guided brain organoids - ventral telencephalon

The ventral telencephalon or subpallium has complex and rather dynamic organi-
zation and structure during embryogenesis. At E12.5 in mouse, its main subdivisions 
are: lateral ganglionic eminence (LGE) (produces the striatal components), medial 
ganglionic eminence (MGE) (pallidum proper and produces globus pallidus), AEP 
(peduncle/internal capsule, and produces many sublenticular components of the 
extended amygdala), POC (commissural preoptic area) [56]. So far, specific protocols 
recapitulating LGE and MGE are developed as described below. Xiang et al. explored 
the ways to generate brain organoids recapitulating the medial ganglionic eminence 
[57]. They upgraded the protocol of Maroof et al. for hESC-derived GABAergic 
interneurons and the one from Nicholas et al. for human pluripotent stem cells 
(hPSCs)-derived forebrain interneurons [58, 59]. At the neural induction stage, they 
applied dual SMAD and Wnt inhibitors. For the ventral patterning, they used Shh and 
purmorphamine. After over 70 days in culture, the MGE organoids comprised diverse 
cell populations mostly with MGE identity, the largest portion being intermediates or 
not yet committed, and a quarter were interneurons.

Cederquist et al. applied an unusual approach to generate MGE organoids [60]. 
They genetically modified a small batch of hPSCs to express sonic hedgehog (Shh) 
in the presence of doxycycline. Afterward, these cells were dissociated and re-
aggregated in small aggregates. On top of them were aggregated 10-fold more hPSCs 
in this way was created big chimeric spheroid from small Shh producing cell cluster 
surrounded by a larger mass of non-genetically modified hPSCs. During the neural 
induction period, dual SMAD and Wnt inhibition and doxycycline were used. In the 
regional patterning phase, only doxycycline was used. With immunohistochemistry, 
the authors showed the formation of Shh gradient spreading from the artificial 
organizer and also that there is regionalization of the organoids recapitulating the 
dorsoventral patterning of the telencephalon with at least five domains i.e., close to 
the organizer, the cells had an identity of ventroposterior hypothalamus, next was 
anterodorsal hypothalamus, then medial ganglionic eminence (MGE) and lateral 
ganglionic eminence (LGE), and neocortex.

Birey et al. utilized the protocol of Pasca et al. for cortical organoids as the base 
[42, 61]. In order to get more ventralized organoids, they added IWP-2 (Wnt inhibi-
tor) from the late third of the neural induction stage onwards. And a week later, 
they added Shh activator (SAG). After 105 days of growth and maturation, the 
subpallium organoids contained cells with markers for ventral neural progenitors 
and GABAergic cells. Miura et al. used, as a starting point, the activin-based protocol 
of Arber et al. for striatal neuron induction in 2D culture to develop a protocol for 
striatal brain organoids [62, 63]. So, for regional differentiation, initially, they added 
activin A and IPW2 (Wnt inhibitor). In addition, through transcriptomic analysis, 
they found that the retinoid X receptor gamma (RXRG) is highly expressed in this 
region. They added RA agonist (SR11237) and optimized the concentration and time 
window and found that a week post neural induction phase to be the best time for 
the agonist application. Afterward, they did a single-cell transcriptomic analysis of 
the organoids and found that most of the cells were with LGE identity, with over half 
being GABAergic neurons.
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3.2 Guided brain organoids - diencephalon

Diencephalon has still debatable embryonic organization and subdivisions. In 
mouse at E13.5, it is divided into the hypothalamus, prethalamus, epithalamus, thala-
mus, and pretectum (Figure 3) [64]. Major organizers dorsoventrally are the roof and 
floor plates and transversely – ZLI (zona limitans intrathalamica). Currently, there 
are protocols for the hypothalamus, prethalamus, and thalamus as follows.

Shiraishi et al. developed a protocol for stem cell generation of tissues resembling 
major parts of the diencephalon, and although they did not label them as organoids, 
it is valuable to be included here [21]. A key component in their rationale was the 
introduction of the FGF signaling pathway inhibition since FGFs were local caudal-
izing factors for that region. Their tests showed that the partial intracellular inhibi-
tion of MAPK/ERK kinase (MEK) with PD0325901 is better than the total inhibition 
through the cell membrane FGFR receptor with SU5402. However, these inhibitors 
brought mediocre gain of cells with thalamic markers. A recent finding by Suzuki-
Hirano et al. for strong transient expression of BMP7 in this region helped them to 
increase the gain significantly by adding BMP7 [65]. Looking further on how to get 
more differentiated local regionalization, they experimented with activators of Shh 
(SAG) and Wnt (CHIR 99021) (which are expressed by ZLI). By adding PD0325901 
and BMP7 on day 4 and replaced with SAG on day 7, they acquired cell populations 
from the prethalamus, thalamus (from ventricular and mantle zones), and pretectum 
in a single sample. When instead SAG was used CHIR99021, it led to an increase of 
cells with prethalamic markers.

Xiang et al. adapted the protocol of Shiraishi et al. for human forebrain organoids 
[66]. They changed the Shiraishi et al. timeline and protocol by using dual SMAD 
inhibition and insulin during the neural induction phase. While for the thalamic 
patterning phase, they removed them, and it was necessary to inhibit the MEK–ERK 
signaling (with PD0325901) to prevent excessive caudalization and BMP7 as it 
promotes thalamic differentiation. They obtained thalamic organoids with strong 
expression of the thalamic markers TCF7L2 and GBX2. Medina-Cano et al. in order 
to shorten the time for organoid generation, used epiblast-like cells (EpiLCs) instead 
of the common blastocyst stem cells [67]. During the first 2 days of neural induction 
and anterior-posterior patterning phase, they applied dual SMAD along with Wnt 
and FGF inhibition. For another 2 days during the neuroepithelium expansion, the 
inhibitors were replaced with FGF8b. From day one till five, the EB were embedded in 
Matrigel and afterward transferred to an orbital shaker. They found that addition of 
high levels of FGF8b and no BMP7 (as in [66]) generates organoids with prethalamus 
identity with higher efficiency.

Ozone et al. improved an adapted for 3D culture previous protocol for 2D hypo-
thalamic cells differentiation [68]. They used twice less KSR supplement for the neu-
ral induction medium. While for the patterning phase were, added Shh agonist (SAG) 
and BMP4. Thus, they gained tissues with the expression of ventral hypothalamic 
markers. Next protocol developed by Qian et al. was for hypothalamus organoids [45]. 
They employed dual SMAD inhibition for neural induction. For the specific pattern-
ing, they applied Wnt3a, Shh, and purmorphamine. At the differentiation stage, the 
organoids were transferred to a spinning bioreactor supplied with FGF2 and CTNF 
(ciliary neurotrophic factor). As a result, the generated organoids after the pattern-
ing phase expressed markers for the early hypothalamus development, which later 
matured to specific hypothalamus cell populations.
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3.3 Guided brain organoids - midbrain or mesencephalon

The mesencephalon mainly can be divided (in mouse at E11) into dorsal part - 
tectum and ventral one - tegmentum. From the ventral midbrain primordium arises 
substantia nigra, which plays important roles in controlling movement and sensory 
processing [69, 70]. Its pathology is the key factor in some widespread diseases with a 
great socio-economic burden as the Parkinson’s one [71]. Therefore, significant inter-
est was paid to the midbrain organoids; however, the majority of them are focused on 
the ventral region (Figure 4). Major organizers dorsoventrally are the roof and floor 
plates and transversely – MHB (midbrain-hindbrain boundary).

Tieng et al. modified 2D culture protocol for midbrain dopaminergic neurons 
[72, 73]. In the induction phase is used dual SMAD-inhibition plus a cocktail of Shh, 
purmorphamine (Shh activator), and FGF8 to promote floor plate identity. Shortly, 
Wnt activator (CHIR99021) is added afterward. The authors also found a positive 
effect on the maturation by inhibiting Notch pathway, which is known to arrest the 
proliferation and promote differentiation.

Jo et al. used a slightly different induction and patterning scheme than Tieng et al. by 
changing the treatment time windows [14]. At the start of the dual SMAD-inhibition, 
they also added Wnt activator (CHIR99021). On day four were added Shh and FGF8. At 
the tissue growth phase was added Matrigel and organoids were placed on orbital shaker 
till the end of the cultivation. In this way, the authors obtained midbrain organoids with 
neuromelanin-containing and dopamine-secreting neurons. The last protocol devel-
oped by Qian et al. was for midbrain organoids and was also based on the 2D protocol 
for dopaminergic neurons by Kriks et al. [45, 73]. Here, they again used dual SMAD 
inhibition, but supplied from the beginning with FGF8, Shh and Purmorphamine. 
Later CHIR99021 was added followed by removal of FGF8, Shh and Purmorphamine 
and SB431542. Afterwards the organoids were transferred into spinning bioreactors and 
supplied with growth factors. The obtained midbrain organoids had approx. 50% cells 
with dopaminergic markers and even more with floor plate identity.

Monzel et al. modified the 2D protocol by Reinhardt et al. for the differentiation of 
neural precursor cells [74, 75]. Initially, hESC was treated with SB431542, dorsomor-
phin, CHIR99021, and purmorphamine, and after day four, the first two molecules 
were removed, and ascorbic acid was added. Thus, after several days, human neuro-
epithelial stem cells were generated and plated on Matrigel for maintenance. Next, for 
differentiation into the midbrain, dopaminergic fate CHIR99021 was substituted with 
FGF8 for 8 days. For the organoid culture, these differentiated cells were dissociated 
and re-aggregated in the same maintenance medium. On day eight, the aggregates 
were transferred to Matrigel droplets, and on day 10 were placed long-term in a dif-
ferentiation medium (with purmorphamine till day 16) on an orbital shaker. After 2 
months in culture, the midbrain organoids had over 60% positive midbrain neurons 
with small percentages of other subtypes and astrocytes.

In an attempt to model Parkinson’s disease with midbrain organoids, Smits 
et al. adapted this protocol by doubling the length of the dual SMAD-inhibition 
period and afterward reduced 4-fold the concentrations and used SAG instead of 
purmorphamine in the initial steps [76]. For the differentiation step, FGF8 was 
used CHIR99021 in static culture. Consequently, Nickels et al. combined these two 
protocols in order to improve the reproducibility and viability of the organoids [77]. 
They achieved this by adjusting the initial cell count and changing the timeline of the 
treatments with respective signaling molecules.
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3.4 Guided brain organoids - rhombencephalon or hindbrain

Rhombencephalon is a major part of the 3-vesicle brain primordium in mammals 
(E9 stage in mouse). In the transition to 5-vesicle brain primordium (E11 in mouse), 
it divides into two parts - the rostral part metencephalon, which gives rise dorsally to 
the cerebellum and ventrally to the pons; and the caudal part myelencephalon which 
gives rise to the medulla oblongata (Figure 4) [70]. Major organizers dorsoventrally 
are the roof and floor plates and transversely - MHB and some rhombomere borders. 
All main regions were recapitulated by the current hindbrain organoid protocols as 
described below.

Muguruma et al. upgraded their protocol for 2D culture of cerebellar cells [78, 79]. 
It would be logical if the authors simply applied some of the morphogens synthesized 
by the dorsal hindbrain primordia and/or the MHB to direct the cells towards cerebel-
lar identity. However, this approach tried by them, or other researchers led to rather 
a low efficiency of cerebellar cell generation, especially Purkinje ones [80, 81]. So, 
they tried somewhat to recapitulate induction of the isthmic organizer, which in turn 
secretes the needed signaling molecules for cerebellar differentiation. They adapted 
the strategy of Wataya et al. and used a high dose of the weak caudalizing agent insu-
lin followed by FGF2 (which moderately increased the expression of Wnt1 and FGF8) 
[78, 82]. Along with that, they applied SB431542, the concentration of which was 
reduced after a week together with FGF2 [78]. In addition, they found that exogenous 
FGF19 and SDF1 (stromal-derived factor-1 synthesized by the adjacent meninges) 
can facilitate cerebellar plate formation.

Brain stem organoids protocol was developed by Eura et al. based on the one from 
Paşca et al. [42, 83]. Initially, the aggregates were treated with FGF2, EGF, and insulin 
along with dual-SMAD inhibitors. In addition, they added progesterone and transfer-
rin (engaged in iron metabolism) known to promote dopaminergic differentiation 
and protection from recent studies [84–86]. On day 22, the used patterning and 
growth factors were replaced with a cocktail of neurotrophic factors and other small 
molecules, promoting differentiation and maturation for another week. Afterward, 
no growth factors were added. In this way, they generated human brainstem organ-
oids (hBSOs), containing midbrain/hindbrain progenitors, noradrenergic and cho-
linergic neurons, dopaminergic neurons, and neural crest lineage cells. Molchanova 
et al. developed a protocol for rostral brainstem organoids in a two-step approach 
[87]. First, they differentiated the stem cells into caudalized human neuroepithelial 
ones using dual SMAD inhibition along with Wnt and Shh activation. Afterward, 
the neurospheres were dissociated and re-aggregated to initiate the formation of 
hindbrain organoids. The caudalized aggregates were treated for a week with Wnt and 
Shh activators for further differentiation before transfer to the shaker for matura-
tion. After two and 4 months, the organoids had large cell populations with pons and 
medulla oblongata identity and smaller populations of astrocytes.

Valiulahi et al. used as a starting point the protocol of Kirks et al. for generation of 
dopamine neurons [73, 88]. Instead of using caudalizing Wnt agonist, they decided to 
try with the strong caudalizing agent RA. To determine the optimal time window and 
concentration series of tests were performed and was found that max concentration 
RA from day one to 13 gives the highest percentage of 5-HT neurons. For the 3D brain 
organoid protocol, they experimented to find the optimum between RA plus purmor-
phamine treatment start and the generated structure and set it to day 5 till 13. So, in 
the end, the dual SMAD inhibitors were omitted in the neural induction phase. Before 
the end of the patterning phase, the organoids were embedded in Matrigel and later 
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placed on a shaker. As result, they acquired organoids with diverse cell identity which 
overall resembles the ones from the caudal rhombomeres R5−R8 (which later and the 
largest population (30–40%) being 5-HT-expressing neurons.

3.5 Unguided brain organoids

Lancaster et al. were the first to develop unguided brain organoids [13]. As a base, 
they used the protocol of Xia et al. for neuroepithelial differentiation [89]. They 
added a low concentration of FGF2 and ROCK inhibitor at the initial stage. After 
6 days, EB was transferred to a neural induction medium and they began forming 
neuroepithelial tissues. At the differentiation step, differentiation medium and 
Matrigel embedding were used. In the final stage, the organoids were transferred to 
a spinning bioreactor and RA was added. The generated brain organoids were rather 
large (up to 4 mm) with complex heterogeneous tissues resembling various brain 
regions such as forebrain, midbrain, and hindbrain.

As you can see the majority of the organoid protocols utilizes only a handful 
of morphogens and signaling molecules related to the main signaling pathways 
engaged in the embryonal brain patterning. Among the key points for the success of 
the protocol is to find the right combination of signaling molecules and their right 
concentration, the right time and length to apply them. Although most researchers do 
not publish their error-and-trials reports until they get to the right combination, few 
do, as Xiang et al. [57, 88], which can be of great help for the newcomer in the field of 
brain organoids. The quest for better organoids, the demands for cheaper and more 
reproducible organoids along with other factors in the last few years inspired the 
researchers to experiment with and introduce some bioengineering approaches in the 
generation of brain organoids. Howbeit, due to volume limitations here, the reader is 
encouraged to honor the excellent review by Yi et al. dedicated to the bioengineering 
approaches in organoids in general [90].

4. Challenges on the path of brain organoids technology

Brain organoid technology is a little over than decade old, and it is still in its 
infancy. Therefore, it is no surprise that the generated brain organoids still suffer 
from significant discrepancies compared to the native brain. Here will be discussed 
some of the important issues.

Vascularization: The brain is one of the most metabolically active organs in the 
body requiring a high oxygen supply; therefore, it has one of the densest vasculariza-
tion networks [91, 92]. In most of the current protocols, the brain organoids lack 
vascularization. Lack of organoid vascularization of such presumably active tis-
sues worsens the viability of the cells, causes necrosis, limits the organoid size, and 
disturbs the tissue structure [93, 94]. The trouble with the vascularization is mostly 
due to the fact that the vascular epithelia originate from different germ layers than 
the neurons and the macroglia [95]. In a recent report, Pham et al. used a dual culture 
approach by separate differentiation of endothelial cells, which afterward were co-
cultured with the formed brain organoids [95]. However, further research is needed 
to determine how functional the brain organoids are and how well they recapitulate 
the native brain vascularization. Another proposed approach by Mansour et al. was 
the implantation of the organoid in the living brain in order to be provoked vascular-
ization from the surrounding tissues, thus securing its long-term survival [96].
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Artificial maturation/aging strategies: Currently, most of the organoids 
develop and differentiate with comparable speed to the one observed during the 
natural neurogenesis for the particular species [47]. This can be problematic in 
some applications. For example, if we want to produce an appropriate neural patch 
for an injured patient using his/her own hiPSC, then this patch generation should 
happen sufficiently fast in order for the patch to serve its purpose. Alternatively, if 
we want to study aging-related diseases such as Parkinson’s. Borghese et al. used the 
Notch-inhibition strategy to accelerate the neuronal differentiation of ESC in vitro 
and in vivo [97]. However, Notch signaling plays an important role in brain pattern-
ing and neuronal specification so that such inhibition may interfere with the desired 
differentiation results. Miller et al. used progerin (truncated form of lamin, which 
is associated with premature aging) to induce aging human iPSC [98]. Later Vera 
et al. proposed another approach by downregulation of telomerase which induces 
telomere shortening [99]. Recently, Li et al. developed organoids with accelerated 
growth by using mutant cells; however, such genetically modified organoids cannot 
be used in translation [100].

Morphological discrepancies with native brain: One of the commonest prob-
lems with current brain organoids is that within a single organoid are formed several 
neuroepithelial rosettes, each acting as a separate center of morphogenesis, while in 
the normal embryo is formed only one. Recently Knight et al. proposed a protocol 
for single rosette generation [101]. They achieved a high percentage of single rosette 
organoids by imposing geometrical confinement on the growth in custom micro-
patterned plates and/or with ROCK-inhibition.

Glial cells: Most of the brain organoids have little or no glial cells. This is not a 
big surprise if we consider the gliogenesis timeline during the normal ontogenesis. 
Significant amounts of astrocytes start to be generated only at the late stages of the 
embryogenesis, while for the oligodendrocytes, this time starts with the postnatal 
period [102, 103]. Howbeit, the situation is very different for the microglia, which 
start to invade the neural tube relatively early in the embryogenesis, and by its 
end, all the microglia are present [103]. They are absent from the brain organoids 
because they are produced by different germ layers than the neuroectoderm. So, 
the lack of glia in the brain organoids is logical, and if we want brain organoids to 
be better copies of the real brains, then we either need to grow them for a compa-
rable time length of the in vivo brain development or to find shorter ways (for the 
macroglia) or to introduce somehow the missing germ layer in the system (for the 
microglia).

There is some recent progress in the resolution of these issues. Ormel et al. 
modified the unguided protocol of Lancaster et al. by tweaking its timeline and 
reducing the concentrations of some of the additives, and as a result, they got 
whole-brain organoids with innate microglial cells [104]. However, this protocol 
may not be a feasible solution for the researchers who need more specific organ-
oids. Later Bejoy et al. developed a different strategy by dual culturing the brain 
organoids and the microglia mesodermal progenitors and afterward co-culturing 
them so that the microglia can invade the organoids [105]. As for the macroglia, 
Paşca et al. and later Yakoub generated brain organoids that developed together 
neurons and astrocytes, howbeit they were forebrain specific [42, 106]. Recently 
Shaker et al. published a protocol for cortical brain organoids that could be used 
to develop myelinating oligodendrocytes along with astrocytes [107]. All these are 
encouraging results, so hopefully, we expect to see organoids with full-spectrum 
glial cells in the future.
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5. Concluding remarks

For its short existence, the brain organoid technology made respectable progress 
and drew lots of interest. It became a rather efficient tool and platform to improve the 
scientific knowledge of the brain evolution and development and to address clinical 
problems in a general or personalized approach for brain-related pathologies [13, 45, 
48, 49, 108].

Howbeit, there is still large room for improvement and development of this technol-
ogy since many of its issues wait for practical and efficient solutions and applications.

The functional vascularization of the organoids is probably the most penalizing 
challenge. When it gets solved, this will open the door for bigger and better replicas of 
the brain with wider applications as the vascularization network is not only a nutri-
tion/metabolite carrier but also an active part of brain development [109].

Most of the current brain organoids are relatively simple mimics of the much more 
complex brain. For example, at the moment we cannot recapitulate the overwhelming 
complexity of such a minute brain region as hypothalamus, which is of comparable 
size to the biggest brain organoids. So far, it is known that tens of signaling molecules 
dynamically drive the patterning of hypothalamus primordium during early embryo-
genesis, many of them distributed in a gradient manner with respectable precision 
[110]. However, the existing hypothalamic brain organoid protocols utilize just two of 
them in extrinsically uniform concentration. The generated hypothalamic organoids 
are coarsely differentiated with limited heterogeneity and cell diversity. At later stages, 
it seems that the control of hypothalamus patterning is also rather complex and poorly 
known and hard to be recapitulated. Probably better knowledge and experimenting 
are needed to get an improved recapitulation of this brain region. A promising move in 
this direction is recent single-cell analysis studies that hold the promise to improve our 
understanding of the hypothalamus patterning mechanisms [111]. The situation is not 
very different for the other brain regions than the hypothalamus.

Wider adoption of engineering techniques can help for better and more natural, 
dynamic control of the microenvironment [90]. They can also improve reproducibil-
ity, automate and reduce the costs per organoid.

Another approach to increase the brain organoid complexity is through the fusion 
of separately grown region-specific ones, thus forming complex structures named 
assembloids (Figure 3C) [112]. Howbeit, this approach is rather young and so far had 
found limited success and application.

Although the present of the brain organoid technology still seems challenging, 
looking at the astonishing advances in the embryology and microtechnologies, there 
is hope that its future could be encouraging with improved products and applications.
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Chapter 4

Retinal Organoids over the Decade
Jing Yuan and Zi-Bing Jin

Abstract

Retinal organoids (ROs) are 3D tissue structures derived from embryonic stem 
cells (ESCs) or induced pluripotent stem cells (iPSCs) in vitro, which characterize 
the structure and function of retina to a certain extent. Since 2011, mouse and human 
retinal organoids have been available, opening up new avenues for retinal develop-
ment, disease and regeneration research. Over the decade, great progress has been 
made in the development of retinal organoids, which is reflected in the improvement 
of differentiation efficiency and development degree. At the same time, retinal organ-
oids also show broad application prospects, which are widely used in the construction 
of disease models. On this basis, the mechanism of disease, drug screening and retinal 
regeneration therapy have been explored. Although retinal organoids have a bright 
future, the deficiency of their structure and function, the limitations of differentia-
tion and culture, and the difference compared with embryonic retina still remain to 
be solved.

Keywords: retinal organoids, retinal differentiation, disease models,  
retinal degenerative diseases, transplant

1. Introduction

Located in the back of eyeball, the retina is a soft and transparent membrane 
attached to the inner surface of the choroid and forms part of the central nervous 
system. The retina can sense light stimuli, convert the light signals it receives into 
electrical signals, and then transmit them to the cerebral cortex through the optic 
nerve to form vision [1]. The retina is mainly composed of pigment epithelial cells, 
photoreceptor cells, bipolar cells, horizontal cells, amacrine cells, ganglion cells, and 
Müller glial cells [2]. Different neuron types form different layers, and the orderly 
arranged nuclei and synaptic regions are alternately arranged, forming a complex and 
orderly layered structure of the retina [3].

Our early research on the retina, derived only from human fetal retinal tissue [4, 5], 
faced significant challenges due to access difficulties and ethical issues [6]. Beyond that, 
most of what we know about the retina comes from studying animal retinas, but human 
and animal retinas differ in composition and function. For example, most mammals 
have only two types of cone photoreceptors that express S-opsin or M-opsin [7, 8], while 
humans have a third type that expresses L-opsin [9]; mice, the main subjects of our 
study, have a higher proportion of rods than humans [10], whose vision is determined 
by the density of cones in the macula and fovea [11, 12]. Therefore, it is of great signifi-
cance to develop appropriate human retinal models to supplement animal models.
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The establishment of human embryonic stem cell (ESC) lines [13] and the 
emergence of induced pluripotent stem cell (iPSC) technology [14] have turned our 
attention to cell research. Early 2D differentiation protocols used exogenous signaling 
molecules, Wnt antagonist DKK1 and bone morphogenetic protein (BMP) antagonist 
Noggin, to guide pluripotent stem cells to an anterior neural fate [15–17] and to differ-
entiate into various types of retinal cells, including retinal pigment epithelial (RPE) 
cells, photoreceptors, and ganglion cells [18–25]. However, 2D differentiation is far 
from interpreting retinal development in vivo. Retinal development and maturation 
are regulated by a series of interacting signal networks, such as factors secreted by 
RPE that promote photoreceptor maturation. Early retinal differentiation produced a 
single cell type [19–22] and lacked the necessary interaction between cells. Therefore, 
we still need to find a more perfect model of human retina.

This breakthrough was achieved by constructing a 3D differentiation procedure. 
Through 3D differentiation, we can obtain retinal organoids that are highly reducible 
to the development process and complex structure of the retina, which we vividly call 
it “retina in a dish.” In this chapter, we review the development of retinal organoids 
and show their application in today’s life science research.

2. Overview of retinal organoids

In 2011, Sassi’s team used mouse embryonic stem cells (mESCs) to construct the 
first true retinal organoid through a 3D differentiation procedure [26]. In the follow-
ing year, human retinal organoids were created [27], which is of epoch-making sig-
nificance, meaning that human research on retinal development and retinal diseases 
has entered a new stage, and retinal organoids also provide a new and most potential 
tool for the treatment of retinal degeneration diseases.

During neurogenesis in vertebrates, the development of the retina can be roughly 
divided into two stages, the appearance of the optic cup structure and the orderly dif-
ferentiation of seven types of retinal cells. In the first stage, the forebrain splits to form 
two secondary brain vesicles: telencephalon and diencephalon. In the diencephalon, 
eye field region first bulges outward to form the optic vesicle, and the distal vesicle 
invaginates to form the double-layer optic cup, which further develops into the outer 
retinal pigment epithelium and the inner neural retina (NR) (Figure 1a) [28–32]. In 
the second stage, the inner pluripotent retinal progenitor cells (RPCs) sequentially 
differentiate into retinal ganglion cells (RGCs), cone photoreceptors, horizontal cells, 
amacrine cells, rod photoreceptors, bipolar cells and Müller glia cells (Figure 1b) [33]. 
The cone and rod are connected to the retinal pigment epithelium and together form 
the outer nuclear layer (ONL). After extending to the outer plexiform layer (OPL), 
they form synapses with bipolar cells and horizontal cells in the inner nuclear layer 
(INL). On the other side of the inner nuclear layer, bipolar cells, amacrine cells, and 
ganglion cells form the synaptic networks of the inner plexiform layer (IPL). Müller 
glial cells span the whole layer of the retina, from the retinal pigment epithelium to the 
ganglion cell layer (GCL) (Figure 1c) [34, 35].

Retinal development in vivo is regulated by a series of transcription factors, signal 
transduction factors and cell surface factors. In vitro, differentiation of retinal organoids 
is also a programmed process that mimics development in vivo by adding various signal-
ing molecules in stages. First, stem cells proliferate and aggregate (Figure 2A), inducing 
the formation of embryoid body (EB) (Figure 2B) and neuroepithelium (Figure 2C), 
which appear as translucent bright rings under a microscope (Figure 2D). And then, 
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they develop into optic vesicles (Figure 2E), followed by neuroretinas (Figure 2F), which 
in turn differentiate into seven types of retinal cells. The sequence of retinal cell types is 
consistent with in vivo development [36]. After differentiation, the cells undergo sponta-
neous nuclear migration, forming pinnacles and finally arranged into layered structures, 
in which the ganglion cells are located in the inner layer of the retinal organoid and the 
photoreceptors are located in the outer layer of the retinal organoid [26, 27]. Since RPE is 
usually a mass of cells not adjacent to the neuroretina and is not derived from the floating 
culture of optic vesicles, we do not consider it to be part of the retinoid organoid in this 
paper. With the continuous development of differentiation technology, photoreceptors 
in organoids become more and more mature, which is manifested by the appearance of 
outer segments and photosensitivity [37, 38].

Figure 1. 
Overview of retina. (a) the first stage of retinal development: The formation of double—Layer optic cup 
structure. (b) the second stage of retinal development: Retinal progenitor cells (RPCs) differentiate into seven 
types of retinal cells. (c) Structure of the retina.

Figure 2. 
The differentiation of retinal organoids. (A) Growing human embryonic stem cells (H9). (B) Embryoid bodies 
(EB) at day 9 of differentiation. (C) Neuroepithelium appear at day 12. (D) Neuroepithelium appear as 
translucent bright rings at day 12. (E) Optic vesicle/cup at day 21. (F) Neural retinal (NR) region at day 26. 
Scale bars: 1000 μm (A, D, and E); 400 μm (B and C); 200 μm (F). All photos are provided by Dr. Ze-Hua Xu.
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3. Differentiation of retinal organoids

The development of retinal organoid technology is the result of continuous 
attempts and innovations by a large number of researchers. Here, we try to review the 
progress of retinal organoids differentiation in the past ten years (Figure 3).

3.1 Diversity of differentiation methods

There are various differentiation methods for retinal organoids, but in terms of 
differentiation steps, there are mainly two differentiation schemes (Figure 4). The 
first is a classic 3D differentiation protocol from Sassi’s team [26, 27]. The stem cells 
were dissociated and reassembled in a serum-free and low-growth factor medium 
(SFEBq culture, or serum-free culture of embryoid body-like aggregates with quick 
aggregation), and forced to form an embryoid body (EB) in a 96-well V-shaped plate. 

Figure 4. 
Two main methods of retinal organoid differentiation.

Figure 3. 
Progress in retinal organoid differentiation over the decade.
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They were then stimulated by the addition of Matrigel to differentiate into neuro-
epithelial cells and subsequently into retinal progenitor cells and double-layer optic 
cup structures [27]. The cells were in suspension culture during the whole process of 
differentiation, and the formation of optic cups and the differentiation of neuroretina 
were self-organized [27]. 3D differentiation protocol is complicated in the early stage 
of differentiation, but it has a higher degree of reduction in the retinal development 
process, including the occurrence of optic cups invagination, the appearance of 
ciliary marginal stem cells at the NR-RPE boundary [39], and the establishment of 
dorsal-ventral (D-V) polarity [40].

The second differentiation method combines 2D culture and 3D culture (2D/3D) 
[37, 41–46], and the difference is mainly reflected in the early stage of neural induc-
tion. It has been reported that pluripotent stem cells can differentiate into the retina 
even when they are simply fused together [41, 42]. In this differentiation scheme, the 
stem cells were divided into small pieces by enzymatic hydrolysis [37] or mechani-
cal methods [41, 43, 45] to form aggregates. The aggregates were cultured on a 
plate coated with Matrigel or floated in medium in the form of lumps of Matrigel/
PSCs [43, 45]. After it differentiated into neuroepithelium and optic vesicles, the 
latter were separated for suspension culture and further differentiated into retinal 
organoids. This approach bypasses EB formation stage and induces optic vesicle 
formation by endogenous production of inducer molecules from aggregated cells, 
avoiding the aggregation step of SFEBq method and the need of Wnt/BMP antagonist 
[47]. These studies suggest that cell-cell and cell-extracellular matrix interactions 
are key to inducing retinal organoids differentiation in the early stage of stem cell 
differentiation.

With the improvement of differentiation methods, the structure of retinal organoids 
has been improved. Photoreceptors can reach advanced maturity, characterized by 
the formation of the inner and outer segments and connecting cilia of photorecep-
tors, the appearance of photosensitivity [37, 44], the expression of photoreceptor 
neurotransmitters, and the formation of synaptic bands [38, 44]. By adjusting the 
differentiation method, we can also change the proportion of cells in organoids, such as 
retinal organoids rich in cones or RGCs [45, 46], which is good for cell transplantation. 
Oxygen is also an important factor in regulating the differentiation of retinal organoids, 
and hypoxic conditions (5%) effectively produce vesicles and cups as well as more 
mature neuroretinas [48]. Another study showed that high oxygen (40%) promoted the 
formation of NR in EB, as well as the generation, migration and maturation of retinal 
ganglion cells during metaphase differentiation [49]. The co-culture of RPE with retinal 
organoids promoted the differentiation of photoreceptors [50], while the co-culture 
with brain organoids promoted the axon extension of RGCs [51]. More encouragingly, 
researchers have differentiated human brain organoids with bilaterally symmetric 
vesicles [52].

3.2 Modulation of signaling molecules

Retinal development requires the regulation of a series of signaling molecules. 
Similarly, by adding different signaling molecules, retinal organoids differentiation 
can be regulated in vitro. Dickkopf-related protein 1 (DKK-1), a Wnt signaling path-
way antagonist, salvages the self-organizing ability of stem cells to differentiate into 
retinal progenitor cells [53]. Insulin-like growth factor 1 (IGF-1) regulates the forma-
tion of retinal organoids and promotes the formation of the correct retinal lamellar 
structure by various retinal cells [54, 55]. In the absence of IGF-1, retinal lamination 
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was absent at the early stage of differentiation, while photoreceptors decreased and 
retinal ganglion cells increased at the late stage of differentiation [55]. Addition of 
docosahexaenoic acid and fibroblast growth factor 1 can specifically promote the 
maturation of photoreceptors including cones [56]. Replacement of widely used all-
trans retinoic acid with 9-cis-retinoic acid in culture medium promoted the expression 
of rod photoreceptors rhodopsin and the maturation of mitochondrial morphology 
[57, 58]. COCO protein can block BMP/TGFβ/Wnt signaling pathway, enhance photo-
receptor precursors, and promote s-cone differentiation and inner segment protuber-
ances formation [59, 60]. During retinal development, s-cone appear first, followed by 
L/M-cones. This time transition from the designation of the s-cone to the production 
of the L/M-cone is controlled by thyroid hormone (TH) signaling [61].

3.3 Combination of organoid technology and tissue engineering technology

There is also a lot of innovative research that combines retinal organoid technology 
with emerging materials technology. The use of bioreactors improved retinal stratifica-
tion and increased the production of photoreceptors with cilia and new outer segments 
[62]. In static culture, the development of retinal organoids may be limited by oxygen 
and nutrient diffusion, and rotating-wall vessel (RWV) bioreactors can accelerate 
and improve the growth and differentiation of retinal organoids [63]. The spherical 
structure of retinal organoids limits its interaction with host RPE and the remaining 
neuroretinas during transplantation. In order to create a planar retinal organoid, a 
biodegradable scaffold was developed that mimics the extracellular matrix of neuro-
retinas [64]. Retina-on-a-chip is a new microphysiological model of the human retina 
that integrates seven different basic retinal cell types and provides vascular-like perfu-
sion to retinal organoids [65]. Arrayed bottom-lined micropores composed of bionic 
hydrogels, facilitated rapid retinoid tissue formation from mESCs aggregates in an 
efficient and routine manner [66]. Automated microfluidic devices with significantly 
reduced shear stress can maintain the long-term survival of retinal organoids [67]. For 
details of some other differentiation improvements [68–71], please refer to Figure 3.

4. Applications of retinal organoids

As a three-dimensional multicellular structure formed by self-organization in 
vitro, retinal organoids can reproduce the development process of retina in vivo to 
some extent, and can be used to summarize some structural and functional charac-
teristics of human retina. Meanwhile, they are the most promising tools for retinal 
disease research (Figure 5).

4.1 Retinal organoids as disease models

The reprogramming technique enables iPSCs-derived retinal organoids to retain 
the patient’s genetic characteristics, allowing us to study a variety of retinal diseases 
in detail in a dish. To date, retinitis pigmentosa (RP), Laber congenital amaurosis 
(LCA), retinoblastoma (RB) and some other retinal diseases (Table 1) have been 
reproduced in dishes using retinal organoid technology [47, 98].

RP is a relatively common hereditary retinal disorder characterized by night 
blindness and progressive loss of visual field [99]. LCA, the main disease leading to 
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Figure 5. 
Applications of retinal organoids.

Disease models Genetic mutations Phenotypes of retinal organoids Reference

RP Rp11(PRPF31 gene 
mutation)

Gradually degenerating photoreceptors; 
disrupted cilia morphology

[72]

RP RPGR gene 
frameshift mutation

Photoreceptors have significant defects in 
morphology, localization, transcription 
profile and electrophysiological activity; 
shorted cilium was found in patient retinal 
organoids

[73]

RP RP17 structural 
variants

Increased GDPD1 expression may lead to 
dysregulation of lipid metabolism, thus 
affecting photoreceptor function

[74]

RP USH2A gene mutation Aberrant organoids polarization, defective 
neuroepithelium, and abnormal RPCs and 
photoceptors differentiation

[75]

RP Crb1 gene mutation Small but frequent disruptions of CRB 
complex members at the outer limiting 
membrane

[76]

RP PDE6B gene mutation Increased cGMP levels [77]

RP TRNT1 gene mutation Reduced levels of full-length TRNT1 
protein and expression of a truncated 
smaller protein; autophagy was defective, 
with abnormal accumulation of LC3-II and 
elevated oxidative stress levels

[78]
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Disease models Genetic mutations Phenotypes of retinal organoids Reference

RP USH2A gene mutation Post-developmental photoreceptor 
degeneration

[79]

RP REEP6 gene mutation The expression of a retina-specific isoform 
REEP6.1 changes destabilize the protein

[80]

XLRP RP2 gene mutation Rod cell death peaked at day 150 and the 
outer nuclear layer thinned at day 180

[81]

LCA CRX gene mutation Defective photoreceptor maturation with 
diminished expression of visual opsins

[82]

LCA RPE65 gene mutation Lower expression of RPE65, but similar 
phagocytic activity and VEGF secretion level

[83]

LCA AIPL1 gene mutation Patient-derived organoids maintained retinal 
cell cytoarchitecture despite significantly 
reduced levels of AIPL1

[84]

LCA CEP290 gene 
mutation

Cilia defects were evident in photoreceptors [85]

LCA CEP290 gene 
mutation

A high level of aberrant splicing and cilia 
defects

[86]

LCA CRX gene mutation Immature and dysfunctional photoreceptor 
cells

[87]

LCA CEP290 gene 
mutation

CEP290 aberrant splicing [88]

RB RB1 double allele 
deletion

Homozygous deletion of RB1 did not affect 
the maturation and proliferation statuses of 
human iPSCs (no ROs phenotype)

[89]

RB RB1 double allele 
mutation or deletion

Rb originated from ARR3-positive maturing 
cone precursors during development; 
tumorigenesis in retinal organoids

[90]

RB RB1 germline 
mutation

Retinoblastomas formed from retinal 
organoids have molecular, cellular and 
genomic features indistinguishable from 
human retinoblastomas

[91]

S-cone 
syndrome

NRL loss Two distinct populations of s-opsin expressing 
photoreceptors emerge; one population more 
representative of typical cones, and the other 
of rod/cone intermediates

[92]

Rod-cone 
dystrophy

CRB1 gene mutation A novel CRB1 transcript displaying skipping 
of exon 6

[93]

Macular 
telangiectasia 
type 2

Normal organoids 
were treated with 
deoxy

Dead photoreceptors [94]

Microphthalmia VSX2(R200Q ) gene 
mutation

Bipolar cells are absent; delayed 
photoreceptor maturation

[95]

Stargardt disease ABCA4 gene mutation ABCA4 splicing defect [96]

X-linked 
juvenile cleft 
retina (XLRS)

RS1 gene mutation Retinal splitting, defective retinoschisin 
production, outer-segment defects, 
abnormal paxillin turnover, and impaired 
ER-Golgi transportation

[97]

Table 1. 
Retinal organoids as disease models.
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congenital blindness in infants, accounts for more than 5% of hereditary retinopathy, 
with complete loss of binocular cone and rod function within 1 year after birth [100]. 
Both diseases have been reported to be associated with multiple pathogenic genes. 
By differentiating different genetically-mutated stem cell lines into retinal organoids 
[101], we can observe their disease phenotypes in dishes, including photoreceptor 
degeneration, ciliary morphology disorder, and various functional impairment at 
molecular levels. Retinoblastoma is the most common intraocular malignancy in 
children [102]. The main cause of retinoblastoma is the loss of RB1 gene expression 
[103]. RB1 gene is a tumor suppressor gene, but the mechanism of RB1 deletion lead-
ing to retinal cancer is not clear, one of the key questions is the origin of RB cancer. By 
constructing RB models based on retinal organoids [104], we successfully observed 
tumorigenesis in retinal organoids and demonstrated that RB originates from ARR3 
positive precursors of mature cones during development [90]. Other disease mod-
els, such as s-cone syndrome, rod-cone dystrophy, Macular telangiectasia type 2, 
microphthalmia, Stargardt disease, X-linked juvenile cleft retina, have also contrib-
uted to our understanding of retinal diseases.

4.2 Retinal organoids as tools for therapeutic research

4.2.1 Gene therapy

Identification of pathogenic genes promotes the generation of animal models 
and elucidates the physiological functions of gene products to a certain extent, thus 
promoting the development of gene therapy. So far, most research has focused on 
saving retinal organoid disease phenotypes through gene editing of patient-specific 
induced pluripotent stem cells [72, 73, 87, 97, 105, 106]. However, this strategy cannot 
be applied to patients. Adeno-associated virus (AAV) show great promise as a gene 
therapy vector for a wide range of retinal diseases. For example, AAV-mediated gene 
augmentation has successfully treated LCA caused by RPE65 mutations [107]. AAV-
mediated gene therapy based on retinal organoids has also shown promising results in 
the laboratory [81, 82, 108]. In addition, gene therapies such as antisense morpholino 
and antisense oligonucleotides (AONs) have also been reported (Table 2).

4.2.2 Cell replacement therapy

Hereditary retinal degenerative diseases such as RP, Stargardt’s disease and LCA 
are the leading cause of incurable blindness. The vision loss associated with these 
diseases is caused by the death of photoreceptors in the retina. Existing treatments, 
including neuroprotection and gene therapy, require the presence of endogenous 
photoreceptors. In addition, due to the complex mechanism of retinal degeneration 
diseases, especially RP, it has been found that there are multiple genes with multiple 
mutation modes, and treatment methods focusing on a single mutation are extremely 
difficult technically and economically. Thus, transplant-based photoreceptor cell 
replacement becomes an attractive therapeutic strategy for restoring visual function 
and, if successful, could be applied to a wide range of retinal degenerative diseases.

Research on retinal cell transplantation dates back to 2006 [109]. Mice were able 
to effectively integrate rod photoreceptor precursor cells isolated from juvenile mice 
retinas into the ONL. These cells can further differentiate in the host retina and 
exhibit morphological characteristics typical of mature photoreceptors, such as inner 
and outer segments, while expressing molecules necessary for light transduction, 
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forming synaptic connections with downstream cells, generating light responses 
and promoting visual function [109–115]. These results demonstrate the feasibility 
of photoreceptor transplantation as a therapeutic strategy for restoring visual acuity 
after retinal degeneration.

However, this cannot be applied to the treatment of retinal diseases in humans. There 
are ethical challenges to primary photoreceptors transplantation, but stem cell-based 
photoreceptors can avoid this problem. It has been shown that photoreceptor cells derived 
from stem cells can be integrated into mouse retinas, restoring the animal’s response to 
light [116, 117]. This is far from enough, until the appearance of retinal organoids, retinal 
cell transplantation and clinical transformation have made a breakthrough.

Transplantation of retinal organoids, mainly photoreceptors, is also a process 
of constant exploration [118]. The safety and effectiveness of transplantation, the 
enrichment and purification of transplanted cells, the effects of retinal organoids at 

ROs Gene therapy Result Reference

CEP290-LCA-
Optic Cups

Antisense morpholino Effectively blocked aberrant splicing and 
restored expression of full-length CEP290, 
restoring normal cilia-based protein 
trafficking

[86]

RP11 
(PRPF31)-RP-ROs

CRISPR/Cas9-mediated 
gene correction

Rescued protein expression and key cellular 
phenotypes in RPE and photoreceptors

[72]

RPGR-RP-ROs CRISPR/Cas9-mediated 
gene correction

Rescued photoreceptor structure and 
electrophysiological property, reversed the 
observed ciliopathy

[73]

CEP290-LCA10-
ROs

Antisense oligonucleotides Restored wild-type CEP290 mRNA and 
protein expression levels

[88]

CEP290-Rd16-
mROs

AAV-mediated CEP290 
fragment

Improved cilia phenotype [108]

RS1-XLRS-ROs CRISPR/Cas9-mediated 
base-editing

Normalized the splitting phenotype, 
outer-segment defects, paxillin dynamics, 
ciliary marker expression, and transcriptome 
profiles

[97]

RP2KO-XLRP-ROs AAV-mediated gene 
augmentation

Rescued the degeneration phenotype of the 
RP2 KO organoids, to prevent ONL thinning 
and restore rhodopsin expression

[81]

ABCA4-
Stargardt-ROs

Antisense 
oligonucleotides(AONs)

Saved the splicing defect [96]

G56R-ADRP-ROs CRISPR/Cas9 mediated gene 
knockout

ROs differentiation and NR2E3 expression 
were normal

[106]

CRX-LCA-ROs AAV-mediated CRX gene 
augmentation therapy

Partially restored photoreceptor phenotype 
and expression of phototransduction-related 
genes; Reduced the loss of opsin expression

[82]

CLN3-RP-ROs Gene correction Restored CLN3 mRNA and protein 
expression and prevented SCMAS and inner 
segment vacuolization

[105]

CRX-LCA7-ROs CRISPR/Cas9-based gene 
knockout

Rescued the photoreceptor phenotypes in 
organoids

[87]

Table 2. 
Gene therapy based on retinal organoids.
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different stages of development and host retinas with different degrees of degenera-
tion on the efficiency of transplantation, and the evaluation of cell integration and 
function after transplantation are all issues that need to be explored.

Table 3 gives a brief summary of some retinal organoid transplantation cases 
in recent years. There are two transplantation methods: one is to digest the retinal 

Graft/Host Transplantation method Transplantation result Reference

Rhodopsin-GFP-mESC-
ROs-rod precursors/
adult mice with retinal 
degeneration

Cell suspension Transplanted cells integrate within 
the degenerated retinas of mice and 
mature into outer segment-bearing 
photoreceptors

[119]

CRX-GFP-mESC-ROs-
photoreceptors/adult 
NOD/SCID recipient mice

Cell suspension After transplantation, the integrated 
cells showed typical mature rod 
structures with outer segments and 
banded synapses

[120]

mESC or miPSC-derived 
3D retinal tissue/advanced 
retinal degeneration 
model (rd1) that lacked 
ONL

Retinal tissue A structured outer nuclear layer 
(ONL) with complete inner and outer 
segments was developed; host-graft 
synaptic connections were observed

[121]

hESC-retina sheet/
Two focal selective 
photoreceptor 
degeneration monkey 
models

Retinal tissue Transplanted retinal tissue 
differentiated into a series of retinal 
cell types, including rod and cone 
photoreceptors that formed structured 
outer nuclear layers; formation of 
host-graft synaptic connections

[122]

Rhodopsin-GFP-mESC-
ROs-(CD73-MACS)-
photoreceptors/mouse 
models with mild or severe 
cone-rod degeneration

Cell suspension Some cells integrated into mouse 
retinas and acquired a mature 
morphology, expressing rod and 
synaptic markers in close proximity 
to secondary neurons

[123]

Mesc-ROs-cone/adult 
Aipl1−/− mice

Cell suspension Transplanted cells showed capacity to 
survive and mature in the subretinal 
space

[124]

hPSC-ROs-L/M-opsin+ 
cones/Nrl−/−mice 
or advanced retinal 
degeneration mice

Cell suspension Human cones can become 
incorporated within an adult 
mammalian retina

[44]

hiPSC-ROs(cGMP)-
photoreceptors/
immunodeficient mouse

Cell suspension Retinal cells successfully integrated 
into the photoreceptor layer 
and developed into mature 
photoreceptors

[125]

hESC-ROs-retinal sheets/
mice of end-stage retinal 
degeneration with 
immunodeficiency

Retinal tissue Long-term survival and well-
structured graft photoreceptor layer 
maturation without rejection or 
tumor formation; formation of host-
graft synaptic connections

[126]

hESC-ROs(30–65 days of 
differentiation)-retinal 
sheets/immunodeficient 
rho S334ter-3 rats

Retinal tissue The transplanted sheets differentiated, 
integrated, and produced functional 
photoreceptors and other retinal cells; 
maturation of the transplanted retinal 
cells created visual improvements; the 
donor cells were synaptically active

[127]
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Graft/Host Transplantation method Transplantation result Reference

CRX-hiPSC-ROs-
photoreceptors precursors 
(CD73-MACS)/P23H rats

Cell suspension CD73+ photoreceptor precursors 
can be isolated in large numbers and 
transplanted into rat eyes, showing 
capacity to survive and mature in 
close proximity to host inner retina 
(hiPSC-derived retinal cells did not 
appear to migrate to host ONL)

[128]

CRX-hiPSC-ROs-
photoreceptors 
precursors/Pde6brd1 mice

Cell suspension The CRX+ cells settled next to 
the inner nuclear layer and made 
connections with the inner neurons 
of the host retina, and approximately 
one-third of them expressed the pan 
cone marker, Arrestin 3, indicating 
further maturation upon integration 
into the host retina

[129]

hESC-ROs-retinal 
progenitor cells (RPCs)/
RD models of rats and 
mice

Cell suspension Transplanted cells significantly 
improve vision and preserve the 
retinal structure

[130]

hiPSC-ROs-Jaws-
expressing PRs/blind mice 
lacking the photoreceptor 
layer

Cell suspension Light-driven responses at the 
photoreceptor and ganglion cell levels 
were observed

[131]

hiPSCs-ROs-Müller glia/
rats depleted of retinal 
ganglion cells by NMDA

Cell suspension Transplanted cells can partially 
restore visual function

[132]

hESC-ROs-retinal tissue/
cat

Retinal tissue Large number of graft-derived 
fibers connecting the graft and the 
host; presence of human-specific 
synaptophysin puncta in the cat retina

[133]

hESC-Ros-retinal sheet/
immunodeficient RCS rats

Retinal tissue The transplanted organoids survived 
more than 7 months; developed 
photoreceptors with inner and outer 
segments, and other retinal cells; and 
were well-integrated within the host

[134]

hiPSC-ROs-cones/mice 
with retinal degeneration

Cell suspension Restoration of surprisingly complex 
light-evoked retinal ganglion cell 
responses and improved light-evoked 
behaviors in treated animals

[135]

hiPSC-ROs-retinal sheets 
with PLGA scaffolds/
rhesus monkey

Retinal tissue With sufficient graft-host contact 
provided by the scaffold, the 
transplanted tissues survived for 
up to 1 year without tumorigenesis; 
Histological examinations indicated 
survival, further maturation, and 
migration

[136]

mESC-ROs-retinal 
progenitor cells (RPC)/
mice with retinal 
degeneration

Cell suspension RPC grafts form active synaptic 
networks within sites of ADR that 
functionally integrate with the 
retinal neuron populations and that 
resemble physiological patterns of 
neural circuits to the normal retina

[137]
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organ into a single cell, from which the photoreceptor cells are purified and 
enriched, and the transplantation is carried out in the form of cell suspension. 
Another method is to strip the photoreceptor layer from the retinal organ and 
transplant it in thin slices. This method is more difficult to operate, because it is dif-
ficult to maintain the correct shape and polarity of the retina when it is transplanted 
into the eye of the host, and appropriate transplantation instruments need to be 
designed. The implant may contain some interneurons that block the connection 
between photoreceptor cells and the remaining inner layer of the retina in the host, 
and there are eye size requirements in the host animal. The implant is usually per-
formed in rats, cats and non-human primates. In general, we have gained a lot from 
the exploration of retinal organ transplantation. A number of studies have shown 
that transplanted cells or tissues can survive in the host eye for a long time, migrate 
and integrate into the correct location. Integrated cells can further differentiate 
and mature in vivo, presenting typical cell structures, such as internal and external 
segments, and expressing corresponding cell markers and synaptic markers. In 
some studies, the formation of synaptic connections between host and graft and 
improvement of host visual function were also observed. In the host, transplanted 
cells or tissues are electrically excitatory [136], indicating their potential for restor-
ing visual function. Through behavioral and electrophysiological experiments, 
we found that the host can not only slow down the progressive visual loss to some 
extent, but also show a relatively significant recovery of visual function [127, 130, 
131, 134, 135, 137, 138]. These are exciting results and suggest that cell replacement 
therapy based on retinal organoids is a promising treatment that will bring light to 
patients with retinal diseases.

4.3 Retinal organoids for drug screening

Drug development focuses on screening, a process that requires cell models. 
The closer the cell model was to the physiological state, the more accurate the 
screening was. Therefore, organoids are undoubtedly a better choice for drug 
screening. Some ocular supplements, vitamin E, lutein, astaxanthin, and antho-
cyanin, have been reported to protect retinal photoreceptor degeneration induced 
by 4-hydroxytamoxifen (4-OHT) and light [139]. Few studies have successfully 
screened effective drugs using retinal organoids. In addition, there are some stud-
ies using retinal organoids as screening tools to explore the membrane transport 
effects of some microbial opsin [140]. These results suggest that retinal organoids 
can be used to validate the effectiveness of some therapeutic products and drug 
molecules.

Graft/Host Transplantation method Transplantation result Reference

ROs and polarized 
RPE sheets were 
made into a co-graft 
using bio-adhesives/
immunodeficient  
RCS rats

Total retina patch Co-grafts grew, generated new 
photoreceptors and developed 
neuronal processes that were 
integrated into the host retina

[138]

Table 3. 
Research on transplantation of retinal organoids.
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5. Limitations and deficiencies

In recent years, although the technology of retinal organoids has made great 
progress, it is still beyond the reach of our existing tools and technologies to construct 
retinal organoids with the same structure and physiological functions as the mature 
retina in vivo. Our research on retinal organoids is still in its infancy and there are 
some limitations to overcome.

Long-term maintenance of retinal organoids depends on oxygen and nutrients, 
and in our existing culture system, oxygen diffusion limits the size of retinal organ-
oids and the development of their internal cells, especially ganglion cells. Currently, 
we are trying to introduce a combination of tissue engineering techniques to solve this 
problem, such as the use of bioreactors and retinal chips [62, 63, 65]. The absence of 
vascular system also limits the long-term maintenance of organoids. Microglia are the 
resident immune cells of the central nervous system and are particularly important 
for the development of the retina, which can regulate the survival of neurons and 
prune synapses [141]. Co-differentiation of retinal organoids and vascular tissues 
or microglia in a dish is challenging because they come from different germ layers. 
The retina develops from the ectoderm, while vascular tissue-associated cells and 
microglia originate from the mesoderm. Therefore, we usually choose to achieve the 
complexity of retinal organoids through co-culture. In recent years, the realization of 
vascular structure in human brain has made some progress. After transplantation of 
human cerebral organs into the cerebral cortex of mice, the growth of blood vessels 
in mice was induced to increase the survival and maturation of cells [142]. In vitro, 
a study found that ectopic expression of human ETS variant 2 (ETV2) in hESCs can 
form a complex vascular-like network in human cortical organs and promote the 
maturation of organoid function [143]. In the future, we also expect that 3D printing 
of vascular tissue [144] and co-culture with mesodermal progenitor cells [145] will 
make the differentiation system of retinal organoids more perfect. For the retina in a 
petri dish to function, the most important point is to establish synaptic connections 
and form functional circuits. While our differentiated retina can form synaptic con-
nections now, it’s not nearly as good as the complex network of synapses in the retina 
in vivo. Even retinal organoids derived from normal stem cell lines respond poorly to 
light. This may be due to the gradual degeneration of ganglion cells during late dif-
ferentiation and lack of connection to the brain, which hindrance our assessment of 
retinal functional circuits. It may also be associated with limited growth of the outer 
segment due to the lack of direct interaction with RPE. Retinal organoid technology 
has solved the problem of cell-cell interaction, but in organisms, tissue-to-tissue and 
organ-to-organ interactions remain important for development. For example, the 
relationship of the retina to the lens, ciliary body and cornea, and the relationship of 
the retina to the brain.

6. Conclusions

It’s an exciting time, and technological advances have made a lot of things possible. 
Retinal organoids are our research tools for overcoming retinal diseases. It allows 
us to further understand the development and maturation of the retina, reproduce 
disease pathology and phenotypes in vitro, and explore the feasibility of gene therapy. 
In addition, it provides us with cells for cell transplantation and drug screening. We 
have enjoyed the great benefits brought by retinal organoids. However, their defects 
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and deficiencies are also prominent, which is the direction we need to work towards. 
There is still a long way to go in the development of retinal organoids, and we expect 
that technological breakthroughs will enable us to advance to the next level in this 
field in the future.
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Abstract

An organoid is an in-vitro platform that recreates 3D multicellular aggerates to 
form tissues that fabricate the human cellular environment in the lab and imitate the 
functionalities of the specific organ or disease. Organoids effectively overcomes the 
gaps in research between 2D cell line and in-vivo models. For organoid development, 
both pluripotent stem cells and embryonic stem cells can be utilized, and recently 
Patient-Derived Organoids (PDO) was developed that overcome the limitations 
caused by using other cell lines. With the development of many advanced technolo-
gies in the field of research, the organoid evolution also progressed slowly into 
the development of patient-specific organ structures. Since tumor organoids were 
heterogeneous as well as patient-specific, it has many advantages that aid cancer 
therapy effectively. Apart from cancer treatment, organoids have a variety of applica-
tions in cancer research, the study of tissue-specific models, and also in the analysis 
of the relationship between tissue-specific cancer with various pathogens. Thus, the 
development of organoids in an effective way can pave the way for various biomedical 
applications. This chapter focuses on the trends in the journey of organoid research 
and the latest technologies developed specifically for organoids.

Keywords: organoid, 3D tissues, cancer research, cancer therapy

1. Introduction

Cancer is a heterogeneous disease that is caused by the progress of somatic muta-
tions in normal cells [1]. Based on studies it was confirmed that continuous exposure 
to physical agents such as X-rays, gamma rays, UV rays, and genotoxic factors may 
end up in the progress of cancer cells from normal cells [2]. Carcinogenesis is a 
complex process that involves various pathways which need to be studied to under-
stand the response and treatment method required for targeted therapy which is a 
complicated mechanism [3].

The development of drugs by using medicinal plants as bio source has also been 
studied extensively in various research [4]. It is essential to understand the biologi-
cal interaction among immune cells among tumor immune microenvironment, 
stroma, and tumor for the success of cancer clinical treatments [5]. The overall cancer 
therapy may vary with multiple metastatic sites which in turn depend on the tumor 
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heterogeneity [6]. The major biological complexities make the treatment methods 
difficult which in turn varies with the metastatic sites among individual patients [7]. 
The microenvironment of tumor cells includes normal stroma, malignant cells, and 
immune response based on every individual [8]. The durability and patient-to-patient 
response extremely varies based on each patient and hence very difficult to predict 
the consequences [9].

An organoid is an emerging technology with various applications in biomedical 
applications such as biobanking, disease modeling, regenerative medicine, and preci-
sion medicine [10]. An organoid is a technology used to fabricate 3D tissues in the 
laboratory that resembles parent tissue in function and structure and hence bridges 
the gap between 2D in-vitro and in-vivo models so that they can be utilized effectively 
in cancer research [11]. Though many cancer treatments were available the tumor het-
erogeneity limits the treatment as the drug sensitivity, drug invasion ability, growth 
rate of tumor changes based on individuals [12]. In the current review, the history and 
progressions in the developments of organoids were elaborated accompanied by their 
applications in cancer treatment along with their limits and steps required to over-
come the limitations so that the organoid technology can be implemented efficiently 
in future research. Overview showed in Figure 1.

2. The use of humanized models for cancer treatment

In the initial phase, the genetically engineered mouse models (GEMMs) provided 
a better appreciation for cancer treatment [19]. But later for practical applications, 

Figure 1. 
Flowchart of use of normal organoids in making tumor organoids and utilization of tumor organoids in a 
biobank and its applications [13–18].
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GEMMs technologies were identified to be expensive, laborious, and fetch up into 
complications when transformed into therapeutic applications [20]. One of the meth-
ods of generation of organoids is the utilization of Pluripotent stem cells (iPSCs), but 
the tissues generated from these embryonic stem cells were found to be phenotypically 
unstable and hence have the same limitations [21]. Later, Patient-derived xenografts 
(PDXs) were contemplated as a better replacement to conquer these constraints 
since, in this technology, models were provoked from an enormous pool of patients 
[22]. Unfortunately, these techniques also ended up in complications as the cancer 
cell lines generated in-vitro were genetically unstable and were devoid of the cellular 
microenvironment of tumor cells in-vivo and in most cases these cell lines ended up in 
unmatched cell lines from normal tissue which was considered as control cell lines [23].

Patient-derived tumor xenografts (PDTXs) is the recently available technology in 
cancer research that can maintain genomic stability and tumor heterogeneity but the 
major drawback of PDXs is that it is expensive and time-consuming and hence treat-
ment gets delayed [13]. Later PDTXs technologies were upgraded by transplanting these 
cell lines into mouse models, but PDTXs failed to replicate the human-specific immune 
systems and were also ended up as a laborious and expensive process [14]. The clinical 
response of cancer treatment depends on the clinical model used for the study [24].

3. Organoids and their types

The unique way to improve cancer research has emerged with the help of organoid 
technology that accompanies tumor heterogeneity at low cost and with less time [25]. 
Cancer organoids serve as an effective tool to understand the interaction between 
tumor environment and genetic alterations [15]. The organoids derived from postna-
tal or adult tissue were termed ASC-derived organoids. In the case of ESCs and iPSCs 
derived organoids, the generation of organoids takes place from all three germ layers. 
For all these types of organoids, the growth of cells was carried out by using a series 
of differentiation protocols by utilizing growth factors and inhibitors in the process 
of organogenesis [11]. Recently many patient-derived organoids (PDTOs) have been 
developed that include liver, prostate cancer, and pancreatic cancer organoids [26]. A 
snapshot of types is shown in Figure 2.

To make more clarity to organoids, CRISPER gene-editing technology is being 
implemented to organoid to convert normal organoids into tumor organoids [25]. 
Upon various research, mutations have been induced in normal organoids like 
intestinal organoids [40], colon organoids [41], pancreatic organoids [42] to make 
them into tumor organoids that paves the way for flexible in-vitro cancer models. 
Apart from carcinogenesis, cancer organoids were also being implemented to study 
cancer metastasis which is the process of spreading cancer cells to other parts of the 
body [43]. Cancer organoids have also extended their applications in drug screening 
since PDTOs can be utilized to study gene expression, pathology, and tissue-specific 
genetic alterations [44]. Few researchers have used cancer organoids to generate 
tumor-reactive T cells that can be used in immunotherapy [45].

The brief details about various types of organoids have been discussed below:

3.1 Intestinal organoids

The pluripotent stem cells (iPSCs) were used to derive intestinal organoids that 
contain both mesenchymal and epithelial cells [27]. The basic intestinal crypt cells 
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were allowed to grow in an appropriate medium containing a matrix that tends to 
organize into 3D epithelial cells that contain both physical and genetic resemblance of 
their parent organ [28].

3.2 Colon organoids

The colon organoids were originated from intestinal crypts in the presence of 
appropriate growth factors [29]. The stem cells of intestinal crypts differentiate into 
an epithelial complex that contains all types of intestinal cells. The isolated crypts 
develop into three-dimensional epithelial cells that form a sphere towards the lumen 
that further develops into colon organoids [30].

3.3 Pancreatic organoids

The capability of pancreatic ducts in in-vitro expansion and development of three-
dimensional hollow structures in the presence of collagen as the suitable medium is 
utilized in the development of pancreatic organoids [31]. Many recent developments 
were carried out in establishing three-dimensional adult pancreatic organoids as 
well as fetal pancreatic organoids and both types of organoids were found to differ in 
morphology similar to that of parent cells [32].

3.4 Endometrial organoids

To investigate the biological processes involved in disease modeling, endometrial 
organoids were developed from primary endometrial cells of the human being [33]. 
For the development of three-dimensional endometrial organoids, the primary 

Figure 2. 
Development of 3D organoids culture [27–39].
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endometrial cells were dissociated, suspended in a Matrigel medium that promotes 
endometrial organ formation [34].

3.5 Lung organoids

The lung organoids were developed from stem cells of the lungs through a self-
organization process [35–37]. The lung organoid technology has also been extended to 
develop various structures of lungs such as lung buds, airways, and alveolar cells that 
can be used to treat pulmonary diseases [38].

3.6 Ovarian organoids

Ovarian cancer is spread among a wide range of populations and the development 
of patient-specific ovarian organoids was found to be one of the precise approaches 
to enhance the treatment of ovarian cancer [39]. The ovarian organoid can enumerate 
the morphological heterogeneity of parent tissue and can aid in personalized therapy 
to enhance the treatment efficiency [46].

3.7 Breast organoids

Breast cancer is considered to be one of the most widely spread cancers among 
women with various subtypes and more heterogeneity [47]. Many studies have 
been performed on breast organoids and breast organoids can be grown either from 
epithelial cells [48] or from adult stem cells (ASCs) [27].

3.8 Retinal organoids

Retinal organoids were developed from Human Pluripotent Stem Cells (hPSCs) 
that is considered a labor-intensive and simple method of organoid development [49]. 
The retinal organoids also developed a physiological response to light to a certain 
extent that can be used in certain therapies [50].

3.9 Heart organoids

The heart organoids have proven to exhibit structural and functional features of 
developing human hearts [51]. The human Pluripotent Stem Cells (hPSCs) were used 
to develop in-vitro cardiac cell types that help in understanding and treatment of 
various cardiac diseases [52].

3.10 Brain organoids

The summons besotted in understanding the diseases caused in the central nervous 
system has been overcome by the development of brain organoids from either human 
Pluripotent Stem Cells (hPSCs) or epithelial cells [53].

4. Advantages of organoids over 2D techniques for cancer treatment

The development of organoid technology has overcome the limitations caused 
by 2D cell cultures in the following ways: 2D cultures were not repetitive of parent 



Organoid Bioengineering - Advances, Applications and Challenges

88

cultures while organoids were a portrait of their parent cells, the lack of  predictivity 
faced in the use of 2D cultures was not visible while using organoid technology, and 
in 2D cell, culture models waste were being generated from growth medium which 
was overcome by organoid technology [54]. In organoid technology, multiple cell 
types were developed in-vivo that resemble the parent cells that have enormous 
applications in cancer research [11]. Tumor modeling is one of the vital applications 
of organoids as this technology help in identifying toxicity and effect of drugs before 
administering to patients which is not possible in 2D technology [40]. Organoids 
have strengthened the understanding of various disease progression and also helped 
 scientists to study the pathways of disease carefully that enhance the treatment 
methods [55]. Organoids have extended their applications in various fields such as 
fundamental research [56], disease modeling [57], development of personalized 
medicine [58], and  transplantation [59].

To overcome the technological limitations of cancer treatment, organoids were 
developed in which ASCs were proliferated in-vitro and self-organized into 3D 
structures by utilizing extracellular matrix proteins like BME and Matrigel as medium 
[60]. The main advantage of organoid technology is tissue-specific growth factors 
can be utilized based on the epithelial cells used for analysis [61]. Based on numerous 
studies, the ASCs derived organoids were found to be genetically and phenotypi-
cally stable and permit the expansion of stem cells in a required path which allows 
them to differentiate into tissue-specific cells [62]. Apart from tumor heterogeneity, 
more focus is required on lymphocyte infiltration trafficking along with the clinical 
response of individual patients to cancer treatment [63].

5. Stages of organoid development

Generally, the 3D culture of organoids was performed by using Matrigel derived 
from EHS (Engelbreth-Holam-Swarm) mouse sarcoma cells which were rich in 
adhesive proteins such as laminin, entactin, collagen, and proteoglycans. The 
Matrigel structural support, ECM signals along with the extracellular environment 
that supports the growth of cells [64]. In other techniques, Matrigel or fibroblasts 
were submerged in a medium to expose the upper layers of cells in the air. Later, the 
air-liquid interface will be utilized to culture the cells for better polarization and 
differentiation [65]. The organoid technology developed drastically after the suc-
cessful generation of in-vitro organ generation from sponge cells [66], amphibians 
pronephros [67], chick embryos [68] followed by surface adhesion of cells using 
thermodynamic differentiation [69]. After the invention of pluripotent stem cells 
from mouse embryos, there was a significant impact on organoid development by 
utilizing stem cells [70].

The use of animal models has been considered in the initial days to predict the 
efficacy of drugs to tumor cells, later cell lines cultured in-vitro were used. But both 
these studies did not represent the actual model of tumor cells for which treatment 
is required [19]. A report by Radhakrishnan et al., 2017 [71] was used to analyze the 
immune target therapy for the treatment of cancer was carried out by utilizing the 
CANscript exvivo platform technology.

The various stages of organoid development were explained below [72] and the 
overview showed in Figure 3.
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• 1900–1950: In the early 1900s hanging drop culture method was employed in 
organ development followed by tube cultures. Subsequently in 1907 organoids 
were developed from sponge cells and later in 1944 organoid development was 
carried out from amphibian pronephros.

• 1950–1980: In 1952 organoids were developed from chick embryos. In 1975 
floating collagen cells were developed followed by characterization of laminin 
using organoid technology in 1979.

• 1980–2000: The isolation of pluripotent stem cells from mouse tails was suc-
cessfully performed in 1981 which paved the way for great progress in organoid 
technology in subsequent years. The development of human blastocytes was 
performed in 1998.

Figure 3. 
Flowchart of various stages of organoid development [10, 19].
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• 2000–2020: The development of the first organoid from pluripotent stem cells 
was performed in 2006 from mouse fibroblast, followed by the development of 
organoids from cortex tissue, adult stem cells, development of gastric organoids, 
development of retinal, kidney, pancreas, lungs, fallopian tubes and snake 
venom were performed successfully in subsequent years.

6. Role of organoids in drug development and cancer research

Apart from therapeutic applications, organoids can also be employed in cancer 
research to study the mechanism of cancer progression and the interaction between 
pathogens and organs in the development of cancer cells. In a study conducted by 
Scanu et al., 2016 [73] the interaction of pathogen Salmonella enterica with the gall 
bladder cells was found to provoke gall bladder carcinoma. Similarly, in a study con-
ducted by Yin et al., 2015 [74] relations between hepatic virus and liver cell carcinoma 
have been studied extensively.

Organoid technology has also been implemented to study the genetic interaction 
between mutation and progression of various types of cancer [75]. Organoids guide in 
the study of the initiation of tumors with the progression of cancer at various genetic 
levels [76].

Organoids can be used to study the response of drugs to each patient so can be 
utilized in drug development for cancer research [77]. Though many drugs were working 
on cancer models they get eliminated in final clinical trials due to unbearable side effects 
or lack of efficiency compared to clinical models [78]. Many biobanks of organoids were 
used to study the efficiency of novel drugs [16]. By utilizing organoids in drug screening, 
it will be feasible to predict the patient’s response and value of Patient-Derived Organoids 
in chemotherapy. The data obtained from PDOs can be used to predict the outcome of 
individual patients which was not possible by using the cell line technique [17].

7. The use of biobanks for organoid research

The progression on the development of organoids from ASCs paved the way for 
the establishment of the biobank for cancer [18]. The cancer biobanks provide cancer 
organoid cultures of numerous cancer subtypes [79]. Based on an investigation 
of numerous organoids using biobanks it was concluded that the dependency of 
organoids on ligands varies from one type of organoids to other types of organoids 
[59]. The inception of biobanks of organoids for cancer paved the way for the 
up-gradation of anti-cancer drugs with a wide range of testing based on requirements 
by cancer patients [21]. In a study done by Smalley and coworkers in 2018 [80], CD 34 
biomarker has been utilized effectively in cancer treatment and the outcome has been 
studied in detail.

8. Technological developments of organoids

The existing in-vitro and in-vivo platforms used for cancer therapy were proved 
to be not much effective and hence there is a need to derive many new platforms 
for cancer treatment [81]. In a study conducted by Majumder et al., 2015 [82], an 
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attempt has been carried out to overcome the tumor heterogeneity with the help of 
the CANScriptTM platform designed by their team. In 2013, Radhakrishnana and his 
coworkers [83] attempted to design a drug PAT-1102 that acts as a HDAC (Histone 
deacetylase) inhibitor and hence can be utilized for cancer treatment. The utilization of 
Light-screening fluorescence microscopy, confocal microscopy, and multiphoton laser 
screening microscopy in organoid development can be used to visualize the 3D image 
of polarized and nonpolarized cells based on the individual organoid model [84]. 
Organoids have been utilized effectively to understand human brain development and 
also about various diseases elaborately [85]. Apart from cancer research organoids were 
also used to study various infectious diseases [86], genetic diseases by combing with 
CRISPER technology [87], to study the gene function [88] and cell development [89].

The development of organoids paved the way for 3D imaging technology which 
can be used to visualize complex organizations that were not possible using 2D 
imaging technology [90]. The 3D imaging technology helped scientists to visualize 
cellular components, intracellular processes, and architecture of cells in a detailed 
manner [91]. Lungs were considered as one of the most complex organs in the 
human body with numerous types of cells and the development of lung organoids 
had a significant impact on the treatment of lung cancer, asthma, cystic fibrosis, and 
pulmonary fibrosis [92]. Based on 3D imaging technology major therapeutic drugs 
were developed that can be used successfully in lung cancer treatment [93]. The 3D 
models increased the predictability and reliability of preclinical assays and decreased 
the use of animal models [94]. The quantitative analysis of the organization of vari-
ous cell types in aggregates uses 3D imaging technology for detailed analysis [95].

Another technological up-gradation seen in organoid technology is Organs-
on-a-chip which is used to model various functional groups of organs for detailed 
study [96]. Initially, the anatomy of the particular organ was studied, and then its 
basic elements were investigated that can be used to study organ-specific physical 
and biochemical applications [97]. Retinal diseases were one of the major causes of 
vision loss in humans worldwide while the complexity of neuro-retinal organization 
and complex blood supply causes side effects by the use of therapeutic drugs in the 
treatment of retinal diseases [98]. The development of retinal organoids improved 
the treatment methods of retinal diseases and also organs-on-a-chip technology 
paved the way to study cell types in detail that can further enhance the treatment 
methodology of retinal disease [99]. In case the focus of cancer research is based 
on a particular cell type or organ miniature types of organoids can be developed 
by utilizing organ-on-a-chip technology [100]. The organoid development and 
organoid-on-a-chip technology has their unique characteristics and limitations and 
based on research requirement the suitable technology is to be utilized [101]. The 
usage of organoid-on-a-chip technology on brain organoids paved the way to cure 
many neurological diseases [102].

In earlier days, tumor spheroids were developed to analyze the capability of 
antitumor therapeutic drugs, and recently tissue-specific organoids were utilized 
effectively to model various organs that can be used in cancer treatment by over-
coming the limitations of ethical concerns caused by tumor spheroids [103]. The 
use of brain organoids to study neural diseases has proven that the brain organoids 
developed in 3D cultures express a large number of genes entangled in neurological 
problems and hence make the study process feasible compared to 2D technology 
[104]. In recent areas of research organoid technology is being implemented exten-
sively in  image-based phenotypic high throughput screening [105].
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9. Limitations of organoids

Generation of organoids from epithelial cells may lead to contamination or 
overgrowth of normal cells [58]. Generally, the organoids developed from cancer 
cells will have less growth than organoids developed from normal cells which 
result in overgrowth of normal cells in the medium which can be overcome by 
limiting the use of growth factors in the medium [106]. Upon analyzing the 
efficiency of various organoids on drug development in-vitro, a positive predic-
tive value of 88% and a negative predictive value of 100% were endorsed upon 
numerous studies [107, 108]. The organoids developed in-vitro lack the native 
microenvironment like stromal cells, immune cells [109]. This limitation can 
be overcome by culturing the tissues with required cellular elements for proper 
differentiation but this may end up in more cost [110]. In a study by [111], a 
high-throughput screening accompanied with patient-derived 3D organoids 
has been successfully utilized to overcome the limitations of organoids in drug 
screening. In another study, an organ-on-a-chip platform has been devised which 
contains hollow microchannels filled with living cells resembling human organs 
and organoids which can be utilized effectively for drug screening [112]. Another 
major limitation in organoid development is lack of reproducibility, laborious and 
costly method [113].

10. Conclusions

Cancer is a heterogeneous disease caused by a mutation in normal cells that results 
in the abnormal growth of cells. Though many treatment methods and drugs were 
available in cancer treatment, there is no proper cure, and the drugs used ended up in 
major side effects in patients. The development of cancer cells varies with the patient 
and also based on the type of cancer. Thus, there was a need to derive a patient-
specific treatment method is cancer treatment. But the limitation of these 2D cell line 
models where it was a time-consuming process, expensive, and sometimes cannot 
meet the requirement of tumor heterogeneity to large extent. To overcome this many 
technologies such as GEMMs and PDTXs were developed and they have been proved 
to be effective techniques. To overcome these limitations organoid technology has 
emerged in which tissues were grown in in-vitro from cells derived from patients and 
these tissues can be utilized for drug development. Apart from drug development 
in cancer research organoid technology also paved the way to study elaborately the 
mechanisms behind cancer treatment, about particular organs in detail, and also the 
relationship between pathogens and various types of cancer. The culturing of organ-
oids along with immune cells has shown successive progress in creating better models 
and understanding the cancer progression in many research works. Though organoid 
technology also has various limitations various methods have been established to 
overcome the limitations and hence organoids can be used as an effective tool in 
cancer research and cancer treatment.
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Abstract

Organoids are 3D miniature tissue mimics and have been effectively used for 
various purposes, including disease modeling, various drug screening, mechanism 
of pathogenesis, stem cell research, and tumor immunology. Organoids are as varied 
as the body’s tissues and organs and have enormous economic potential. They can 
open new ways to tailored therapy and precision medicine. In clinical investigations, 
patient-derived organoids have been used to predict patient responses to therapeutic 
regimens and perhaps improve cancer treatment outcomes. Recent developments in 
stem cell research and genomic technologies have led to breakthrough innovations in 
organoid bioengineering, large-scale manufacturing, biobanking, and commercial-
ization. This chapter reviews the notion of organoid biobanking, companies involved 
and the commercialization aspect, and ethical considerations.

Keywords: organoid, tumoroids, commercialization, biobank, cell atlas

1. Introduction

Organoids are miniature 3D models of in vivo tissues and organs and faithfully 
mimic their structures and functions. These in vitro near-physiological models 
provide unique opportunities for diverse basic and translational human research 
applications [1]. Adult stem/progenitor cells from normal or diseased tissues are 
extracted for organoid creation. Guided differentiation of induced pluripotent stem 
cells (iPSCs), embryonic stem cells, and adult stem cells is followed by 3D culture on 
extracellular matrix using an appropriate culture medium to initiate organoid culture 
[2]. Long-term preservation of cells and organoids in biobanks is critical for future 
disease modeling, therapeutic development, regenerative medicine, toxicological 
studies, preclinical and personalized medicine (Figure 1). It is now possible to create 
organoids from various human tissues, including the airway, lungs, heart, brain, liver, 
brain, breast, gut, pancreas, and kidney (Figure 2) [3]. Another significant develop-
ment is in the area of tumor organoids, which has opened up new avenues for human-
specific tumor investigations, preclinical tumor studies, translating cancer research 
from the bench to the bedside [4].

Backed by some significant observations in the proliferative nature of adult tissue 
stem cells in 2009, the cardinal notion enveloping organoid technology is that stem 
cells have ingrained potential to self-assemble into 3D constructs with similitude with 
human organs [5]. As time rolled on, the modus operandi has been implemented 
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to produce several human and murine organoids out of epithelial tissues of various 
organs such as the liver, intestine, kidney, skin [6–9]. Another breakthrough entails 
the evolution of organoids obtained from induced pluripotent stem cells (iPSC), 
which can circumvent the toil to avail specific tissues like the heart or brain. This 
prodigious prospect, reinforced with genetic engineering, permits the mutational cor-
rections in patient-derived iPSCs expediting differentiation to generate a specific type 
of cells [10–13]. Scrupulous experimental manipulation while maintaining sensitive 
biological complexity allows organoid technology to bridge the gap between 2D cell 
culture and 3D models [14]. It has also proved to better simulate human physiology 
than animal models and has shown the promise to substitute animals in preclinical 
biology [15, 16].

As ratiocinated from the trends, there will be a steady increase in the demand for 
organoid technology in the following years [3, 16]. As per reports published in various 
media, around 20 companies are into business with this technology—their activities 
include biobanking, manufacturing, commercialization, the implication of robotics 
for the development of organoids, organoids on a chip, etc. Statistically, priorities are 
given to heart, brain, intestine, and kidney organoids [3]. Financial models adopted 
by these companies are—(i) venture capitals, (ii) partnerships (iii) direct collabora-
tion with the originators. Routine use of animals for disease modeling has always been 
afflicted with stringent moral and ethical queries. Usage of embryonic stem cells has 
also faced stormy skirmishes regarding the moral status of the embryos. Likewise, 
the moral and legal status of the organoids has been called in regulatory questions, 
to mention a few—ownership, consent, IP rights, safety, commercialization, etc. 

Figure 1. 
Organoid formation from stem and progenitor cells. Following tissue dissociation, adult stem cell/ progenitor cells 
from normal or patients are isolated. Induced pluripotent stem cells (iPSCs), embryonic stem cells and adult 
stem cells are subjected to guided differentiation, followed by growing them on extracellular matrix in 3D culture 
system using specific culture media to begin organoid culture. The lower right section shows the different aspects 
of organoid commercialization, including molecular profiling of the collected cells, long term storage of cells 
with appropriate patient consent and information. These biobanked organoids can then be used for functional 
studies related to potential applications like disease modeling, therapeutic development, regenerative medicine, 
toxicology, and personalized medicine.
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Utilization of ‘matrigel’ (extracellular matrix obtained from animals) has raised some 
safety concerns regarding compatibility with the human system. The debate revolving 
around the exchange or donation of human tissue as a commodity is still ongoing. To 
resolve this, few regulations should be declared and accepted by the global intellect 
[17]. Quibbles for intellectual property (IP) generation with human tissue should 
cease to persist, showing proper dignity and preserving the donor’s rights. Consent 
should become a requirement avoiding de-identification of the donor [18–21]. In 
the present chapter, we shall highlight the usage of the organoid, organoid cell atlas, 
followed by shedding light on the commercialization aspect of the technology and 
future directionality.

2. Applications of organoids

Researchers traditionally used in vivo animal model systems and in vitro 2-D cell 
culture systems through decades for preclinical studies. Although these models have 

Figure 2. 
Tissue specific organoid bioenginnering and different basic biomedical and commercial applications.
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been demonstrated to be good and have provided invaluable insights into disease 
biology, they suffer from certain drawbacks. Excessive cell line passage introduces 
molecular and genetic alteration leading to variation from the original tissue pheno-
type and may not satisfactorily depict the original disease model’s complexity and 
pathogenesis. The animal models may not appropriately reciprocate human disease 
development, suffers from ethical concerns, are very costly, and are time-consuming 
[17]. The recently developed 3D organoid technology, on the other hand, has evolved 
and opened up new options for basic and translational study and has fundamentally 
transformed in vitro disease research. Organoids can be easily manipulated, have the 
potential to recapitulate tissue complexity and physiology, and can be scaled up for 
high throughput drug screening because they have unique properties such as self-
organization, lineage differentiation, signaling process, and maintenance of cell to 
cell communication, mimicking organ histology [17]. Human and animal cell-based 
organoid technology has advanced rapidly over the last decade [1], and various 
organoids mimicking several organs/tissues like the breasts [22], cerebral cortex [2], 
stomach, intestine [23], kidney [24], liver [25], lung [26–28], pituitary gland [29], 
prostate [30], pancreas have been developed.

With the advent of tumor organoid culture, patient-derived tumor organoids 
(PDTOs) have become popular tools to study molecular tumorigenesis, understand 
tumor heterogenity, predict drug responses, immunotherapy, and precision cancer 
therapy. At the moment, several tumor organoid biobanks have been developed 
catering to a variety of cancer types, including lung [31], breast [32], gut [33], and 
brain [34], liver [35], colorectal [36], pancreas [37], prostate [38], and ovary [39]. 
The role of tumor immune microenvironments (TIME) is significant in improving 
cancer immunotherapies, and PDTOs have started playing a crucial role in modeling 
the tumor-immune landscape. PDTO-based TIME studies can help evaluate immu-
notherapies such as checkpoint inhibition and adoptive T-cell treatment [4]. Thus, 
optimizing the tumor organoid culture method is critical for developing organoid-
guided customized cancer immunotherapy [40].

Human organoids are suited for genetic modification and customization and 
bridge the gap between fundamental research and clinical practice. This technique 
has aided oncology, biological, pharmacological, regenerative, and personalized 
medicine studies [1]. Despite the initial advances, the technology is still nascent 
and is expected to be employed in various applications such as developmental 
and stem cell biology, toxicology, drug discovery, personalized medicine, disease 
modeling, immune interaction, and regenerative modeling (Figure 2). Healthy 
human organoids from different tissues may be utilized to test comparative thera-
peutic toxicities in combination with disease-related organoids. Cardiac organoids, 
liver organoids, kidney organoids, and other organoids are now used to dictate 
intolerable adverse effects, such as hepatotoxicity, cardiotoxicity, nephrotoxicity, 
and other tissue toxicity [41]. Patient-specific relevant organotypic models will go a 
long way in reframing basic findings, testing innovative ideas in 3D, and validating 
crucial data without sacrificing animal life for science. This aspect is dealt with in 
other publications [42, 43].

3. Application of tumor organoids

The lack of a physiologically relevant model system has delayed the therapeutic 
development process, and many candidates have failed in clinical trials [4]. Cancer 
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organoids are near-physiological replicas of their parent tumors and bridge the gap 
between drug screening and clinical trials. Organoids have been utilized to examine 
personalized cancer patient responses in several research [32, 44, 45]. It may also be 
utilized to look at the epigenetic and genetic changes that cause drug resistance [46]. 
Tumor organoids can accurately predict chemotherapeutic response and resistance 
for certain drugs in some cancers [47, 48]. Finding the right therapeutic combination 
can be a challenge, and tumor organoids can help solve this dilemma and can make 
personalized medicine a reality [49]. The advances in genetic engineering technolo-
gies like CRISPR-Cas9 are implemented on organoids further to confirm medication 
sensitivity to specific mutations [50]. Organoids may also be used for pharmacoki-
netic research, critical in drug development. Results suggest that drug-transporters, 
their efflux transport functions, drug-metabolism can be efficiently studied using 
organoids [51]. In addition to cancer biobanks, organoids have a significant role to 
play in immunotherapy, a kind of cancer treatment in which the patient’s immune 
system is used to eliminate tumor cells [52]. Organoid-based models are explored to 
study the effect of tumor-immune cell interaction using a coculture system with both 
components [53].

4. Organoid cell atlas

Organoids holds promise as a propitious platform in biomedical research and 
applications for many decades to come. Human organoids currently have a few 
limitations that require to be circumvented to appreciate their full potential. Some 
technical and conceptual limitations may be addressed using single-cell sequencing 
and spatial profiling. Single-cell transcriptome/ epigenome sequencing and spatial 
profiling can provide a thorough idea about the composition of cells and the state of 
cells present within the organoids, which may help develop organoids as futuristic 
models of human biology. In combination with the Human organoids and single-cell 
technology, a pilot project has been launched within the Human Cell Atlas (HCA) as 
a “Biological network” (https://www.humancellatlas.org/euh2020/) [54]. HCA is a 
revolutionary global collaborative initiative aiming at advancing biomedical research 
opportunities and therapy using single-cell technologies (https://hca-organoid.eu/). 
This pilot project, under HCA, focuses on the single-cell characterization of organ-
oids and other complex in vitro systems. It has been established to foster the assembly, 
internal control, dissemination, utilization, and linking of such big human organoid-
associated datasets [54–56].

It is one of the six pilot projects funded by the European Union (EU) Horizon 
2020 Framework Programme, which will be helpful in developing the first version 
of the Organoid Cell Atlas, which may be used as a nucleus for a broader, collabora-
tive, global initiative. The HCA-Organoid association has eight partner Institutions, 
including EMBL’s European Bioinformatics Institute institutions having experts in 
organoid technology, single-cell profiling, advanced imaging, and bioinformatics 
from Austria, Germany, the Netherlands, and Switzerland, and received €5 million 
by EU funding, as a part of the European contribution to the HCA project. Currently, 
the project mainly focuses on generating single-cell transcriptome, epigenome maps, 
and detailed imaging data in a selection of human organoids. The initial objective of 
the funded project is to derive and characterize two organoids, colon and brain, from 
100 whole-genome-sequence individuals each, to have a record of normal population 
variation and have a reference for disease-centric research [56].
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The colon and brain organoids were one of the first organs to which organoids 
were demonstrated, so comparatively, more advanced protocols for the two are avail-
able with HCA [2, 23]. Apart from this, the colon organoids are derived from adult 
stem cells while the brain is from the iPSCs, thus spanning the two primary sources of 
organoid derivation. Both of them have primarily been used for disease-centric stud-
ies. If the single-cell characterization of these organoids is done for many individuals, 
this can help facilitate various biomedical applications. Beyond the initial target, most 
of the data information in the project is generalized in a way to be applicable to vari-
ous other types of human organoids. The HCA has also spoken about the possibility 
that they can collaborate with other institutes for different projects, which can pursue 
systematic single-cell profiling in other types of human organoids, to explore the 
possibility of interrelation with the Organoid Cell Atlas [56].

The main aim of the EU H2020 HCA-Organoid project is to build an Organoid 
cell atlas portal that may be equipped with the computational infrastructure and a 
web-based front end that makes the data easily accessible and analyzed. Some of the 
organoid-specific features that have been focused on while developing an Organoid 
portal include the interactive exploration of human organoid data, data-driven 
selection of organoids for functional experiments, and comparison of disease-specific 
organoids against reference collections of normal organoids.

This portal also focuses on providing the data of the corresponding primary 
tissues available in the HCA and also will work on showing interactive mappings 
between single-cell profiles of human organoids. These may be achieved using the 
algorithms that enable cell-cell alignments between these datasets. This portal is 
supposed to facilitate the use of organoids in biomedical experiments and encourage 
the use of organoids as models in various experiments like precision medicine, drug 
development, disease modeling, etc. Mapping and data integration may detect normal 
variation between individuals in an interactive manner showcasing organoid as the 
capable model for the corresponding variation in primary tissues. The analysis and 
interpretations of disturbances in the human organoids related to the primary tissues 
will be performed using cell-cell alignments [56].

A set of strategies have been laid to develop the atlas to be most productive and of 
high quality. Initially, it was thought to invest in validation and standardization for 
organoid-related research. Later, a contribution towards the HCA to establish com-
munity standards and software infrastructure for data processing and data annotation 
was strategized. Then the development and validation of computational methods for 
the comparison of cells between organoids and corresponding primary tissues and 
their flexible alignments were implemented. Finally, the implementation of interac-
tive visualization tools that helps in establishing user-friendly quality control and 
exploratory analysis of single-cell organoid datasets contributed to the Organoid Cell 
Atlas [55].

5. Commercialization of organoids

With the development and successful commercialization of organoids, the most 
demanded sector in treating patients and pre-clinical trials in pharmaceutical indus-
tries will give a slanting graph in the market in the future [57]. In this present era, 
many specific and most suitable techniques have been developing over the years for 
organoid research, leading to competition among industries worldwide. The annual 
cost of treating brain diseases in Europe is $798 billion, and globally it amounts to $3 
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trillion. Over 90% of novel drugs that are being developed for brain diseases fail dur-
ing the developmental process, which further reinforces the scope and opportunities 
for organoids [2]. The development of the living human brain (LHB) enables cultur-
ing of human-derived brain organoids from the cells of any individual; the University 
of Helsinki provides a new technical idea for preclinical trials of drugs in this area. 
Helsinki Innovation Services Ltd (HIS) supports the commercialization projects of 
the University of Helsinki from the funding application stage to completion.

Many startups such as XILIS, CELLESCE, SYSTEM1 BIOSCIENCES, 
3DYNAMICS, PATH BIOANALYTICS, KNOWN MEDICINE, CYPRE, DYNOMICS 
are currently working in the domain of organoid technology. XILIS is developing 
a patient-derived miniature organoid technology to upgrade precision medicine 
and pharmaceutical drug discovery; their needed materials lead to 30× speed, 50× 
throughput, and 300× cost-saving (Hans Clever includes in the founding team of 
XILIS). CELLESCE is a UK-based startup that invented a bio-processing technology 
intended to grow and expand organoids in drug discovery and regenerative medi-
cine. $25 million of Series A venture funding is raised in SYSTEM1 BIOSCIENCES 
incorporation with Charles River Ventures and Pfizer Ventures, upgrading neuro 
drug discovery through the combined action of human brain models, scaled 
biology, and machine learning to interpret brain disease from genetics to neural 
computation. Also, KNOWN MEDICINE raised a total of $2.4 M from Khosla, Cota 
Capital, and Y-Combinator, offering cutting-edge biology research and the latest 
AI techniques, giving oncologists an easy spot for treating patient’s tumors with 
the best suitable drug. PATH BIOANALYTICS does bioanalysis of Phenotypic drug 
discovery and development. CYPRE is developing a tumor model platform intended 
for transformative 3D cellular research and clinical testing of cancer patients with 
seed funding from Hemi Ventures and others. DYNOMICS received $500K in 
pre-seed funding from Boost VC. The details of the organoid-specific startups are 
presented in Table 1. These different startups contribute a vast platform to save 
millions of people’s life [58]. Several companies are also operational in the tumor 
organoid domain, like Charles River and CROWNBio.

Company name Country Application area

XILIS INC. Durham, North Carolina, 
USA

Micro-organospheres

CELLESCE Wales, UK Patient-derived organoids (PDO)

SYSTEM 1 
BIOSCIENCES

San Francisco, CA, USA Brain organoids

3DNAMICS Baltimore, Maryland, USA Brain and liver organoids

PATH BIOANALYTICS North Carolina, USA PDO for precision medicine

KNOWN MEDICINE Salt Lake City, Utah, USA Patient-specific organoids for cancer drug 
development

CYPRE San Francisco, CA, USA 3D tumor model

DYNOMICS INC. San Francisco, CA, USA Human cardiac organoid

CHARLES RIVER Wilmington, MA, USA Tumor organoid

CROWNBio San Diego, CA, USA Tumor organoid

Table 1. 
The current leaders in the commercialization of organoids, their geographical location, and application areas.
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Despite using pre-clinical trials in animal models, concerns are raised about 
whether the animals will be extinct if used over the years. This will lead to the deple-
tion of species and a significant effect on the ecosystem. Moreover, they may lead to 
harmful effects on the environment once mutated and released. The Animal Welfare 
Act of 1970 was implemented in the United States and set standards for animal use 
and care in research. Three principles of the Act are (1) experiments must be proven 
necessary for instruction or to save or prolong human life, (2) animals must be appro-
priately anesthetized, (3) animals must be killed as soon as the experiment is over. 
Much to our intrigue, different types of organoids such as kidney organoids, lung 
organoids, liver organoids, intestine organoids, brain organoids, etc., can substitute 
such animal models in preclinical trials for drug discovery and precision medicine. 
Even self-organ plantation may occur with the continuous development of organoids.

Globally, the expenses of organ transplantation and post-transplantation main-
tenance treatment are quite expensive but varies according to variables such as 
geographical location, medical facility, transplant organ type, and access to insurance 
coverage [59]. Private hospitals in India now charge around INR 10 lakh to INR 30 
lakh for a heart transplant, while in USA, the charges can be very high ~$1,664,800.00 
(https://www.statista.com/statistics/808471/organ-transplantation-costs-us/). While 
the cost of a kidney transplant goes from INR 5 lakh to INR 20 lakh, while in USA it 
can be around ~$442,500.00. The cost of a liver transplant runs from INR 15 lakh to 
INR 35 lakh, and ~$878,400.00 in the USA. The eventuality of the unaffordability of 
such expensive treatment modalities led to the demise of a multitude. Furthermore, 
organ transplants from other donors are sometimes associated with organ rejec-
tion and the onset of auto-immune disease. It is not only the high cost of transplant 
but also the availability and transport of organs is a major issue in many countries. 
Though the number of donors have increased but the needs have also reached new 
heights [59]. One-third of all organ transplants fail due to rejection due to multiple 
reasons including HLA mismatch and alloantibodies [60]. While modern medicine 
has halted acute rejection but chronic rejection is a major challenge. The organoid 
technology may provide a realistic patform to design transplantable tissues in a dish 
thereby catering to the transplant problem in the near future as current limitation 
prevent organoids from meeting these expectations.

Another recent scientific area where organoids showed great potential was dur-
ing the COVID-19 pandemic caused by the SARS-CoV-2 coronavirus. SARS-CoV-2 
causes respiratory illness and multi-organ dysfunction. Scientists were scrambling to 
test experimental COVID-19 systemic medicines. Organoids were used to study the 
adverse effects of SARS-CoV-2 infection on human tissues and for the investigation of 
prospective therapeutic approaches. With the recent work on mini lungs organoids, 
a few of the drugs stemmed from the infection of the organoid models, representing 
a handful of possible treatments for COVID-19 [26]. Scientists must still develop 
methods to produce more complicated systems, such immune cells and blood arteries, 
to fully harness the technology [26]. Scientists must also find a way to swiftly and 
inexpensively produce thousands of identical organoids. Bioprinting is a potential 
new fast prototyping method that prints cells and accompanying matrices in 3D. 
Organoid bioprinting uses hydrogel-based bioinks to deposit various cell types that 
stimulate physiological signaling and can help commercialize the platform faster [61].

According to a study published by Fior Markets, the global organoids, and 
spheroids market is predicted to increase from USD 502.92 million in 2019 to USD 
2794.79 million in 2027, with a CAGR of 23.91% from 2020 to 2027 [57, 62]. Till now, 
19 companies are having an interest in organoid commercialization. Some of them 



113

Organoids and Commercialization
DOI: http://dx.doi.org/10.5772/intechopen.104706

are Thermo Fisher Scientific (Waltham, MA, USA), Merck (Kenilworth, NJ, USA), 
Corning (Corning, NY, USA), STEMCELL Technologies (Vancouver, Canada), 
Lonza (Basel, Switzerland), Prellis Biologics (San Francisco, CA, USA), Amsbio 
(Abingdon, UK), Cellesce (Cardiff, UK), DefiniGEN (Cambridge, UK), OcellO 
B.V. (Leiden, Netherlands), HUB Organoid Technology (Utrecht, Netherlands), 
3Dnamics Inc. (Baltimore, MD, USA), Organoid Therapeutics (Pittsburgh, PA, 
USA), InSphero (Schlieren, Switzerland), etc. Organome (Baltimore, USA) and HUB 
(Hubrecht Organoid Technology) are dedicated to organoid biobanking, and other 
companies aim at manufacturing, organoid marketing, other related technologies. 
SUN Biosciences (Lausanne, Switzerland) and System1 Biosciences (San Francisco, 
CA, USA) use robotic automation tools for organoid generation. The semi-automated 
process enabled researchers to make retinal organoid production and selection faster 
using the algorithm. The MIMETAS (Leiden, Netherlands)—the organ-on-a-chip 
company, offers the second-best cell-based model after humans, using human cells 
growing in three-dimensional structures called Mimetas’OrganoPlates (microflu-
idics-based culture plates allowing culturing and screening of a range of organ and 
tissue models), which are affordable and available for nonspecialized end-users. 
With a consumption market share of about 46% in 2019, North America is the most 
important consumer of organoids, with Europe in second place. Key manufacturers 
of the global organoids market are Thermo Fischer Scientific, Merck, and Corning. 
The top three players took up a market share of about 75% in 2019. Byers of the report 
can access verified and reliable market forecasts, including those for the overall 
size of the global organoids’ market in terms of revenue. The Organoids’ market is 
segmented into 3D Organoid Culture and Biochemical Cues. In the case of Organoids 
application, the leading players are Biopharmaceutical Companies, Contract Research 
Organizations, Academics, and Research Institutes. The regional analysis covers 
North America (USA, Canada, and Mexico), Europe (Germany, France, UK, Russia, 
and Italy), Asia-Pacific (China, Japan, Korea, India, and Southeast Asia), South 
America (Brazil, Argentina, Columbia, etc.), Middle East and Africa (Saudi Arabia, 
UAE, Egypt, Nigeria, and South Africa) and predicts an upsurge in the usage of 
organoid technology across the globe in future.

Organoid Biobank is like a commercial bank with a similar modus operandi. 
In organoid biobank, collected samples from different sources such as stem cells, 
primary tissues, and biopsies were made into organoids and stored. The organoid 
samples can be taken from a healthy individual and a patient. These stored organoids 
are ready to use for different purposes. Organoid biobanks manage the database of 
organoids and a registry with all the patient details. These stored organoids can be 
tracked and used for wireless phenotyping with the help of radio-frequency identifi-
cation (RFID) ultracompact chips inserted within them. The organoid biobanks store 
and transport organoids using liquid nitrogen.

6. Regulatory guidelines in organoid research

The regulatory rules for organoid research use and commercialization are 
not very well laid in many countries and needs an update. The scientific, ethical, 
and regulatory problems related to organoid research are subject to extensive 
regulatory scrutiny and controlled partly by federal laws and state laws in the 
US and pertain to International laws in case of foreign collaborations. United 
States Department of Health and Human Services (HHS) and the Food and Drug 
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Administration (FDA) regulations are implemented in organoid research [63–65]. 
Organoid research is subject to the Institutional Review Board (IRB) approvals. 
Many institutions have Embryonic Stem Cell Research Oversight (ESCRO) or 
Stem Cell Research Oversight (SCRO) committees that oversee research utilizing 
human ESCs or iPSCs. These committees are outlined in the National Academies 
Guidelines for Human Embryonic Stem Cell Research and help evaluate the 
scientific and ethical aspects. The special committees assess the current state of 
research, weigh the advantages and hazards, address related ethical problems, 
including informed consent from the donor, and evaluate suitable supervision 
methods as per the federal guidelines [63].

While in Europe, organoids research must be approved by the Research Ethics 
Committee (REC) as per the guidelines laid down by the European Medicines Agency 
(EMA). Different European countries also have their individual regulatory agencies. 
In India, the regulatory board is the Institutional Committee for Stem Cell Research 
(IC-SCR). At the same time, in China, the measures for Ethical Review of Biomedical 
Research Involving Human Subjects and Ethical Guidelines for Human Embryonic 
Stem Cell Research, are used as guidelines [66]. The manufacturing process of 
organoids for commercial purpose must fulfill the same standards as other pharma-
ceutical drugs, following good manufacturing practices (GMP) [64, 65]. Additional 
hurdles exist at the convergence of organoid technology and commercial clinical use, 
global rules relating to the heterogeneity of approved quality standards, privacy laws 
and data protection, patent laws and identifying ownership. As a positive step in this 
direction, the International Society for Stem Cell Research (ISSCR) has set new stem 
cell research guidelines in 2021 [67–69]. It is expected that organoid-based biotech-
nology innovations would need updated global regulatory guidelines and governance 
in the future.

7. Ethics of organoid commercialization

Organoid technology and biobanking have grown in recent years, paralleling the 
expansion of stem cell and organoid research. However, ethical, moral, and legal 
existential questions persist. One crucial aspect is establishing globally recognized 
consent procedures for research and clinical organoid biobanking protocol. Also, 
the ethical and moral implications for clinicians while using organ mimics should 
be called into question. Patenting concerns are bound to arise when organoids are 
distributed over the world. Collaborations between the public and commercial 
sectors may lead to data exchange, entitlement sharing, etc. Confidentiality decorum 
and global patenting rules for organoid rights are therefore evolving. Even the iPSC-
based organoids bring new concerns around permission, commercialization, owner-
ship, IP rights, safety, and marketing [70]. The proliferation of big data, genomics, 
biobanking, and the globalization of the biotechnology sector has complicated the 
task of setting universal ethical standards. The primary ethical consideration about 
organoids is who owns them and whether small organ mimics (similar to organs) 
can be traded? With the advances in organoid technology, where do we draw lines 
to differentiate between organoids and tissues/organs? Sample de-identification, 
donor consenting, and licensing rights need to be better defined, especially concern-
ing organoid commercialization. Addressing these bottlenecks may allow quicker 
commercial application for drug discovery, disease modeling, and research and 
development.



115

Organoids and Commercialization
DOI: http://dx.doi.org/10.5772/intechopen.104706

8. Conclusion

In the upcoming years, the designed pilot project focuses on substituting animal or 
human models with the organoid model by encouraging better research and acces-
sibility of organoids. The HCA has been encouraging this shift of models by establish-
ing a reference map of the entire human cells; which will be the first molecular picture 
of a human that will help the researchers to functionally dissect and systematically 
analyze human biological systems that would lead to a better exploration of organoids 
as a model. The initial version of the organoid cell atlas is planned to be established 
by the upcoming year that will be practically useful and open to advancements. These 
are thought to help maximize the impact of the project to become helpful in the field 
of basic biology and biomedical applications. To broader the reach, the single-cell 
profiles will be made public as soon as possible following HCA’s ethical, social, and 
legal guidelines. Finally, the Organoid Cell Atlas Portal will be made “into a public, 
sustainable and widely used infrastructure for finding, accessing, analyzing and 
interpreting single-cell data from human organoids.” The goal of the Organoid Cell 
Atlas is to make advancements in the biomedical field and develop various regenera-
tive therapies by encouraging and accelerating disease-centric research of rare genetic 
diseases, precision oncology, or other complex diseases that are yet less understood. 
So, to achieve all of their objectives, they have made the portal open to create an 
inclusive research environment that would help in collaborating with a broad range of 
researchers interested in the field, which would later lead to extremely well-defined 
growth in the field of organoids.
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