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organoids should exhibit essential fea-
tures, including organ-specific multiple cell 
types, functions of the organ, and spatially 
organized structures. The emergence and 
progression of organoid technologies have 
resulted from several important discoveries 
(Figure  1). The formation of actual tissue-
like colonies in vitro was firstly observed 
from a co-culture system of keratinocytes 
and 3T3 fibroblasts.[4] Self-organization, 
one of the fundamental aspects of organo-
genesis, was first observed via two distinct 
approaches, namely reaggregation and 
structural patterning of dissociated single 
cells.[5,6] The establishment of 3D culture 
methods for the structural organization 
began with the development of extracellular 
matrices (ECM).

In the late 1980s, Bissell and colleagues 
observed that a laminin-rich gel could 
function as a basement membrane to dif-
ferentiate and morphogenesis of mam-

mary epithelial cells.[7,8] In the 1990s, it was reported that in 
addition to their primary role in physical support, ECM compo-
nents could regulate gene expression by interacting with inte-
grin-based focal adhesion pathways.[9] Finally, in 2009, Clevers 
group reported that embedding single intestinal stem cells in 
ECM substitute had created crypt-like structures similar to the 
epithelium of the native intestinal tissues, which were the first 
organoids.[10] Based on these recognitions, biochemical cues 
that include the initiation of lineage-specific genetic programs 
have been incorporated in 3D organoid cultures. Through expo-
sure to morphogens, growth factors, or morphogen inhibitors, 
multiple research groups rapidly developed various organoid 
models using embryonic stem cells (ESCs) or adult stem cells 
(ASCs); these include intestine,[10] stomach,[11] liver,[12] pan-
creas,[13] prostate,[14] and brain[15] organoids. At the same time, 
vascularization techniques were devised by several groups to 
embody microenvironments that are physiologically close to 
their actual counterparts. Microfluidic systems,[16] endothelial 
cell-coated modules,[17] and vascular endothelial growth factor 
delivery systems[18] have been demonstrated as in vitro vascula-
ture systems that can facilitate oxygen or nutrients transport to 
the inner mass of organoids.

In the late 2010s, owing to the accumulated information 
on mechanisms underlying organogenesis and the remark-
able advancements in the fields of biomaterial and bioen-
gineering, the era of “organoid customization” has begun. 
Customizable hydrogel matrices have been proposed to form 
intestinal organoids whose internal networks recapitulate the 

Recent advances in 3D cell culture technology have enabled scientists to 
generate stem cell derived organoids that recapitulate the structural and 
functional characteristics of native organs. Current organoid technologies 
have been striding toward identifying the essential factors for controlling the 
processes involved in organoid development, including physical cues and 
biochemical signaling. There is a growing demand for engineering dynamic 
niches characterized by conditions that resemble in vivo organogenesis 
to generate reproducible and reliable organoids for various applications. 
Innovative biomaterial-based and advanced engineering-based approaches 
have been incorporated into conventional organoid culture methods to 
facilitate the development of organoid research. The recent advances 
in organoid engineering, including extracellular matrices and genetic 
modulation, are comprehensively summarized to pinpoint the parameters 
critical for organ-specific patterning. Moreover, perspective trends in 
developing tunable organoids in response to exogenous and endogenous 
cues are discussed for next-generation developmental studies, disease 
modeling, and therapeutics.

1. Introduction

Stem cells are characterized by their unique ability to self-
renew and differentiate into various cell subtypes. They have 
revolutionized modern biological and medical research, thereby 
providing a better understanding of developmental and disease 
progression processes.[1] As a result, stem cell derived orga-
noids potentially enable the study of biology and physiology at 
the organ level, in addition to aiding drug development and dis-
ease modeling.[2,3]

A simple meaning of organoid is a 3D multicellular tissue pro-
duced in vitro resembling in vivo organ. However, the word orga-
noid is today limited to such constructs, which are self-organized 
from pluripotent stem cells or adult stem cells. Additionally, 
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Figure 1. Timeline of advancement in organoid technologies, with regard to fundamental concept, biophysical and biochemical cues, and engineering 
for organoid development.
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microenvironment of the intestinal stem cell niche.[19] These 
synthetic matrices could be designed and optimized to fine 
control critical external cues that contribute to organoid gen-
eration. In contrast, conventional ECMs, such as Matrigel, 
have not been fully characterized. The control of intrinsic cues 
within organoids became possible by taking advantage of two 
revolutionary technologies, namely patient-derived induced 
pluripotent stem cells (iPSCs)[20] and clustered regularly inter-
spaced short palindromic repeats (CRISPR)/CRISPR-associated 
protein (CRISPR/Cas)-based genome editing.[21] Scientists can 
now generate genome-edited or mutated pluripotent stem cells 
(PSCs) with altered signaling cues through the generation of 
iPSCs from mutant-containing patients or introducing muta-
tions to iPSCs. For example, in a recent study, brain subdivi-
sions’ spatial topography has been recapitulated using differen-
tially patterned PSCs exposed to signaling gradients.[22] Similar 
to the phenomena observed during in vivo development, sonic 
hedgehog (SHH) gradients resulted in the establishment of 
dorsoventral and anteroposterior axes, thereby creating polar-
ized forebrain organoids. Genome engineering technology that 
modulates iPSCs via the introduction of genetic mutations has 
achieved accurate disease modeling by recapitulating genotypes 
and phenotypes of patients.[23,24] As a result, the simultaneous 
use of multidisciplinary engineering methods for spatiotem-
poral modulation of organoids has rapidly accelerated orga-
noid research advancements toward organ-level biology, next-
generation disease modeling, and transformative regenerative 
medicine.

In this review, we first discuss the typical methodologies 
employed for in vitro organogenesis based on the defined 
physical and biochemical parameters that must be considered 
for organoid culture. Despite extensive studies, organoids from 
conventional methods typically lack reproducibility, reliability, 
and maturation. Hence, we then focus on the recent advances 
in engineering extracellular matrices and intrinsic cues to over-
come the limitations of traditional organoid cultures. Finally, 
we describe the use of organoid engineering for disease mod-
eling, and then we forecast future directions in technologies for 
the next generation of organoids.

2. State-of-the-Art Organoid Research

2.1. Key Parameters Affecting Organoid Formation and 
Development

In the last few years, increasing efforts have been dedicated to 
replicate the in vivo conditions for generating various organoid 
models. During organogenesis, biophysical and biochemical 
parameters that regulate stem cell niches have been shown to 
influence the development, maturation, and maintenance of 
tissues. Two distinct parameters have been dissected to allow 
organoids to model the dynamic nature of mammalian tissue 
development (Figure 2).

First, biophysical cues by the extracellular environment sig-
nificantly affect the self-organization of 3D structures and mor-
phogenetic rearrangements of the organoids (Figure  2A).[25] 
During the early phases of organoid development, suspension 
culture conditions enable the reaggregation and self-sorting of 

the floating cells derived from PSCs or ASCs.[26,27] After devel-
oping 3D structures, several physical cues such as mechanical 
forces and motion are employed for organotypic patterning. 
Spinning bioreactors or rotators can improve nutrient and 
oxygen perfusion levels, extending the duration of organoid 
culture and increasing the organoid size.[28,29] Furthermore, to 
mimic the native tissues, organoids are generated using natu-
rally derived ECMs, such as Matrigel or collagen-based ECMs. 
Embedding organoids in drops of pure Matrigel provides rela-
tively rigid ECMs.[15] However, small amounts of Matrigel are 
added to the culture medium to form soft epithelial structures 
in some instances.[26] The mechanical parameters of ECMs, 
including material stiffness, stress relaxation, degradation rates, 
and geometry, all affect cell behaviors. Hence, such parameters 
should be considered in the organoid generation.[30]

The other critical parameters that affect the formation and 
development of organoids are the intrinsic signaling path-
ways governing the differentiation into the specific cell line-
ages (Figure  2B). As demonstrated by various in vivo studies, 
different organs require their distinct niche signals, which 
cannot be induced sufficiently and accurately by embedding 
in Matrigel. Therefore, to induce the lineage-specific develop-
ment of organoids, culture media for organoids are usually 
supplemented with several ligands or compounds that can acti-
vate key patterning signaling pathways, such as transforming 
growth factor-β (TGF-β), bone morphogenetic protein (BMP), 
wingless-type MMTV integration site family (Wnt), fibroblast 
growth factor (FGF), and SHH.[31] The three-germ layer specifi-
cation from PSCs relies on the levels of TGF-β-nodal signaling. 
A high level of Nodal signaling specifies endoderm differen-
tiation, and a low level of Nodal signaling induces mesoderm 
differentiation, while repressed Nodal signaling leads to neu-
roectoderm formation.[32] These principles underlie the adop-
tion of Activin A, a molecule associated with nodal signaling, 
with further use of BMP to drive definitive endoderm induc-
tion during the early stages of PSC-derived endoderm organoid 
cultures.[33] After establishing endodermal identity, the activa-
tion of Wnt and FGF signaling promotes further patterning of 
mid/hindgut and posterior endoderm via the caudal type home-
obox transcription factor 2 (Cdx2).[34,35] Subsequent treatment 
with retinoic acid (RA) and a BMP signaling antagonist regu-
late foregut patterning, leading to the development of gastric 
organoid,[36,37] while FGF and SHH induce respiratory epithe-
lium development.[38] Furthermore, epidermal growth (EGF) is 
required for the maintenance of the stomach[11] and intestinal 
identity.[35,37] Numerous studies have demonstrated that endo-
derm lineages, including gastric,[10,11] liver,[12,39] and pancreas[13] 
niches, can also be derived from ASCs as well as PSCs. Orga-
noids from tissue biopsies containing ASCs mimic the adult 
stem cell niches that support the regeneration of the tissues, 
while PSCs-derived organoids resemble the developmental pro-
cesses of an embryo.[40] These organoids possibly can be used 
for autologous cell therapy by transplanted to injured organs. 
However, cancer organoids generated from the tumor tissues 
of patients may serve as a personalized drug testing tool rather 
than clinical transplantation.[41]

For mesoderm-derived organoids, several groups have 
refined the protocols for generating renal organoids. FGF and 
low concentrations of BMP4 direct the differentiation of PSCs 
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Figure 2. Conventional methods to control key parameters required for organoid development. A) Methods to induce physical cues required for orga-
noid formation. B) Biochemical cues to guide organoid development to specific lineages. ECM, extracellular matrix; BMP, bone morphogenetic protein; 
FGF, fibroblast growth factor; RA, retinoic acid; SHH, sonic hedgehog; EGF, epidermal growth factor. Bottom images: Cerebral organoid. Reproduced 
with permission.[62] Copyright 2015, The Authors, published by National Academy of Sciences. Retinal organoid. Reproduced with permission.[50] 
Copyright 2012, Elsevier. Kidney organoid. Reproduced with permission.[45] Copyright 2014, Elsevier. Lung organoid. Reproduced under the terms of the 
CC BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[38] Copyright 2015, Dye et al. published 
by eLife Sciences Publications Ltd. Stomach organoid. Reproduced with permission.[11] Copyright 2010, Elsevier. Intestine organoid. Reproduced with 
permission.[133] Copyright 2019, Elsevier. Cancer organoid. Reproduced with permission.[176] Copyright 2015, Elsevier.
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into intermediate mesoderm that can subsequently differentiate 
into the ureteric epithelium and metanephric mesenchyme 
from PSCs.[42,43] Subsequent exposure to Wnt signaling mole-
cules, followed by FGF and RA, drives the development of the 
ureteric bud,[42,44] while phasic stimulation with Wnt and FGF 
promotes the development of metanephric mesenchyme.[45,46] 
Prolonged stimulation with FGF signaling induces nephrogen-
esis in the kidney progenitors, namely, ureteric epithelium and 
metanephric mesenchyme, in turn resulting in the production 
of kidney organoids.[42,46]

Unlike endoderm and mesoderm, neuroectodermal differen-
tiation is mediated by a “default pathway” triggered by repressed 
extrinsic signaling cues. Hence, in vitro modeling of neuroecto-
derm is typically initiated by excluding morphogens or serum, 
instead of exposure to inhibitors of signaling molecules, such 
as nodal/activin and TGF-β/mothers against decapentaplegic 
(SMAD).[47–49] Once the neural identity is established, subse-
quent patterning into organs distinct from the neuroepithelium 
requires the action of several biochemical factors. While retinal 
epithelium is developed upon stimulation by SHH and Wnt,[50] 
the cerebral region is formed upon exposure to RA.[15,51] During 
the development of cerebral organoids, as demonstrated by the 
Knoblich group, 3D neuroepithelial spheroids are embedded 
into Matrigel and cultured in spinning bioreactors to enable 
the development of multiple regions of the forebrain, midbrain, 
and hindbrain.[51] The use of modified protocols of the Sasai 
group[52] and Pasca group[53] can result in region-specific cor-
tical organoids via guided differentiation.

To recapitulate the interactions among neurons in physiolog-
ical and pathological circumstances, region-specific brain orga-
noids can be assembled in vitro to form spheroids comprising 
at least two regions of the brain.[54] Due to the heterogeneity 

of the brain and other tissues derived from the endoderm and 
mesoderm lineages, a series of biochemical cues are required 
to ensure controlled organogenesis. Among the brain organoid 
models, whole-brain organoids primarily rely on stem cells’ 
intrinsic signaling and self-organization abilities for sponta-
neous development.[51] In contrast, region-specific organoids 
utilize several small molecules, which inhibit SMAD or Wnt 
signaling.[52,53] These approaches demonstrate that differences 
in signals are required for the patterning of specific regions 
within the brain. However, the mechanism underlying the 
self-patterning of multiple regions in the cerebral organoids 
remains still unclear.

2.2. Limitations of the Conventional Methods for Organoid 
Productions

Although the accumulated information regarding the 3D orga-
noid models provides novel approaches that can be used for 
studying developmental processes and disease modeling in 
humans, the conventional organoid culturing methods demon-
strated above have certain limitations.

First, the reproducibility of organoid formation is a fre-
quently raised concern, which requires the establishment of 
robust protocols to generate organoids (Figure  3A). Recent 
studies analyzed various organoids utilizing single-cell RNA 
sequencing, demonstrating a significant variation between dif-
ferent iPSC lines, protocols, and experimental batches.[55–58] 
In the case of brain organoids, each protocol exhibited a dif-
ferent degree of reproducibility, implying a trade-off between 
complexity and reproducibility. Patterned region-specific brain 
organoids showed higher consistency in shape and size with 

Adv. Mater. 2021, 2007949

Figure 3. Limitations and improvement of traditional organoid culture methods. A) To improve the low reproducibility of organoids, differentiation 
protocols for region-specific organoids (left) and microwell-based standardization methods (right) were devised. B) To improve the low maturity of 
organoids, long-term culture, vascularization with microfluidics, and animal transplantation were suggested.
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lower variations in transcriptomic profiles between individual 
organoids from different batches and iPSC lines than those 
observed in the case of self-patterned cerebral organoids.[55,58] 
Whole-brain organoids exhibit the ability to generate multiple 
regions within the brain. However, the relatively low reproduc-
ibility is a limitation that constrains their applications in drug 
screening or mechanism studies. Likewise, kidney organoids 
produced using conventional methods are associated with other 
issues, such as high intrinsic variability among experimental 
batches when compared to the iPSC lines.[56] In contrast, other 
groups’ modification of protocols to enhance the differen-
tiation efficiency and specificity of kidney organoids resulted 
from variability between iPSC lines, thereby reflecting the dif-
ficulty of adjusting across diverse genetic backgrounds.[46,57] 
Recent efforts have developed matrix-independent culture plat-
forms employing hydrogel-based microwells to standardize 
the formation of organoids with similar size and differentia-
tion rates.[59–61] Arrayed microwells fabricated with biomimetic 
hydrogels such as polyethylene glycol (PEG)[59] or polycarbonate 
films[60] enabled size control with reduced heterogeneity.

Another critical issue regarding organoids’ reliability is how 
well organoids can recapitulate the development and physi-
ology of the actual organs. Despite a wide variety of modified 
protocols for organoid generation, the current organoid cul-
ture systems cannot entirely resemble all parameters of the 
stem cell niche in an organ-specific manner. The lack of reality 
in culture conditions originated from cellular stress arises 
from experimental conditions and the absence of vascular 
systems. Multiple pieces of evidence have demonstrated that 
PSC-derived organoids successfully mimic human organogen-
esis during development and reach the fetal stage but hardly 
resemble the adult tissue stage.[26,35,37,62] Recently, a single cell-
based transcriptomic analysis demonstrated that stress-related 
pathways activated during cortical organoid culture could 
impair the specification of neuronal cell types that are spa-
tially segregated in primary human cortical cells.[63] However, 
several researchers have developed relatively mature organoids 
through long-term culture (Figure  3B).[64–68] In particular, the 
formation of microglia, dendritic spines, photosensitive cells, 
and spontaneously active neuronal circuits has been observed 
after extended periods of development.[66,67] In addition to PSC-
derived organoids, long-term expansion protocols of diverse 
ASC-derived organoids including gastric,[11] colon,[69] liver,[70] 
and breast[71] organoids have been developed. These endoderm-
derived organoids usually expand indefinitely and can be split 
into smaller fractions, making their long-term culture easier 
than indivisible organoids. However, in the case of brain or 
kidney organoids, which cannot be split, prolonged culture is 
typically constrained by insufficient oxygen and nutrients dif-
fusion into the central region of the organoids. To resolve this 
issue, the development of vascularization techniques to mimic 
the in vivo like network of vasculature has been suggested.[72] 
Another strategy is inducing angiogenesis within organoids 
through animal implantation, in which host vasculatures are 
infiltrated into the organoids.[73,74] Collectively, researchers 
are now combining techniques from multidisciplinary areas, 
including bioengineering, materials science, and mechanical 
engineering, to standardize protocols for the generation of 
organoids that can fulfill both reproducibility and complexity.

3. Engineering Extracellular Matrices for 
Organoids

3.1. Extracellular Cues for Organoid Engineering

Compared to conventional 3D cell culture systems, such as 
spheroids and explants, organoids are derived from PSCs or 
ASCs, having innate self-organizing abilities to form a hetero-
geneous and highly organized structure. This structure mimics 
the morphogenetic process that occurs during development 
in vivo (Figure  4). During development from PSCs, the fate, 
function, and plasticity of stem cells are dynamically regu-
lated by multiple cues, including biomolecules, cell–cell inter-
actions, and physical signals in a spatiotemporally controlled 
manner.[75–78] Specifically, initial “symmetry breaking,” where 
one or a few cells break the initial homogenous system by 
changing their own identities, leading to the subsequent polari-
zation and pattern formation.[79] Unlike PSC-derived organoids, 
ASC-derived organoids, including tumor organoids, lack mes-
enchymal lineage cells that contribute to forming the microen-
vironment of each tissue.[80] Thus, most ASC-derived organoids 
require specific biochemical factors conjugated to ECM scaf-
folds, providing intercellular signaling.[81] To precisely mimic 
natural organogenesis and biochemical support for tissue 
niches, it is crucial to investigate the recapitulation of various 
intrinsic and extracellular cues for controlling the dynamic 
nature of tissue niches (Figure 4A).[82]

In terms of extracellular cues, the mechanical properties 
of ECMs play a significant role in regulating cell fate and the 
niche environment. As a result, significant research interests 
have been focused on the mechanotransduction signaling gen-
erated from ECM materials.[83] Still, conventional organoid 
culture relies heavily on scaffolds and matrices derived from 
animal tissues. This not only raises significant concerns about 
reproducibility, safety, and translatability of organoid technolo-
gies, but also makes it difficult to dissect the complex physical 
and biochemical organoid development ECM environment. 
Moreover, recent development in stem cell mechanotransduc-
tion studies has unveiled the dynamic nature of the exogenous 
cues. For instance, stress relaxation,[84] degradability,[19] and 
dynamic ligand displays[85] have been explored to recapitulate 
better the features of native ECMs (Figure 4B). It is imperative 
to summarize the ECM material development and categories 
to bridge from inceptive researches to potential applications of 
organoid technologies. The following sections will discuss dif-
ferent ECM materials and engineered ECM materials utilized 
for organoid engineering and studies (Table 1).

3.2. Matrigel and Decellularized Matrices

In 3D cell culture systems, including organoid culture, scaf-
folds and matrices are widely used to mimic the natural ECM 
of tissue or cell niches.[86] Ever since the initial emergence of 
organoid technologies, incorporating a gelatinous protein 
hydrogel named Matrigel/Geltrex/Cultrex Basement Membrane 
Extract (BME) derived from Engelbreth–Holm–Swarm (EHS) 
mouse sarcoma cells, has enabled the culturing of various types 
of organoids.[87] This animal-based ECM material provides 

Adv. Mater. 2021, 2007949
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a  mixture of various essential ECM components and soluble 
factors,[88] a fostering environment with adhesion and degra-
dation capabilities for embedded cells.[12] Many of the earlier 
studies producing diverse organoids, including intestinal orga-
noids,[10] brain organoids,[15] retinal organoids,[89] hepatocyte 
organoids,[90] and functional liver organoids,[70,91] have utilized 
Matrigel as the ECM material.

Similarly, native tissue-derived decellularized ECM (dECM) 
scaffolds have been developed for tissue engineering applica-
tions since 1970s.[92] As original tissue ECMs and cell niches, 

these dECMs provide a combination of ECM fibers, including 
collagen, laminin, fibronectin, and other cell-deposited ECM 
materials. A variety of initial studies utilizing dECM derived 
from other tissues, including skin,[93] vasculature,[94] heart 
valves,[95] and bladders[96] have led to remarkable results for 
the generation of crucial tissues or organs as implants.[97,98] By 
incorporating iPSCs, dECM scaffolds have been employed as 
exogenous platforms with patient-derived organoids, which can 
be applied to regenerative medicine applications.[99] In addition 
to their roles as basement scaffolds, dECM can provide unique 

Adv. Mater. 2021, 2007949

Figure 4. Exogenous cues for organoid engineering. A) The extracellular microenvironment can influence organoid development through matrix com-
positions, matrix properties, as well as systematic stimuli. Specifically, various characteristics of matrix, for instance, stiffness, geometry and cell–ligand 
interactions, have been demonstrated to have significant impact on organoid culture and development. B) Recent discoveries have indicated dynamic 
intriguing interactions of organoids and matrix materials as stress-relaxation, degradability, and ligand dynamics. With recent developments in bio-
materials as well as bioelectronics, applications of organoid technology in organoid-on-a-chip, hybrid organoid, and cyborg organoids have become 
prominent. (Cyborg organoid: Reproduced with permission.[144] Copyright 2019, American Chemical Society.)
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Table 1. Extracellular materials for organoids generation and engineering.

Categories Materials Type of organoid Mechanical properties Applications and findings Ref.

Decellularized tissue Perfusion-decellularized 
matrix

Heart Longitudinal modulus 400 kPa; 
circumferential modulus 1300 kPa 

(anisotropic)

Proof-of-concept decellularized  
scaffold for heart

[97]

Decellularized liver matrix Liver Graft N/A Proof-of-concept decellularized  
scaffold for liver graft

[222]

Decellularized liver matrix Osteochondral N/A Forster osteochondral differentiation [223]

Decellularized pancreatic 
matrix

Islet Organogenesis N/A Collagen V regulates islet 
organogenesis

[101]

Basement membrane 
extract type 2

Pancreas Organoid N/A GMP level production [102]

Natural hydrogels Alginate RGD hydrogel Breast Cancer (Ductal 
Carcinoma)

Elastic modulus: 0.04 to 2 kPa Mechanotransduction in breast 
cancer progression

[224]

Synthetic Matrigel Neural Tube Stiffness: 0.5 to 12 kPa Neurotube morphogenesis in  
synthetic ECM

[108]

HA/Chitosan Cerebral Organoid Young’s modulus 9.8 kPa (with cell) 
and 10.1 kPa (without cell)

Chemically defined hydrogel and 
defined medium for cerebral 

organoid generation

[134]

HA, Fibrin Liver Organoid, Pancreatic 
Organoid

Storage modulus: 0.024 to 0.492 Pa Growth epithelial organoid in  
defined hydrogel

[104]

Collagen Bovine Parathyroid N/A Difference in 2D and 3D cellular 
behaviors

[129]

Collagen Embryonic Mesenchymal 
Cellw

N/A Proof-of-concept organoid formation [225]

Alginate beads Mouse limb buds 
differentiation

N/A Proof-of-concept organoid formation [132]

Collagen gels Mesangial Cell N/A Difference in 2D and 3D Cellular 
behaviors

[151]

HA/gelatin Liver Organoid Storage modulus: 0.1 to 20 kPa Proof-of-concept organoid formation [142]

Fibronectin HepG2 Cell N/A Difference in 2D and 3D cellular 
behaviors

[226]

GAG/PEG Mammary Epithelial Storage modulus: 0.2 to 1.6 kPa Modular system [143]

Agarose gel Cardiac Organoid N/A Biomimetic development [152]

Cellulose hydrogel Liver Organoid Young’s modulus: 0.255 kPa Hepatic differentiation [139]

Polysaccharide hydrogel No Cell Young’s modulus: 3.29 to 86.73 kPa Enzyme-based crosslinking [227]

Protein engineered 
materials

Elastin-like protein Intestinal Organoid Storage modulus: 0.18 to 1.22 kPa Prolonged culture of primary adult 
intestinal organoids

[131]

Synthetic hydrogels PEG Liver Organoid, Pancreatic 
Organoid

Storage modulus: 90 kPa Growth epithelial organoids in 
defined hydrogel

[104]

PEG Intestinal Organoid Storage modulus: 0.3 to 1.7 kPa PEG hydrogel for intestinal organoid 
formation

[19]

PEG Intestinal Organoid Storage modulus: 0.3 to 1.7 kPa Nature protocol for PEG-based 
intestinal organoid

[111]

PEG Human Intestinal Organoid Storage modulus: 0.05 to 0.4 Pa
Loss modulus: 0.005 to 0.02 kPa

PEG hydrogel for intestinal injury 
treatment

[112]

Xeno free Retinal Organoid N/A Xeno-free organoid formation 
condition

[122]

PEG Pluripotency Maintenance Storage modulus 0.3 to 0.7 Pa Defined ECM boost pluripotency [228]

PEG Cerebral Morphogenesis N/A 3D patterned NGF-guided 
morphogenesis

[201]

PEG 3D Vascular Structure Storage modulus: 0.05 to 9.4 kPa Microfluidic patterning [229]
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combinations of ECM factors to facilitate organogenesis.[100] A 
recent proteomic analysis of pancreatic tissue ECM pinpoints 
collagen V as a key ECM material for islet organogenesis.[101] 
Specifically, dECM hydrogel synthesized from rat pancreas was 
compared to Matrigel in terms of intracellular and extracellular 
proteins’ composition. The pancreas-derived dECM exhibited 
155 different proteins, including 63 extracellular and 92 intra-
cellular proteins, with extracellular proteins constituting 42.3% 
of the total protein content. The dECM contains a certain per-
centage of proteins related to catalytic activity, biological regu-
lation, and developmental processes correlated to regulatory 
activities in the pancreas. More importantly, collagen II, III, 
and V were identified in large quantities, compared to other 
collagen proteins in this dECM. In contrast, collagen II and 
III possess different α chains regulating different pathways. 
Collagen V was identified to be a candidate ECM material that 
regulates the development of pancreatic islet organoids from 
iPSCs via the following: 1) promoting key transcription factors, 
such as pancreas and duodenum homeobox protein 1 (PDX1), 
NK6 homeobox 1 (NKX6.1), v-maf musculoaponeurotic fibro-
sarcoma oncogene homolog A (MAFA), MAFB, urocortin 3 
(UCN3), aristaless related homeobox (ARX); 2) promoting the 
expression of a broad spectrum of genes encoding islet hor-
mones, including insulin, glucagon, somatostatin, and pancre-
atic polypeptide; 3) promoting better glucose-responsive insulin 
secretion.

There is a growing trend toward developing good manu-
facturing practice (GMP)-compliant dECM protocols com-
bined with chemically defined culture media to promote the 
transition of dECM-based organoid research into clinical set-
tings.[102] Coppi and his team developed a GMP-compatible 
dECM-based hydrogel system that enables human endoderm-
derived organoid formation and development.[103] Specifically, 
decellularized porcine small intestinal mucosa/submucosa 
was processed through freeze-drying, milling, γ-irradiation 
treatment, and pepsin/hydrochloric acid digestion to develop 
a clinically available ECM hydrogel. The composition of the 
developed dECM hydrogel was compared to that of various 
endodermal origin tissues, including the gut, liver, and pan-
creas, via proteomic analysis. Principal component analysis 
(PCA) revealed high similarity with 1% diversity in the identi-
fied proteins. Subsequently, human liver ductal, human fetal 
hepatocyte organoids, and human pediatric gastric enteroids 
were successfully cultured on the dECM hydrogel without sig-
nificant differences compared to groups cultured on Matrigel 
and Cultrex BME. In vivo dECM gel organoid culture and 
growth were demonstrated using human fetal pancreatic duct 
organoids. The establishment of gelatin extraction and dECM 
organoid culture protocols in a GMP-compliant fashion solved 
the innate cons of dECM/animal-based ECM materials for 
human organoid development, opening new avenues for fur-
ther clinical applications.

With growing demands to control organoid culture and 
development, uncharacterized compositions with significant 
batch-to-batch variation and complexity have become a sig-
nificant hurdle for systematic studies, downstream characteri-
zations, and clinical applications.[19] A recent proteomic study 
on Matrigel samples demonstrated that 956 different proteins, 
including 243 extracellular proteins and 713 proteins, were 

identified in Matrigel, of which 27.5% were extracellular proteins 
(Figure 5A).[101] A total of 1637 different proteins were observed 
in various Matrigel samples, demonstrating proteomic hetero-
geneity within and among samples. A gene ontology study on 
Matrigel showed a discrepancy in protein enrichment in cell 
organelles and nuclei. Interestingly, this study also provided 
a matrisome subcategory of extracellular proteins in Matrigel, 
containing 24% glycoproteins, including laminin, 3% collagen, 
1% proteoglycans, 2% ECM-affiliated proteins, 9% ECM regula-
tors, and 6% secretion factors. Besides, a recent combination 
study showed that fibrin hydrogels mixed with 10% Matrigel 
supported the formation of early mouse small intestinal stem 
cell organoids and early cyst structures, indicating that only cer-
tain Matrigel-containing signals are needed for initial organoid 
formation with proper material support.[104] Thus, it is impera-
tive to develop ECM materials that support organoid culture 
with reproducibility and tunability, which cannot be achieved by 
just depending on natural features of Matrigel and dECM. As a 
result, engineered matrices with defined chemical and biophys-
ical properties have been developed in recent years to achieve 
robust organoid development and maturation.[105]

3.3. Synthetic Matrices for Organoid Research

With the recent development in the molecularly defined syn-
thetic matrices; i.e., PEG hydrogel, various biophysical cues 
that govern cell pluripotency,[78] epigenetic states,[106] and cell 
fate[107] have been identified. The initial research has been 
focused on mimicking brain organogenesis using defined ECM 
and media conditions. Lutolf and co-workers reported the suc-
cessful generation of early cortical structures such as neural 
tubes in a synthetic PEG hydrogel-based ECM environment 
(Figure  5B).[108] Combinatorial screening of potential neuro-
genic modulators was performed through the modular design 
of this PEG hydrogel platform with parameters including 
degradability, mechanical stiffness (0.5–8  kPa), soluble factor 
(basic fibroblast growth factor [bFGF]), and various ECM com-
ponents (collagen IV, collagen I, fibronectin, entactin, perlecan, 
laminin). This screen discovered that intermediated stiffness 
(2–4  kPa), nondegradable backbone, and laminin in conjunc-
tion with collagen IV and perlecan, promote apicobasal polarity 
and neural marker expression. More importantly, compared 
to those grown on Matrigel (positive control), neuroepithelial 
colonies cultured on PEG-based ECM showed more consistent, 
distinct, and polarized structures, thereby demonstrating the 
advantage of employing defined synthetic ECM conditions.

Moreover, as a simplified in vitro organoid model from pluri-
potent stem cells, epithelial organoids or intestinal organoids 
were also investigated using the defined ECM materials. Ini-
tial demonstration using PEG hydrogel-based ECM showed 
that epithelial organogenesis, cyst formation, polarization, 
and lumen structure formation were tightly regulated by ECM 
mechanical properties, adhesive ligand (RGD peptides) density, 
and degradability.[109] Lutolf and colleagues utilized the chemi-
cally defined structure and the innate modularity to identify 
ECM parameters essential for intestinal organoid formation, 
expansion, and development.[19] At different stages of intestinal 
organoid culture, distinct ECM characteristics are required, 
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emphasizing the need to introduce exogenous cues in a spa-
tiotemporal manner for studying organogenesis. Incorporation 
of fibronectin during the initial intestinal stem cell 3D culture 

promotes adhesion and proliferation. A high stiffness (1.3 kPa)-
mediated yes-associated protein 1 (YAP) mechano-transduction 
signaling[110] favors intestinal stem cell expansion. In contrast, 
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Figure 5. Properties of extracellular materials and their effects on organoid development. A) Matrisome subcategories of extracellular proteins in 
dpECM and Matrigel. Reproduced with permission.[101] Copyright 2020, Elsevier. B) A library of molecular building blocks is mixed and crosslinked in 
situ to form cell-containing 3D hydrogels with independently controllable mechanical and biochemical properties. Reproduced with permission.[108] 
Copyright 2016, The Authors, published by National Academy of Sciences. C) Niche-inspired synthetic hydrogel network based on 8-arm PEG macro-
mers of 20 and 40 kDa with tunable bulk biomechanical properties and tunable local integrin-binding display capability. Summary of biomechanical 
and its effects on enteroids emergence after encapsulation. Reproduced with permission.[116] Copyright 2020, Elsevier.
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a hydrogel with soft stiffness (≈300 Pa) and laminin-111 incor-
poration would foster intestinal stem cell differentiation and 
organoid formation. Based on these findings, a well-defined 
protocol for human and mouse intestinal organoid culture was 
established;[111] hence, opening up the possibility of using mod-
ulated ECM materials for organoid culture.

García and colleagues utilized a four-armed, maleimide-
terminated PEG hydrogel decorated with the adhesive peptide 
RGD and protease degradable peptide GPQ-W to support the 
growth and expansion of human intestinal organoids.[112] Vari-
ations of PEG polymer weight percentages (3.5–6.0% w/v) 
revealed that lower-weight percentage density favored orga-
noid viability. Different adhesive peptides including RGD, 
laminin α1 chain-derived AG73 (CGGRKRLQVQLSIRT), type 
I collagen-mimetic triple-helical GFOGER (GYGGGP(GPP)5 
GFOGER(GPP)5GPC), and laminin α1 chain-derived IKVAV 
(CGGAASIKVAVSADR) were screened for intestinal organoid 
culture, while keeping the degradable peptide percentage and 
PEG polymer percentage constant. As a result, incorpora-
tion of RGD peptide resulted in significantly better viability 
than that observed in hydrogels containing AG73, GFOGER, 
and IKVAV. The difference in organoid viability can be attrib-
uted to different ECM mechanical properties (YAP-mechano-
sensing pathway) instead of mesh size-mediated permeability 
differences. In terms of organoid differentiation outcomes, 
the group with organoids embedded in PEG hydrogel showed 
similar expression patterns of endodermal (forkhead box A2 
[FOXA2]) and epithelial markers (zonula occludens protein 1 
[ZO1], epithelial cadherin [ECAD], and claudin 2 [CLDN2]) at 
an early stage compared to the Matrigel group. Furthermore, 
in vivo organoid differentiation displayed the generation of a 
typical mature intestinal crypt-villus structure with lamina pro-
pria, muscularis mucosa, and submucosa. This intestinal orga-
noid was further injected into mechanically induced mucosal 
wounds at the distal part of the colon in immunocompromised 
mice, revealing a strikingly improved therapeutic effect for the 
colon injury.

As another step for modulating the mechanical properties 
of PEG-based synthetic hydrogel ECMs, property tuning and 
ligand display have been investigated based on the recent dis-
covery of dynamics of cell–matrix mechanical interactions and 
stem cell mechano-transduction.[113] Anseth and colleagues 
have reported a PEG-based photodegradable hydrogel system 
for studying the matrix mechanical force relaxation and its 
effect on intestinal organoid formation, as evidenced by crypt 
structure formation.[114] The stiffness can be tuned through 
photodegradation of the allyl sulfide-based crosslinking system, 
thereby rendering the modulation of organoid ECM environ-
mental possible in a remote and in situ fashion. Specifically, 
YAP/Notch signaling (a well-studied pathway in stem cell 
mechano-transduction) is responsible for mediating the mecha-
nosensitivity of intestinal organoid survival, differentiation, 
crypt structure formation toward the ECMs.[115]

Moreover, Griffith and co-workers developed a completely 
synthetic ECM system with reproducible and tunable biomo-
lecular and mechanical properties.[116] The synthetic hydrogel 
system was based on 8-arm PEG macromers with different com-
binations of adhesive peptides, ECM peptides, and matrix met-
alloprotease (MMP) degradable peptides. As a demonstration, 

human tissue-derived enteroids and organoids were encap-
sulated (Figure  5C). Synthetic hydrogel with a 20  kDa stiff-
ness containing α2β1 integrin-binding peptide (GFOGER) 
was shown to support organoid formation and development. 
In addition, intestinal enteroids were serially passaged using 
basolateral stimulating hydrogel systems that maintained their 
innate proliferative ability.

With the recent progress in microporous hydrogel engi-
neering,[117] an inverted colloidal crystal-based PEG scaffold 
has been fabricated by sacrificial polystyrene beads with diam-
eters of 40, 60, 100, 140 µm corresponding to the porous size of 
the resultant PEG hydrogel ECM.[118] Furthermore, the porous 
ECM surface was functionalized with collagen I, fibronectin, or 
laminin 521 for promoting the attachment of iPSC-derived pro-
genitors and intercluster cell–cell interactions. As a result, the 
140 µm pore ECM with collagen I functionalization facilitated 
the liver bud formation compared to other methods, such as 
3D spheroid, Matrigel, and 2D culture. This inverse colloidal 
crystal PEG ECM-derived liver organoid gives rise to opportu-
nities for the recapitulation of liver organogenesis using engi-
neered synthetic ECM.

In addition to the PEG-based ECM scaffold, other synthetic 
polymer-based ECM systems have been studied for culturing 
complex organoid structures.[119] A poly(lactic-co-glycolic acid) 
copolymer (PLGA) fiber microfilament-based floating scaffold 
has been utilized to generate elongated embryoid bodies.[120] 
The microfilament structure enhanced neuroectoderm forma-
tion and improved cortical development with reconstitution 
of the basement membrane, leading to characteristic cortical 
tissue architecture, including forming a polarized cortical 
plate and radial units. This model system could generate the 
distinctive radial organization of the cerebral cortex and allow 
for the study of neuronal migration and demonstrate that 
combining 3D cell culture with bioengineering can increase 
reproducibility and improve tissue architecture. A PLGA 
film was shown to induce islet β-like cell organoid differen-
tiation through dopamine and liraglutide coating. Further-
more, this PLGA-based organoid system was transplanted into 
a diabetic rat model, demonstrating the potential for type 1 
diabetes treatment.[121] Moreover, retinal organoid differentia-
tion was achieved by employing synthetic ECM materials, a 
vitronectin-mimicking oligopeptide-based scaffold, as a sub-
stitute for Matrigel.[122] By using the oligopeptide scaffold, 
100% aggregation efficiency was achieved with mouse embry-
onic stem cells, and the size of the organoid was increased 
when compared to Matrigel groups. A minimal difference was 
observed from day 7 during retinal organoid differentiation, 
thereby leading to a xeno-free ECM retinal organoid culturing 
protocol for potential applications. Comparing to PLGA scaf-
fold, medical-grade carbon fibers (CFs) were also investigated, 
showing an improved iPSC differentiation efficiency within 
organoids.[123] The physicochemical properties of carbon 
scaffolds such as porosity, microstructure, or stability in the 
cellular environment make them a convenient material for 
creating in vitro organoid models. This makes organoids 
formed on carbon scaffolds an improved model containing 
midbrain dopaminergic (mDA) neurons convenient for stud-
ying midbrain-associated neurodegenerative diseases such as 
Parkinson’s disease.
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3.4. Engineered Natural Polymer Matrices for Organoid 
Research

Natural polymer-derived ECMs are heavily studied to develop 
organoid structures due to their defined chemical structure and 
established the possibility for engineering based on previous 
research endeavors.[124,125] These natural polymer-based ECM 
proteins can be divided into protein-based and polysaccharide-
based categories based on their native chemical components.

Merker and co-workers utilized protein-based ECM to 
develop organoids, suggesting that collagen-based ECM orga-
noid culture better promotes mesangial cell development than 
conventional collagen gel culture conditions.[126] Intestinal–
mesenchymal 3D models were later achieved using the collagen 
vitrigel, incorporating fibroblast and Caco-2 cells into rigid con-
nective tissue constructs.[127] Furthermore, the bladder mucosa 
organoid model was developed utilizing a type I collagen scaf-
fold showing an anatomical and physiological resemblance to 
native bladder tissue.[128] Initial research efforts using collagen 
hydrogels to culture parathyroid organoid structure maintained 
innate calcium-mediated parathyroid hormone responsiveness. 
However, the calcium-dependent parathyroid hormone secre-
tion is lost in primary 2D culture.[129]

Furthermore, complex organoid structures were formed using 
silk fibroin and collagen for disease modeling.[130] A molded 
cylindrical scaffold composed of silk was seeded with epithelial 
cells derived from human intestinal organoids and subsequently 
coated with intestinal myofibroblasts mimicking intestinal epi-
thelium structure with typical epithelium markers. As a model 
for bacterial infection, a significant innate immune response 
was invoked by Escherichia coli treatment indicating the potential 
application of using this organoid system for pathogen-infected 
disease modeling. Heilshorn and co-workers demonstrated a pro-
tein engineering approach to generate a naturally derived protein 
scaffold as the ECM for the 3D culture of primary adult intestinal 
organoids.[131] A similar study has demonstrated the influence 
of stiffness, degradability, and matrix remodeling of elastin-like 
protein (ELP) hydrogel as the ECM materials on maintaining the 
stemness of neural progenitors.[78] In this study, a recombinant 
engineered protein was designed with the RGD domain derived 
from fibronectin and elastin-based structural domains mim-
icking adhesive biochemical cues and elastomeric biochemical 
cues in the natural intestinal tissue. As a result, low mechanical 
stiffness (180 Pa) with increased cell adhesive domains facilitated 
the organoid formation.

As an example of polysaccharide-based ECM materials, De 
Souza and co-workers utilized alginate beads to induce chondro-
cyte organoid formation from mouse limb-bud-derived mesen-
chymal cells.[132] This discovery leads to a significant demonstra-
tion of human intestinal organoid culture in alginate hydrogel 
ECM without adhesive ligand modifications.[133] The cultured 
organoid could sustain growth under in vitro conditions for 90 
days, which, in part, indicates the potential mechanical support 
function of ECM during the organoid growth stage. Interestingly, 
epithelial organoids (enteroids) cultured in this nonadhesive alg-
inate gel showed minimal growth, while secreted laminin was 
discovered as a basement membrane.

Another study focused on brain organoid culture using 
defined polysaccharide-based ECM and media conditions.[134] 

Specifically, sodium hyaluronate (HA-Na) and chitosan (CT) 
dry blends were infused with iPSCs and developed into cell-
embedded hydrogel matrices. Interestingly, without additional 
neural induction processes, the organoid developed into a cer-
ebral organoid showing typical cerebral cortex structures, such 
as neural rosettes and neural tubes. Moreover, an electrostati-
cally crosslinked ECM hydrogel system from hyaluronate and 
chitosan was shown to sustain human brain organoid develop-
ment for 10 days, showing rosette and neural-tube-like struc-
tures and functional response to glutamate or potassium treat-
ments.[134] Within this ECM system, adrenoleukodystrophy 
(ALD) patient-derived iPSCs were differentiated into patient-
specific cerebral organoids, showing robustness and the poten-
tial for patient-derived disease modeling using this chemically 
defined hydrogel system. Qin and co-workers developed a cal-
cium-alginate fiber-based microfluidic system for brain orga-
noid culture and development.[135] This hollow alginate gel fiber 
enabled the differentiation of iPSCs into brain organoids with 
polarized neuroepithelium and key cell heterogeneity, marking 
early developmental progression. This approach eased the 
tedious procedures for brain organoid culture and allowed for 
the opportunities to scale-up. Similar to the previously inverted 
colloidal hydrogel scaffold, a collagen-coated alginate bead-
based scaffold was employed to recapitulate the void structure 
cultured with human lung fibroblasts and iPSC-derived mesen-
chymal cells.[136] The void structures mimicking the lung alve-
olar structures were formed successfully in the space between 
beads. This approach marks the potential for scaffold-based 
structure mimicking to guide the organogenesis process, which 
could be facilitated by 3D bioprinting technologies.

Pioneering work has been conducted by Kurisawa and his 
team utilizing gelatin-based and hyaluronic acid (HA)-based 
conjugates to control and mimic the native colorectal tumor 
organoid extracellular matrix.[137] Through the unique oxida-
tion mediated crosslinking method, the matrix stiffness could 
be tuned from 2 to 34 kPa. Judged by the drug sensitivity, the 
gelatin-based ECMs showed retention of the colorectal tumor 
organoid’s susceptibility and supported ex vivo engraftment 
and tumor growth in animal models. Similarly, a Gelatin-HA-
based hydrogel system was recently reported to support patient-
derived colorectal cancer organoids with cancer-assisted fibro-
blasts (CAFs) co-culture to mimic and study the contributions 
of CAFs to tumor drug resistance and progression.[138]

A recent study has been reported on cellulose nanofibril-based 
ECM for human liver organoid development.[139] The cellulose 
nanofibril hydrogel showed Young’s modulus of 225  Pa, which 
supports hepatic differentiation and maturation while inhib-
iting liver organoid proliferation. Human liver organoids derived 
from several donors were successfully generated in the cellulose 
hydrogel showing enhanced metabolic functionality compared to 
the Matrigel group. This finding suggested that the tunability of 
engineered natural polymer matrices can offer potential advanced 
ECM materials for the further maturation of organoids.

3.5. Synthetic/Natural Hybrid Matrices for Organoid Research

With recent advances in biomaterials engineering and synthetic 
ECMs, various attempts to incorporate synthetic and natural 
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materials into organoid ECM matrices have been made to gain 
advantages from both types of material. Grikescheit and col-
leagues utilized polyglycolic acid (PG), poly-l-lactic acid, and 
collagen I hybrid scaffold for culturing patient and mouse 
colon-derived epithelium and mesenchyme cells.[140] The hybrid 
scaffold supports human and mouse colon organoid devel-
opment showing abundant smooth muscle and neural clus-
ters (neurons and glia). This discovery identified the enteric 
nervous system (ENS) development in the colon organogenesis 
process. Furthermore, through the incorporation of ENS pro-
genitors, aganglionic colon organoids can be repopulated with 
neural clusters, making it a potential solution for the treatment 
of Hirschsprung disease.[141]

Interestingly, Atala and co-workers reported a HA and gel-
atin-based extrudable bioprinting ink, which utilizes a PEG-
based crosslinker, providing tunable stiffness ranging from 
100 Pa to 20 kPa.[142] This ink system also provides a customiz-
able ECM to mimic native biochemical signals, including brain-
derived neurotrophic factor (BDNF), bFGF, BMP5, insulin-like 
growth factor binding protein 2 (IGFBP-2), TGF-β1, BMP-7, 
EGF, growth hormone, and neurotrophin 3 (NT-3). Primary 
liver spheroid printing was conducted with the system, forming 
liver organoids with high viability and even functional charac-
teristics of albumin and urea productions.

Recently, a modular glycosaminoglycan (GAG)-PEG hybrid 
ECM material was developed, demonstrating independent tun-
ability of biochemical and mechanical properties.[143] Specifi-
cally, GAG heparin, 4-arm PEG, and MMP-cleavable crosslinker 
were incorporated into the ECM formulation. Using this tun-
able ECM, the human mammary epithelial organoid formation 
was achieved, emphasizing the necessity of heparin and degra-
dability for the organogenesis process. This hybrid ECM mate-
rial provided a chemically defined culturing system showing 
polarized mammary epithelial acini structure and mammary 
epithelial cell-specific laminin 332 depositions.

Interestingly, a systematic comparison of the effects of dif-
ferent degradable ECM materials on epithelial organoids was 
conducted by Schwank and colleagues.[104] In this study, fully 
synthetic transglutaminase (TG) crosslinked PEG hydrogel 
(neutrally charged), semisynthetic TG crosslinked HA hydrogel 
(negatively charged), calcium crosslinked alginate hydrogel 
(negatively charged), and human-derived thrombin crosslinked 
fibrin hydrogel (zwitterionic) were investigated. Organoid forma-
tion from mouse small intestinal stem cells indicated that 10% 
Matrigel-fibrin mix hydrogel provided similar culture conditions 
to Matrigel, while other groups showed drastically lower colony 
formation efficiency. Hydrogel mesh size comparisons demon-
strated that Matrigel possesses dense networks of pores smaller 
than 200 nm, while a fibrin hydrogel displays a sparse network 
with micrometer-size porosity. This observation is in accordance 
with the previous findings demonstrating a minimal correlation 
between organoid formation and mesh size.[112] Interestingly, 
upon the addition of soluble RGD for competitive inhibition for 
the binding of fibrin RGD, significantly lower colony formation 
was observed, corroborating the importance of RGD-mediated 
adhesion for organoid formation. Moreover, laminin-111/entactin 
combined with fibrin hydrogels were identified as suitable sub-
stitutes for the fibrin Matrigel hydrogel compared to collagen IV 
and heparin, the primary ECM components of Matrigel.

As a promising candidate for engineering ECM materials, 
hybrid active material with the capability of tissue-wide elec-
trophysiological characterization has been demonstrated by 
Liu and his team[144] (Figure 6A). In this study, a soft, stretch-
able mesh nano-electronic ECM composed of gold, chromium, 
and poly(3,4-ethylenedioxythiophene) (PEDOT) was fabricated 
using wafer-based etching procedures.[144] A unique 2D to 
3D organoid generation process was adopted to incorporate the 
mesh nanoelectronic ECM into the human cardiac organoid 
system. This “cyborg” cardiac organoid presented consider-
able similarity in mature cardiac organoid markers troponin 
T (TNT), α-actinin, and actin in comparison to conventional 
Matrigel-based cardiac organoid culture up to 40 days. More 
importantly, this ECM system allows temporal observation 
of bursting dynamics in the whole-organoid level during the 
entire cardiac organogenesis process. Similarly, Dmitriev and 
co-workers developed a cellulose-based extracellular pH moni-
toring ECM for intestinal organoid culture.[145]

Furthermore, not only electrophysiological monitoring of 
organoids can be achieved, but also specific actuation capabili-
ties could be added through incorporating functional respon-
sive materials. For example, by combining granular hydrogel 
ECMs and 3D printing technologies, electroactive tissue sup-
port with the ability of muscle tissue stimulation and electro-
myogram monitoring has been demonstrated.[146] As shown in 
(Figure  6B), the researchers uniquely incorporated silver (Ag) 
ions inside the granular hydrogel precursor ink, which would 
form into silver nanoparticles (AgNPs) with an in situ reduc-
tion reaction. This in situ silver ion reduction not only served to 
generate an electroactive component in the hydrogel structure 
but also crosslinked the precursor onto the hydrogel structure. 
Interestingly, this hydrogel ECM has been applied to support 
muscle defects, demonstrating electro-actuation and electro-
physiology characterizations.

Recent developments of bioelectronic materials with bioin-
spired neuron-material interfaces[147] and genetically targeted 
functional material assembly[148] have further explored the poten-
tial of developing novel materials at the tissue and organoid 
levels. Lieber and his team incorporated a biomimicry approach 
to develop neuron-like electronics (NeuE) with structural and 
mechanical similarity to native neural tissues.[147] Strong evidence 
suggested that structural and mechanical mismatch between 
conventional neural probing materials and neural tissues com-
promised the potential of long-term electrophysiological interro-
gation and modulation. However, as demonstrated in this study, 
long-term (90 days) tissue-level functional studies have been 
conducted using these novel biomimicry materials. Another 
breakthrough has been made by the Bao group and the Deis-
seroth group, demonstrating cell-type-specific chemical assembly 
of electroactive functional materials in living cells, tissues, and 
animals.[148,149] The researchers extended genetic manipulation to 
local tissue structural patterns through altered local biochemical 
environments. Bioelectronic conductive polymers can be syn-
thesized by genetically targeted neuron-specific expression of an 
engineered enzyme, ascorbate peroxidase 2 (Apex2)-mediated 
biocompatible polymerization reactions. Electrophysiological 
and behavioral characterization has been performed in freely 
moving animals in a cell-specific manner through this material 
synthesizing method. This innovative material-tissue interfacing 
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approach opens up opportunities to create functional and active 
ECMs in living organoids.

Various materials have been engineered to recapitulate the in 
vivo organogenesis environment of different organoids. More-
over, there is an increasing trend to engineer ECM materials to 
recapitulate the tumor microenvironment and study the tumor 
organoid genesis process. These researches have been well-
summarized in the following review by Kim and colleagues.[150] 
With the help of advanced biochemical and molecular biological 
characterization tools, spatiotemporal information regarding 
the organogenesis process will be revealed. To cope with this 
trend, engineered ECM materials coupled with 3D bioprinting 
technology have made it possible to spatially pattern biological 
signals in printed constructs, guiding the organogenesis pro-
cess’s symmetry break.[151] On the other hand, defined scaffold 
methods for organoid generation could provide a comparison 
tool and research platform to investigate various factors for 
promoting organ-level development.[152] Collectively, by incorpo-
rating advanced ECM materials, cell–ECM interaction studies, 
and spatiotemporal signal introduction methodologies, these 
engineered materials could provide an innovative avenue for 
next-generation organoid research and applications.[153,154]

4. Genome Engineering for Advanced Organoid 
Bioapplications
4.1. Methods of Genome Engineering

In addition to extrinsic cues such as ECM components, 
researchers have explored intrinsic cues such as gene editing 

for controlling organoid phenotype and maturation. This 
approach can be especially valuable, as researchers can study 
isogenic samples with specific mutations to reduce hetero-
geneity in samples. To investigate disease phenotypes or the 
role of essential genes during organogenesis, researchers have 
developed tools that can be used to edit the DNA accurately. 
There are two major classes of genome engineering: transient 
and permanent. When transient gene expression changes are 
necessary, methods such as adeno-associated viruses (AAVs) or 
electroporation, which allow for transient gene expression, can 
be used. When permanent changes are necessary, lentiviruses 
or transposons can be applied to add gene transfer, or CRISPR/
Cas9 systems can be utilized for gene editing.

Besides the editing methods, the interval when genome 
engineering is performed can also play a vital role in organoid 
development and study. The initial cell population can be engi-
neered and sorted to create a homogenous population of cells 
to form isogenic organoids. Alternatively, electroporation or 
other methods can be used after organoid formation to create 
a heterogeneous population of cells within the organoid and 
potentially affect organoids in a spatially controlled manner.

Lastly, viruses can be delivered after the organoids have 
matured, thereby mimicking gene therapy, a promising avenue 
for treating various debilitating diseases. Taken together, these 
tools aid in the advanced manipulation of endogenous signals to 
guide organoids toward a specific phenotype, allowing for a more 
advanced study of natural organ development and pathologies 
that affect natural organ function, as well as potential treatments 
of those pathologies (Figure 7). We will discuss several genome 
engineering strategies for studying organogenesis and modeling 
various diseases with organoids in the following sections (Table 2).
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Figure 6. Highlights of recent developments in synthetic-natural novel materials for organoid studies. A) “Cyborg” hybrid organoid developed for in situ 
tissue wide electrophysiology characterization of cardiac organoids. Reproduced with permission.[144] Copyright 2019, American Chemical Society. B) Injectable 
granular conductive hydrogel for electroactive tissue stimulation and electromyogram signal detection. Reproduced under the terms of the CC BY Creative 
Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[146] Copyright 2019, The Authors, published by Wiley-VCH.
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4.2. Gene Editing for Studying Organogenesis

One of the most important focuses of organoid technologies is 
recapitulating organogenesis during developmental processes 
from embryonic or induced pluripotent stem cells, which 
mimic fetal cells undergoing natural development. When these 
cells assemble into organoids, they undergo a process similar to 
natural development in the presence of the right cues. However, 
researchers must probe these genes with knock-in or knockout 
mutations to fully understand the role of specific genes in the 
developmental process. One standard method for studying 
organoids is utilizing various genome engineering techniques 
to label cell types for developmental tracking. Given that the 
organoid is too densely populated to allow the labeling of all 
cells or recognize cellular phenotypes, electroporation with a 
transposon is frequently used to label the cells sporadically. By 
doing so, researchers can study various complex developmental 
processes such as regional development of brain subsections, 
the dynamics of brain folding, the convoluted structure of the 
brain, and long-range axon growth circuit formation.[120,155–157] 
In retinal organoids, using a genetically engineered stem cell 
line that expressed GFP when adopting specific retinal lineages 

was used to optimize differentiation protocols, which led to 
the generation of retinal organoids with enhanced biomimetic 
structures.[26] A new technique termed CRISPR-HOT (CRISPR/
Cas9-mediated homology-independent organoid transgen-
esis) was established for highly efficient knock-in models for 
the development of organoid cultures. Utilizing the CRISPR-
HOT nonhomologous end joining and cuvette electroporation, 
researchers were able to label and generate reporter lines for 
corresponding clonal organoid lines from human liver ductal 
cells. The CRISPR-HOT platform was ≈10× as efficient as tra-
ditional homology-directed repair-based editing using CRISPR, 
thereby making it a handy tool for knock-in experiments with 
organoids.[158]

In addition to labeling cell types to study their migration, 
growth, and development, researchers can also use genome 
engineering to probe the role of specific genes during the 
development. Scientists can achieve organogenesis using iso-
genic variants with targeted genetic modifications by creating 
mutant cell types using CRISPR/Cas9 systems or differentially 
regulating genes using viral vectors or small interfering RNAs 
(siRNAs). In one study, gene editing with the outer dense 
fiber protein 2 (ODF2) and siRNA knockdown of intraflagellar 
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Figure 7. Genome engineering for versatile bio-applications of advanced organoid research. Methods of genome editing. Reproduced with permission.[218] 
Copyright 2017, Elsevier. Creation of isogenic (wild-type) WT or diseased iPSCs. Reproduced with permission.[219] Copyright 2020, Elsevier. Maturation of 
organoids. Reproduced with permission.[220] Copyright 2019, Elsevier.
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Table 2. Genome engineering for applications of organoids.

Categories Genome engineering techniques Organoid/disease models Results and phenotypes Ref.

Fluorescence labeling Electroporation with GFP/mCherry 
construct

Cerebral organoids Live imaging of organoids [155,156]

Electroporation with GFP construct Retinal organoids Live imaging of organoids [157]

GFP knock-in to TUBB locus with 
CRISPR-HOT

Hepatocyte organoids Visualizing subcellular structures [222]

Role of specific genes CRISPR/Cas9-based knockout of ODF2 
and siRNA-based silencing of IFT88  

in Sertoli cells

Testicular organoids Loss of primary cilia, impaired formation 
of tubules

[159]

CRISPR/Cas9-based knockout of RB1 
in hESC

Retinal organoids Apoptosis, reduced number of retinal 
cells

[160]

CRISPR/Cas9-based knockout of Wnt4 
in mESC

Kidney organoids Lack of MET, impaired nephrogenesis [161]

Modeling neurological 
 disorders

Viral infection with mutant APPSL and 
PSEN1 (ΔE9)

3D neural culture  
(Alzheimer’s disease)

Elevation of amyloid-β,  
hyperphosphorylation of tau

[230]

CRISPR/Cas9-based APOE4 variants  
in iPSCs

Cerebral organoids  
(Alzheimer’s disease)

Elevation of amyloid-β,  
hyperphosphorylation of tau

[163]

Electroporation of Tau-P301S in iPSCs Cerebral organoids  
(Frontotemporal dementia)

Hyperphosphorylation of tau [164]

CRISPR/Cas9-based genome editing 
(Δp35KI) in patient iPSCs carrying 

Tau-P301L

Cerebral organoids  
(Frontotemporal dementia)

Reduced phospho-tau and increased 
synaptophysin compared to patient 

iPSCs (Tau-P301L)

[165,231]

CRISPR/Cas9-based genome editing 
(LRRK2-G2019S) in iPSCs

Midbrain organoids  
(Parkinson’s disease)

Elevated aggregation of α-synuclein, 
increased expression of TXNIP

[166]

Generation of patient iPSCs carrying 
LRRK2-G2019S

Midbrain organoids  
(Parkinson’s disease)

Reduced number and complexity of 
dopaminergic neuron, compensatory 

increase in FOXA2-positive progenitors

[167]

Generation of iPSCs patients with  
idiopathic autism

Telencephalic organoids  
(Autism spectrum disorders)

Overproduction of inhibitory neurons, 
increased expression of FOXG1

[168]

CRISPR/Cas9-based dosage reduction  
of FOXG1 in hPSCs

MGE organoids
(FOXG1 syndrome)

Microcephaly, impaired inhibitory inter-
neuron development

[169]

Electroporation of organoids with  
shRNA targeting CDK5RAP2

Cerebral organoids (Microcephaly) Premature neuronal differentiation [15]

CRISPR/Cas9-based knockout of GLB1 
in iPSCs

Cerebral organoids
(GM1 gangliosidosis)

Accumulation of GM1 ganglioside [170]

Cancer organoids Generation of Pdx1-Cre; Kras+/LSL-G12D 
(KC) and Pdx1-Cre; Kras+/LSL-G12D;  

Trp53+/LSL-R172H (KPC) mice

Murine pancreatic ductal organoids
(Pancreatic cancer)

Neoplastic ducts, transcriptional  
and proteomic changes observed in 

pancreatic cancers

[232]

Lentiviral infection for gene transduction, 
KRASG12V and TP53R175H in pancreatic 

progenitor cells

Pancreatic progenitor organoids
(Pancreatic cancer)

Abnormal ductal architecture, neoplastic 
transformation

[177]

Isolation of glands from pancreatic 
cancer patients

Pancreatic cancer organoids Genomic and transcriptomic alterations 
in patients, drug response

[176]

Isolation of glands from gastric cancer 
patients

Gastric cancer organoids Aneuploidy, impaired p53 pathway [178]

Isolation of tumor tissues from 
colorectal cancer patients

Colorectal cancer organoids Genomic and transcriptomic alterations 
in patients

[179]

CRISPR/Cas9-based knockout of APC, 
SMAD4, and TP53; CRISPR/Cas9-based 

genome editing (KRASG12V and  
PIK3CAE545K) in organoids

Colorectal cancer organoids Tumorigenesis [189]

Isolation of circulating tumor cells from 
prostate cancer patients

Prostate cancer organoids Phenotypic diversity (AR-dependent/
independent), drug response

[180]

Isolation of tumor tissues from liver 
cancer patients

Liver cancer organoids Histological features, expression profiles, 
tumorigenesis, drug response

[181]



© 2021 Wiley-VCH GmbH2007949 (17 of 29)

www.advmat.dewww.advancedsciencenews.com

transport 88 (IFT88) significantly reduced the number and 
length of cilia on cells in testicular organoids, resulting in 
irregular cellular assembly.[159] In retinal organoids, CRISPR/
Cas9 was used to createretinoblastoma 1 (RB1) null hESCs, 
which were subsequently used to form organoids. Compared 
to isogenic wild-type controls, RB1 null organoids showed 
significantly lower bipolar cells, photoreceptor cells, and gan-
glion cells population. Using genetically engineered organoids, 
these studies led to further understanding of the role of RB1 
in retinal development.[160] In kidney organoids, the deletion 
of Wnt4 using CRISPR/Cas9 led to the failure of the organoids 
to undergo a mesenchymal to epithelial transition, which led 
to incorrect segmentation and a lack of a nephron structure 
compared to the isogenic controls.[161] Collectively, these studies 
demonstrate the ability of genome engineering, in combination 
with organoid technologies, to study the development of var-
ious organs and the role of specific molecular pathways. While 
the study of natural development can be extremely interesting 
for understanding how we develop as humans, we are further 
interested in diseases and how various genetic and environ-
mental changes can lead to disease phenotypes.

4.3. Modeling Neurological Disorders Using Genetically  
Engineered Organoids

The phenotypes observed in the brain are often very compli-
cated for the study of neurological disorders. Furthermore, 
owing to the lack of human tissue samples and inadequate 
animal models, there is a need for a better method to study 
the molecular mechanisms of neurodegeneration and disease 
development. Despite brain organoids’ ability to replicate the 
structures and cell types found in various brain regions, genetic 
engineering of organoids is needed to better understand the 
development of various disorders, more specifically, the genetic 
components of neurological disorders (Figure  8A). In 2014, 
Choi and co-workers created an organoid model of Alzheimer’s 
disease, one of the most complex CNS disorders, by upregu-
lating amyloid precursor protein and presenilin 1 with familial 
Alzheimer’s disorder (FAD) mutations using lentiviral vectors 
in human neural progenitor cells. The genetically modified cells 
formed into organoids that recapitulated the amyloid plaques, 
a hallmark of Alzheimer’s disease and filamentous tau pro-
teins.[162] In another study, CRISPR/Cas9 was used to generate 

isogenic variants of iPSCs with Apolipoprotein E3 (APOE3) 
and APOE4 variants, and the iPSCs were then used to create 
cerebral organoids. The organoids derived from APOE4 iPSCs 
recapitulated the amyloid-beta and tau aggregates associated 
with Alzheimer’s disease in an age-dependent manner similar 
to those observed in sporadic Alzheimer’s disease (Figure 8A-1). 
Moreover, this study also demonstrated the effects of APOE4 
on microglia’s ability to degrade amyloid-beta aggregates. Com-
pared to controls, APOE4 microglia showed longer processes 
and a reduced ability to break down aggregates, which is one 
reason for the build-up of amyloid and tau plaques.[163]

Like Alzheimer’s disease, iPSCs can be modified with 
mutant forms of tau proteins (P301S), leading to the develop-
ment of hyperphosphorylated tau, thus exhibiting the canonical 
signs of Fronto-temporal dementia.[164] When iPSCs carrying 
the P301S mutation were further edited using CRISPR/Cas9 to 
form a noncleavable mutant variant of p35, organoids showed 
reduced phosphorylation of tau proteins along with an increase 
in synaptophysin. This result demonstrated that the cleavage 
of p35 to p25 and the subsequent cyclin dependent kinase 
5 (CDK5) signaling play a role in the phosphorylation of tau 
proteins. Selective inhibition of the kinase can be a potential 
therapeutic option for frontotemporal dementia.[165] For Parkin-
son’s disease, the leucine-rich repeat kinase 2 (LRRK2)-G2019S 
mutation can be engineered into iPSCs, creating isogenic vari-
ants using CRISPR/Cas9 to study the effects of various genetic 
pathways (Figure  8A-2). The study demonstrated that thiore-
doxin interacting protein (TXNIP) was vital for the pathogenic 
phenotypes of LRRK2-G2019S mutation in midbrain organoids. 
TXNIP knockdown significantly rescued midbrain organoids 
from the pathological phenotype, providing a crucial link in the 
genetic pathway involved in sporadic Parkinson’s disease and 
demonstrating its potential as a therapeutic target.[166] Another 
study examined the FOXA2 floor plate marker and its effect on 
dopaminergic neurons in midbrain organoids. Compared to 
isogenic controls, LRRK2-G2019S mutated midbrain organoids 
showed an increase in FOXA2 expression and a corresponding 
decrease in mDA neurons, suggesting a link between FOXA2 
and the homeostasis of mDA neurons.[167]

To study autism spectrum disorders, brain organoids devel-
oped from healthy individuals and those with severe idiopathic 
autism were studied. These patient samples typically showed 
upregulation of GABAergic inhibitory neurons, which was 
attributed to the overexpression of forkhead box G1 (FOXG1). 
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Categories Genome engineering techniques Organoid/disease models Results and phenotypes Ref.

Isolation of tumor tissues from breast 
cancer patients

Breast cancer organoids Histological features, copy number 
alterations, genomic alterations

[71,182]

Modeling of other disorders CRISPR/Cas9-based knock-out  
of PKD1 or PKD2 in hESCs

Kidney organoids
(Polycystic kidney)

Formation of cyst-like structures  
in tubules

[190]

CRISPR/Cas9-based genome editing 
(DKC1-A386T) in iPSCs

Intestinal organoids  
(Dyskeratosis congenita)

Failure in crypt formation, impaired  
Wnt signaling, reduced telomere activity

[191]

CRISPR/Cas9-based genome correction 
of CFTR-F508del in patient iPSCs

Intestinal organoids
(Cystic fibrosis)

Functional repair of CFTR,  
forskolin-mediated swelling of organoid

[192]

Lentiviral infection for FUT2  
overexpression in human intestinal enteroid

Norovirus-infected intestinal 
organoids

Susceptible to norovirus replication [194]

Table 2. Continued.
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By engineering organoids with viruses containing siRNA to 
knockdown FOXG1, the balance between GABAergic and 
Glutamatergic neurons was restored.[168] To obtain more pre-

cise dosage control of FOXG1, researchers used the small 
molecule assisted shut-off (SMASh) system in which the pro-
teins are fused to self-removing degrons to control protein 
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Figure 8. Disease modeling with genetically engineered organoids. A) To model neurological diseases, introducing mutations (APOE4, Tau P301S, or 
LRRK2-G2019S) using CRISPR/Cas9 exhibited pathological phenotype of Alzheimer’s disease (A-1) and Parkinson’s disease (A-2) in cerebral organoid 
and midbrain organoid, respectively. Alzheimer’s Disease. Reproduced with permission.[164] Copyright 2018, Elsevier. Parkinson’s Disease. Reproduced 
with permission.[167] Copyright 2019, Elsevier. B) To generate cancer organoids, patient-derived ASCs (B-1) or iPSC/ASC with genome engineering-based 
oncogene mutations (B-2) are utilized. Patient-derived organoid. Reproduced with permission.[183] Copyright 2018, Elsevier. Induction of oncogene 
mutation. Reproduced with permission.[177] Copyright 2015, Elsevier. C) CRISPR/Cas9-based PKD deletion induces cyst-like structure in kidney organoid 
(C-1), whereas CRISPR/Cas9-based gene correction from patients’ cells repaired the structural phenotype of cystic fibrosis in intestine organoid (C-2). 
iPSCs, induced pluripotent stem cells; hESCs, human embryonic stem cells; ASCs, adult stem cells. Polycystic kidney. Reproduced under the terms of 
the CC BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[190] Copyright 2015, The Authors, 
published by Springer Nature. Cystic fibrosis of intestine. Reproduced with permission.[193] Copyright 2013, Elsevier.
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concentrations in a dose-dependent manner. By incorporating 
a FOXG1 SMASh system into iPSCs using CRISPR/Cas9, 
researchers could precisely control the expression of FOXG1 in 
cortical organoids. When the FOXG1 expression was reduced 
to 60%, a reduction in GABAergic interneuron development 
was observed. In comparison, 30% FOXG1 expression led to 
a decrease in medial ganglionic eminence-derived neurons, 
both of which can lead to various neurological deficits such as 
autism, epilepsy, or seizures.[169] By applying advanced systems 
such as the SMASh system to organoid models, researchers 
can investigate the pathogenetic effects of specific genes in a 
dose-dependent manner.

Lastly, in addition to modeling the molecular mechanisms of 
disease progression, organoids can also be used to study gene 
therapy’s effect on various neurological disorders. In one study, 
researchers created a model of microencephaly by utilizing 
patient-derived iPSCs with a CDK5 regulatory subunit associ-
ated protein 2 (CDK5RAP2) mutation. The organoids recapitu-
lated molecular phenotypes of microencephaly in comparison 
with the controls. When electroporation was used on day 12 
organoids to reintroduce CDK5RAP2, a larger neuroepithe-
lium and increased radial glial morphology were observed, thus 
demonstrating gene therapy’s ability in microencephaly.[15] To 
model GM1 gangliosidosis, iPSCs were edited using CRISPR/
Cas9 with GLB1 exons 2 and 6, resulting in a deficiency of 
lysosomal β-galactosidase. These iPSCs and isogenic controls 
were grown into organoids that recapitulated the deficiencies 
of GM1 gangliosidosis and were treated by microinjecting AAVs 
expressing GLB1. Organoids receiving the gene therapy showed 
a significant recovery in β-galactosidase activity and a reduction 
in GM1 ganglioside content.[170] These studies show the ability 
of gene-engineered organoids as models for gene therapy.

Overall, these studies show the ability of gene-engineered 
organoids to demonstrate the underlying genetic and cellular 
mechanisms of neurological diseases and potential therapeutic 
avenues for treating these disorders (Figure 8A).

4.4. Cancer Organoids from Genetic Modifications

Recent developments in the field of organoids not only changed 
the research in neurological disorders, but also revolutionized 
the field of cancer studies by providing novel disease models 
along with new strategies for cancer therapies. Conventional 3D 
tumor spheroids have been utilized for validating therapeutic 
efficacy, thereby bridging the gap between in vitro assays and 
animal studies.[171] Tumor organoids possess the traits of tumor 
microenvironments, such as heterogeneity throughout the 
tumor, which are essential for preclinical models to translate 
cancer research into effective therapeutic avenues in human 
patients.[172] Cancer organoids can be generated from patient-
derived primary cancer cells and adult stem cells with specific 
genetic modifications.[173] Cell-based organoids derived from 
the primary tumor of patients possess patient-specific muta-
tions that facilitate biobank-based disease modeling, patient-
specific drug screening, and personalized medicine.[174] On the 
other hand, cancer organoid-derived from genetically modified 
adult stem cells allow for understanding the mechanism and 
disease modeling at the molecular level (Figure 8B).[175]

Patient-derived tumor organoids have revolutionized the cur-
rent understanding of tumor progression, personalized medi-
cine, and cancer therapeutic strategies. With current 3D culture 
technologies, various types of cancer organoids have been gen-
erated from pancreas,[176,177] stomach,[178] colon,[179] prostate,[180] 
liver,[181] and breast[182] tumor tissues or metastatic biopsy tis-
sues (Figure  8B-1). Since these organoids harbor genetic and 
phenotypic characteristics from the primary tumors, a recent 
trend of establishing human cancer “biobank” was initiated. 
Moreover, through next-generation sequencing and big data 
analysis, characterizing various types of cancer into subtypes 
with specific sets of gene mutations improves established treat-
ment outcomes and aids in discovering effective neoadjuvant 
treatments.[183] Rubin and co-workers showcased a precision 
workflow from established cancer organoid bio-banks using 
genetic sequencing to optimize single and combination drug 
screening.[184] The researchers have conducted whole-exome 
sequencing with a living biobank from 769 patients. Inter-
estingly, a large portion (85.8%) of the genetic alterations is  
nontargetable by current Food and Drug Administration-
approved therapeutics, indicating the great demand for such 
profiling initiatives. Furthermore, 56 patient tumor-derived 
organoids were established corresponding to uterine carci-
nosarcoma, pancreatic adenocarcinoma, endometrial adeno-
carcinoma, and colorectal cancer. Based on the genetic altera-
tion results, different combinations of pathway inhibitors 
(i.e., buparisib (phosphoinositide 3-kinase inhibitor [PI3Ki]), 
Olaparib (histone deacetylase inhibitor [HDACi]), Trametinib 
(Mitogen-Activated Protein Kinase Kinase inhibitor [MEKi]), 
and celecoxib (cyclooxygenase-2 inhibitor [COX-2i])) were 
employed, demonstrating improved therapeutic response and 
outcomes with the help of patient-derived organoids as well 
as a patient-derived xenograft in vivo models. Similarly, drug 
screening with colorectal cancer organoid biobank could elu-
cidate potential epigenetic and genetic variations that lead to 
drug resistance.[179] Various efforts have fortified the essence 
of patient-specific genetic profiling in understanding patho-
logical progression, personalized prescription, and even disease 
prognosis.

Another approach indicates the introduction of onco-
genic mutations in the developmental process of the orga-
noid (Figure  8B-2).[185] It is widely accepted that cancer is a 
cumulative result of sequential mutations in cancer-driving 
genes.[186,187] For instance, pancreatic cancer, a devastating and 
lethal disease, results from sequential mutations in kirsten 
rat sarcoma viral oncogene homolog (KRAS),CDK inhibitor 
2A (CDKN2A), tumor protein P53 (TP53), and SMAD family 
member 4 (SMAD4).[188] Muthuswamy and co-workers utilized 
a lentiviral vector to induce point oncogene mutations (KRAS 
and TP53) in wild-type iPSCs-derived pancreatic progenitor 
organoids resulting in pancreatic cancer organoids. Further-
more, differentiation markers during the pancreatic organoid 
and pancreatic cancer organoid development processes were 
characterized through immune-fluorescence analysis. Inter-
estingly, it was discovered that cytoplasm localization of sex-
determining region Y-box 9 protein (SOX9) is correlated with 
TP53 mutation, while SOX9 maintained nuclear localization 
in wild-type and KRAS mutated organoids. To understand the 
clinical relevance of SOX9 and p53, primary patient samples 
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were analyzed for the SOX9 distribution and the p53 expres-
sion. An impressive correlation between patient survival and 
SOX9 distribution was observed, indicating the potential of 
utilizing SOX9 as a marker for cancer malignancy. Similarly, 
in combination with CRISPR/Cas9 genome editing and adult 
stem cell derived organoids, organ-specific cancer initiation and 
progression can be modeled and studied. Sato and colleagues 
demonstrated colorectal cancer initiation and progression from 
surgical resected human intestinal tissue-derived intestinal 
organoids.[189] A series of colorectal cancer mutations, including 
adenomatous polyposis coli (APC), SMAD4, TP53, KRAS, and 
PI3K catalytic subunit alpha (PI3KCA), were introduced into 
the healthy tissue-derived intestinal organoids to understand 
their correlation with colorectal cancer. Interestingly, the cancer-
driving mutations supported cancer organoid proliferation in 
vitro with no niche factors for intestinal stem cells. Moreover, 
after injection into mice kidney subcapsular, such organoids 
with KRAS activation and inactivated APC, TP53, and SMAD 
formed tumors and displayed metastases in response to spleen 
injections.

4.5. Other Pathologies Modeled Using Genetically Engineered 
Organoids

While neurodegenerative diseases and cancers are the most 
commonly studied diseases using genetically engineered orga-
noids, several other diseases have also been modeled. Kidney 
organoids were used to model polycystic kidney disease by 
knocking out pyruvate dehydrogenase kinase (PKD)1 or PKD2 
(Figure  8C-1). These mutations led to large cyst-like structures 
in the kidney organoids, which were not presented in isogenic 
controls. This mutation allows for the study of polycystic kidney 
disease and the genetic basis for the condition.[190] Human 
 intestinal organoids were generated from iPSCs of patients  
with dyskeratosis congenita and gene-corrected isogenic con-
trols, respectively (Figure  8C-2). The patient-derived organoids 
showed downregulated Wnt pathway activity, which led to a 
reduction in intestinal stem cell activity. These engineered  
organoids also showed that the induction of telomere-cap-
ping protein telomeric repeat binding factor 2 (TRF2), which 
is a Wnt target gene, can regenerate the diseased phenotype. 
Besides, treatment with Wnt agonists lithium chloride (LiCl) or 
CHIR99021 restored TRF2 function in organoids and reversed 
dyskeratosis congenita phenotypes. This study showed not only 
the ability of gene-edited organoids to replicate disease pheno    -
types and study the molecular mechanisms of the diseases 
but also the ability to lead to new treatment options and drug 
models.[191] Intestinal organoids replicating cystic fibrosis can be 
generated using patient-derived samples. In healthy organoids, 
increased cyclic adenosine monophosphate (cAMP) levels led 
to the organoid’s swelling through cystic fibrosis transmem-
brane conductor receptors (Figure 8C-2). However, this pheno-
type was lost in patient-derived organoids. When CRISPR/Cas9 
was used to correct the patient cells’ mutation, it rescued the 
swelling phenotype. Although this method had to be performed 
before organoid formation, it still demonstrated the possibility 
of genetic therapies for the treatment of cystic fibrosis.[192] 
Another study examined the samples of intestinal organoids 

from a cystic fibrosis organoid biobank. Adenine base editing, 
a technique that can be used to change A–T base pairs to C–G 
base pairs, was used to correct mutations in four different orga-
noids from the biobank and showed recovery of both genetic 
and phenotypic symptoms of cystic fibrosis. This study high-
lighted the possibility of using organoid biobanks as a source 
of tissue for studying diseases and the ability of adenine base 
editing to edit genes with little or no off-target effects for ther-
apeutic applications.[193] Lastly, organoids can be applied to 
study endogenous genetic diseases and infectious diseases and 
their transmission. Human noroviruses are the primary cause 
of gastroenteritis worldwide. Secretor status and the fucosyl-
transferase 2 (FUT2) gene are highly linked to susceptibility to 
noroviruses. However, the exact role of FUT2 and whether the 
individual effects of this gene are enough to cause susceptibility 
have remained unknown. Haga et al. demonstrated that intes-
tinal organoids from secretor patients were susceptible to Noro-
virus infection, but nonsecretor organoids were not. CRISPR/
Cas9-based knockout and knock-in of FUT2 showed that FUT2-
positive organoids were susceptible to noroviruses while FUT2-
negative organoids were not, therefore, elucidating the effects 
of FUT2 on norovirus susceptibility.[194]

The ability to accurately control gene expression and muta-
tion using advanced genome engineering combined with orga-
noid technologies, allows for unprecedented control of orga-
noid development. This allows researchers to study the mole-
cular and cellular functions at an advanced level during natural 
and pathological organ development (Figure 9).

5. Concluding Remarks and Future Perspectives

Exciting progress has been noted in organoid technologies 
through multidisciplinary research approaches, enabling sci-
entists to control physical and biochemical cues. While the 
precedent version of organoids can simply develop organized 
spheroids with high cell diversity, various efforts have been 
undertaken to produce more complex organoids in a controlled 
manner using engineering-based approaches (Table  3).[195,196] 
One key approach is to incorporate the signaling gradient within 
an organoid contributing to subdivisions along with positional 
identity. Recently, the self-organization of neuromuscular orga-
noids was demonstrated, exhibiting the simultaneous generation 
of spinal cord neurons and skeletal muscle cells (Figure 10A).[197] 
Another study specified positional identity within forebrain orga-
noids, which recapitulate the topographic organization mim-
icking in vivo conditions by inducing signaling gradients.[22] In 
addition to spatial modulation, accessory compartments such 
as choroid plexus-forming brain organoids[198] and hair-bearing 
skin organoids[199] can be developed by regulating the timing 
and duration of signal treatments. These recent studies opened a 
new horizon for dual patterning within one organoid across two 
organs derived from distinct lineages.

Topographical regulation with ECM modulation, not only cel-
lular bioengineering, may help facilitate spatiotemporal control 
of organoid niches, thereby creating next-generation organoids 
(Figure  11). Light-mediated release of small molecules[200] or 
light-mediated 3D patterning of bioactive cues[201] was devel-
oped to induce guided morphogenesis. Still, there is a critical 
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limitation of currently used materials in that it is hard to under-
stand which properties of each material govern the specific 
behavior of cells. This missing link makes it difficult to precisely 
customize ECM according to the purpose. To resolve this unpre-
dictability of current system, combined technologies with artifi-
cial intelligence (AI) or physical mechanics are now utilized. AI-
based computational modeling technique was recently utilized 
to find the relevance between material dynamics and stem cell 
self-organization behaviors.[202] Machine learning-based optimi-
zation of multicellular patterning enables the spatial control of 
organoids in a predictable manner. Moreover, the mechanical 
properties of ECM and organoid-matrix crosstalk can be moni-
tored with microrheological characterization via optical-tweezer-
based probe[203] or single-cell traction microscopy[204] in real-time. 
These technologies can further contribute to psychomimetic 
features of organoids through shape-guided morphogenesis and 
high-throughput setups by improving the readout.

Besides, not only the intra-organoid specification, but also 
interorgan communication should be considered to reflect 
integrated physiology. Interactions between two anatomically 
distinct tissues have emerged as essential regulators of homeo-
stasis and disease, such as neuroimmune circuits,[205] micro-

biome interactions in the gut–lung axis,[206] or gut–liver–brain 
axis,[207] and drug diffusion kinetics within multiple organs.[208] 
In addition to the assembly of multiple regions within one organ 
(Figure 10B),[54] a multi-tissue organ-on-a-chip platform provides 
a circulatory perfusion system allowing for the crosstalk between 
several distinct organoids (Figure 10C). This finding recapitulates 
the dynamically interactive environments of the human body by 
creating multiple organoids on a microfluidic chip.[207,208] Bio-
printing techniques have been also employed to make macro-
scale architecture resembling native tissues through self-organ-
ization.[209] By controlling the geometry and cellular density, 
large-scale tissues containing multiple organ regions are created, 
potentially serving as medical transplantation (Figure  10D).[210] 
Still, certain technical and biological considerations are attrib-
uted to the development of human-on-a-chip models or larger 
bioprinted organs that reflect anatomical aspects of the actual 
human body. Despite the resemblance of downscaled organs, 
allometric scaling between organoids of distinct regions is dif-
ferent from that of actual organs.[211] Furthermore, organs 
interact with each other through different types of connective 
tissues derived from different origins.[212] Despite attempts to 
use mesenchymal cells for organoid formation,[213,214] it is poorly 
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Figure 9. Genetically modified organoids for advanced applications. A) Example of cell labeling using STAR minigenes for labeling intestinal stem 
cells in tumor progression organoids. Reproduced with permission.[221] Copyright 2018, Elsevier. B) Disease modeling of Alzheimer’s disease using 
CRISPR to alter APOE variant found in organoids showing effect of APOE4 on disease progression. Reproduced with permission.[163] Copyright 2018, 
Elsevier. C) Example of drug screening using CRISPR modified kidney organoids showing dose dependent effects on nephrotoxicity. Reproduced under 
the terms of the CC BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[190] Copyright 2015, 
The Authors, published by Springer Nature.
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Figure 10. Strategies for multipatterned organoids. A) Human PSC-derived neuromuscular organoids producing spinal cord neurons and skeletal muscle 
cells simultaneously. Reproduced with permission.[197] Copyright 2020, Elsevier. B) Assembly of two or more distinct organoids to generate multi region-
bearing organoids. C) A coupled tissue-chip gut-immune-liver-brain axis model. Reproduced with permission.[207] Copyright 2020, John Wiley and Sons. D) 3D 
bioprinting of hydrogel-based hepatic construct. Reproduced with permission.[210] Copyright 2016, The Authors, published by National Academy of Sciences.

Table 3. Technologies for spatially multipatterned organoids.

Categories Technologies Results and applications Ref.

Intraorganoid specification Signaling protein (SHH) gradient with genome 
engineering

Forebrain subdivisions that contain positional axes [22]

Dual patterning from bipotent progenitors Self-organizing neuromuscular organoids [197]

Stepwise modulation of signaling cues Cerebrospinal fluid production of choroid plexus-forming brain organoids [198]

Stepwise modulation of signaling cues Hair-bearing skin organoids [199]

Interorganoid communication Assembly of region-specific models Mixed dorsal and ventral forebrain organoids [54]

Co-culture with connective tissue Promoted formation of alveolar organoid by addition of  
mesenchymal stem cells

[213]

Co-culture with connective tissue/organ-on-a-chip Structural arrangement in mesenchymal bodies [214]

Organ-on-a-chip Recapitulating the connections between GI microbiome and CNS [207]

Organ-on-a-chip/bioprinting Multi-organ interactions upon drug administration [208]

Bioprinting Self-patterned 3D tissue models [209]

Topographical patterning/profiling Light-induced small molecule release Spatiotemporally controlled neural stem cell fate [200]

Light-induced patterning Axon guidance with NGF-patterned matrix [201]

AI-based optimization Predicted experimental parameters for PSC self-organization [202]

Microrheological characterization Mechanical properties of collagen gels and cell ECM interactions [203]

Super-resolution imaging Cellular composition of organoids with high resolution 3D imaging [216]

Spatial transcriptomics Visualization of the distribution of mRNAs [215]

Spatial proteomics Spatiotemporal profiling of signaling interactomes [217]
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understood how to suppress the chaotic differentiation of mesen-
chymal stem cells and implement connective tissues with diverse 
composition and characteristics in the body.

Advancements in analytical methods, for instance, single-cell 
sequencing, enable researchers to decipher the transcriptional 
profile of cell populations that compose organoids or the connec-
tive tissues at the single-cell level. Moreover, the combination of 
tissue section images and gene expression data allows the visu-
alization of spatial transcriptomics of organoids.[215] In addition 
to the spatial structure of RNA expression, recent innovations in 
optical imaging technologies, such as super-resolution confocal 
microscopy, multiphoton laser scanning microscopy, and light-
sheet fluorescence microscopy, have enabled the high-resolution 
3D visualization of an entire immunolabeled organoid at the 
subcellular level.[216] Furthermore, recently developed proximity 
proteomics enabled spatiotemporal profiling of signaling interac-
tomes,[217] which would potentially provide the analytic approach 
for the proteome in organoids. Collectively, deep sequencing 
and deep imaging systems can facilitate our understanding of 
the spatial distribution and dynamic interactions between mul-
tiple types of cells within organoids. The progress in organoid 
research will synergize with the accumulation of big data to over-
come the current challenges and accelerate organoids’ clinical 
applications in biomedicine.

In summary, organoid technologies have been advanced by 
coordinating distinct research fields, including stem cell research, 
bioengineering, biomaterials, biophysics, and computational 
research. However, there are still many challenges for the clinical 

applications of organoids regarding biocompatibility. Designing 
biomaterials or bioengineering approaches with careful considera-
tion of safety and stability issues would allow the use of organoids 
as organ replacement therapy in the near future.
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Figure 11. Spatiotemporal regulation for the development of next-generation organoid. A) Example of tissue-penetrating NIR light mediated spatial 
temporal release. Reproduced with permission.[200] Copyright 2020, American Chemical Society. B) Light mediated spatial bioactive cue patterning. 
Reproduced with permission.[201] Copyright 2020, John Wiley and Sons. C) Automated design of in silico 3D cellular assembly and spontaneous pat-
terning. Reproduced with permission.[202] Copyright 2019, Elsevier.
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