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SUMMARY

Multicellular organisms of various complexities self-organize in

nature. Organoids are in vitro 3D structures that display important

aspects of the anatomy and physiology of their in vivo counterparts

and that develop from pluripotent or tissue-specific stem cells

through a self-organization process. In this review, we describe

the multidisciplinary concept of ‘‘synthetic developmental

biology’’ where engineering approaches are employed to guide

multicellular organization in an experimental setting. We intro-

duce a novel classification of engineering approaches based on

the extent of microenvironmental manipulation applied to orga-

noids. In the final section, we discuss how engineering tools might

help overcome current limitations in organoid construction.

INTRODUCTION

Multicellular organisms of various complexities, ranging

from algae to humans, are formed by common principles

andphenomena that are collectively referred toas ‘‘self-orga-

nization.’’Decadesof scientific researchhavebeendedicated

to studying thephysical, chemical, and geneticmechanisms

that govern spontaneous organization and to manipulate

these mechanisms for the reconstruction of cellular

patterning in biological systems in vitro, particularly in orga-

noids (see, for example, Laurent et al., 2017; Morales et al.,

2021). Organoids are in vitro three-dimensional (3D) struc-

tures that display important aspects of the anatomy and

physiology of their in vivo counterparts and that develop

from pluripotent or tissue-specific stem cells through a self-

organization process (Shiri et al., 2019). Recent develop-

ments in the field of organoids have led to the multidisci-

plinary concept of ‘‘synthetic developmental biology.’’

This term has recently been used to describe genetic engi-

neering approaches for studying and constructing develop-

mental systems (see, for example Ebrahimkhani and Ebi-

suya, 2019; Ho and Morsut, 2021). Here, we specifically

review engineering approaches in synthetic biology that

are used to explore principles of developmental biology in

an effort to exert dynamic control over the organization of

multicellular systems in vitro.
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In this review, we briefly mention the cellular crosstalk

that guides assembly, patterning, and morphogenetic

events in multicellular organisms via physical contact

and release of diffusible cues (Liu and Warmflash, 2021).

We then elaborate on different engineering approaches

that have been used to better reconstruct the artificial niche

to guide organization of cells in an experimental setting,

including controlled release systems, engineering of scaf-

folds, application of microfluidic chips, and bioreactors.

These methods aim to simulate processes that occur in

developing organs by modifying endogenous cues present

in a cell’s microenvironment, including soluble factors, the

extracellular matrix (ECM), intercellular interactions, and

physical-mechanical properties (Gupta et al., 2021). We

classify these engineering approaches based on the extent

of microenvironmental manipulation that they impose

on the formed structure. Each of these methods employs

different means to trigger or steer natural processes of

self-assembly, self-patterning, and self-morphogenesis (Fig-

ure 1). Furthermore, the complexity of formed structures

ranges from simple two-dimensional (2D) patterns of

various cell types to complex 3D constructs that resemble

organs (i.e., organoids). In the final section of this review,

we discuss how engineering toolsmay help to overcome or-

ganoid limitations.

Our evaluation of the self-organization phenomena as a

dynamic system that changes in space and time suggests

that thefieldof syntheticdevelopmental biologywill benefit

from novel engineering approaches that can allow dynamic

controloforganoid formationover time. Suchcontrolmight

lead toconstructionofbettermodelsofhuman tissue,which

in turn can provide unprecedented insights into the devel-

opment, function, and malfunction of tissues.

BEHIND SELF-ORGANIZATION

In the context of developmental biology, self-organization

is the process by which order emerges from an otherwise

random ensemble of cells. Sasai (2013) classified self-orga-

nization into three overlapping categories of increasing
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Figure 1. An overview of engineering methods in the field of synthetic developmental biology to guide the self-organization
process
The co-culture method has been applied to guide self-organization and to generate complex multicellular structures. The presence of
various cell types that respond to various signals at different developmental stages leads to the formation of more complex multicellular
structures. The second and third methods include engineering ECM and 3D-patterning of the environment. These approaches are used to
exert dynamic control over hydrogels and soluble factors that can change the physical and chemical properties of the microenvironment in
a dynamic manner. The third and fourth methods include engineering cell surface and 3D-patterning of cells, which allow precise control
over cell position within a multicellular structure. These approaches usually dictate the initial condition and thus lead to the generation of
simpler structures in comparison with the previous approaches. Therefore, developing a dynamic system to control microenvironmental
conditions in various developmental stages can provide more complex models to recapitulate development, function, and malfunction of
human tissues.

Stem Cell Reports
Review
levels of complexity: self-assembly, self-patterning, and

self-driven morphogenesis. Together, these processes

contribute to remarkable examples of self-organization

that spontaneously occur in nature to create multicellular

structures of various degrees of complexity.

The spontaneous appearance of pattern has been ex-

plained by two major models. One model, originally pro-

posed by Turing (1952), uses reaction and diffusion of

two or more chemicals to describe activation and inhibi-

tion of various signaling pathways that determine a cell’s

fate. Signaling pathways and transcriptional networks

regulate cell proliferation, migration, assembly, patterning,

and morphogenesis in multicellular organisms. Indeed,

organizing centers, morphogens, neurotransmitters, and

extracellular vesicles contribute to the positional informa-

tion that dictate a cell’s fate. A cell in a given position ac-

quires a certain fate by detecting and responding to various

spatial and temporal cues present in their environment

(Wolpert, 1989). For an in-depth reading on the chemical
716 Stem Cell Reports j Vol. 17 j 715–733 j April 12, 2022
influencers of development, see for example Grove and

Monuki (2013) and Lyssiotis et al. (2011).

The secondmodel usesmechanical and physical forces to

describe pattern formation, suggesting that form arises

from the equilibriumof various internal and external forces

(Thompson, 1917). Intrinsic and extrinsic physical mecha-

nisms that contribute to patterning of amulticellular aggre-

gate include, but are not limited to, adhesive forces,

intercalation forces, the ECM, and external mechanical

cues. For further reading on the physical influencers of

development, see for example Ladoux et al. (2016).

In biological systems, the combination of chemical and

physical forcesmake up themicroenvironment that shapes

the overall organization of amulticellular aggregate (see for

example Gilmour et al. [2017]). Indeed, it is the combina-

tion of various signals and forces received by a cell in a

given point in space and time that mutually regulate one

another to define the ultimate fate, structure, and interac-

tions of a given cell (see for example Chan et al. [2017]).
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In the following section, a historical overview (Figure 2)

of self-organization is given as a driving force for devel-

oping simple multicellular structures to complex engi-

neered organoids.
FROM SIMPLE MULTICELLULAR STRUCTURES TO

ENGINEERED ORGANOIDS

An organoid is a complex 3D multicellular structure that

can reflect the functional and architectural characteristics

of counterpart organs in a dish (Rossi et al., 2018). This

model is the result of years of research and efforts to simu-

late developmental events such as organogenesis in the lab-

oratory. Initial efforts began with degeneration and regen-

eration assays, which greatly advanced our understanding

of mechanisms of self-organization (Sasai, 2013). These

studies date back to 1907 whenWilson (1907) first showed

that dissociated sea sponge cells can re-organize via self-as-

sembly. Other researchers conducted similar experiments

on different species to assess the innate ability of cells to

form self-organized structures (Holtfreter, 1943; Weiss

and Taylor, 1960). Efforts were made to find the mecha-

nisms behind this process and the positional cues that

generate specific patterns within multicellular structures.

Indeed, the transplantation of a group of cells (dorsal blas-

topore lip) of one newt gastrula embryo onto the ventral

side of a host embryo at the same stage controlled cellular

patterning and morphogenesis to form a second body

axis (Spemann and Mangold, 1924). This experiment

elegantly demonstrated that morphogenesis is a result of

the release of signaling molecules from organizing centers.

Until the 1950s, researchers focused on the generation of

organs based on re-aggregation of dissociated cells ob-

tained from different organs via various methods. Early at-

tempts to create a suitable substrate for guiding cell-ECM

interactions among these cells dates back to 1956. Ehr-

mann and Gey (1956) developed a method to extract

collagen from the rat’s tail and cultured 29 tissue fragments

and cell lines to test cell growth, survival, and support of

spontaneous agglomeration. Later, Mina Bissell and col-

leagues demonstrated the formation of a 3D lumen and

duct structures with secretory function that grow on a base-

ment membrane secreted from an Engelbreth-Holm-

Swarm tumor (Matrigel) (Li et al., 1987). This study high-

lights the effects of ECM on gene expression, which led

to the morphogenesis of tissue-like structures (Barcellos-

Hoff et al., 1989; Petersen, 1992). Another study used ma-

trix metalloproteinase as an active agent for ECM degrada-

tion to form branch-like structures in mammary glands

(Simian et al., 2001).

Cell-cell interactions are also important in guiding the

self-organization process. Precise control over cell-cell in-
teractions enable control over cell sorting and patterning

in different developmental stages (Gartner and Bertozzi,

2009). In 1975, Rheinwald and Green (1975) cultured

epidermal keratinocytes on 3T3 fibroblasts, which

increased formation of epithelial colonies similar to the

human epidermis. These skin-like colonies had a squamous

stratified structure with a dividing basal layer and a

superficial layer containing differentiated keratinocytes.

Improving cell-cell interactions can be achieved by fusing

different multicellular structures or organoids for establish-

ing cellular communication at the tissue or organ level.

Another elegant study was conducted by Bagley et al.

(2017) to show organoid-organoid (assembloids) interac-

tions between dorsal and ventral brain organoids, which re-

sulted in interneuron migration toward the dorsal portion.

This approach enhanced brain organoid complexity and

provided deeper insight into fetal brain development.

The self-organizing ability of organoids depends on the

origin of the starting cells (Rossi et al., 2018). Pluripotent

stem cell (PSC)-derived organoids mimic developmental

pathways with a multi-step differentiation process and

are able to form different cell lineages of different germ

layers, while TSC-derived organoids mimic adult tissue

signaling and often have amore limited developmental po-

tential (Brassard and Lutolf, 2019). PSC-derived organoids

are mostly used to study early developmental events in

contrast with TSC-derived organoids, which are used to

study the repair process and homeostasis of tissue

(Kretzschmar and Clevers, 2016; McCracken et al., 2014).

Therefore, the establishment of PSCs and isolation of

TSCs are considered to be some of the most important

events in this field (Evans and Kaufman, 1981; Takahashi

and Yamanaka, 2006).

In 2008, Sasai and his colleagues (Eiraku et al., 2008) suc-

ceeded in forming 3D structures of stratified cortical tissue

derived from self-patterning embryoid bodies (EB). In this

study, the differentiation of EBs was based on the innate

ability of ESCs to spontaneously differentiate toward a neu-

ral fate in the absence of external inhibitors. These cortical

structures contain distinct zones along the apical-basal

axis, including ventricles, deep and superficial layers of

the cortical plate, and Cajal-Retzius cells. In this study, it

was shown that secreting patterning factors (such as fibro-

blast growth factor, bone morphogenetic protein [BMP],

and WNT) can dictate specific regional identity, including

olfactory bulb, anterior-posterior cortices, hem organizing

center, and choroid plexus (Eiraku et al., 2008). Later, Lan-

caster et al. (2013) produced brain organoids by embedding

human PSC-derived EBs within a 3D Matrigel to increase

tissue complexity and form brain organoids with different

regions. During this process, rotational bioreactors

increased the lifespan and size of organoids by increasing

the amount of oxygen and nutrients diffused to the center
Stem Cell Reports j Vol. 17 j 715–733 j April 12, 2022 717



Figure 2. Advances in generation of complex
multicellular structures from simple cell aggregate
to engineered organoids throughout time
Historical overview on significant studies that
impacted the organoid field. First evidence for self-
organization was observed from the simple cell
patterning that occurred in re-aggregation of adult
cells in different species. Emergence of stem cells from
diverse sources opened a new window into early stages
of organ development. Furthermore, the engineering
methods such as spatiotemporal delivery of soluble
factors, manipulation of cell-cell or cell-ECM in-
teractions, and mechanical forces led to increased
control over multicellular complexity for guided self-
organization, which has many applications in the field
of biomedical engineering.
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Table 1. Engineered organoids with different types of microenvironmental manipulation

Engineering approach Tissue or organ Manipulation method Result References

Spatiotemporal delivery

of soluble factors

Neural tube Locally delivered agonists

and antagonists of SHH signaling

Formation of neural

tube-like structures

Yan et al. (2016)

Neural tube Reconstructed primary

signaling responsible for

neural tube patterning using

microfluidic chips

Spatiotemporal

differentiation of

motor neurons

Demers et al. (2016)

Primitive streak Exposed human ESC colonies

to geometric gradients of BMP4

Modulation of

germ layer boundaries

Manfrin et al. (2019)

Mammary gland Delivered EGF to mammary organoids

with meso-scale fluidic device

Multicellular structures

respond to EGF

gradient in contrast

to single cells

Ellison et al. (2016)

Colon Exposed colon organoids to gradients

of WNT-3a and R-spondin1

Progenitor cells

polarized according to

the gradient of WNT

Attayek et al. (2016)

Embryo Controlled amnion and epiblast

development by using microfluidic chips

Demonstrated the effect

of signaling

centers for triggering

gastrulation

Zheng et al. (2019)

Engineering cell-ECM

interactions

Neural tube Controlled physical and chemical properties

of the ECM that impacted neural tube

organization

Defined PEG-based

hydrogels polarized

the neural tube along

the dorsal-ventral

and apical-basal axes

Ranga et al. (2016)

Kidney PAM hydrogels used as a CAM-like

substrate for

kidney organoid transplantation

Generation of nephron

structures and

renal vesicles

Garreta et al. (2019)

Cerebral PLGA microfiber scaffolds controlled

organoid formation

PLGA microfibers

promoted radial

organization of

cortical structures

Lancaster et al. (2017)

Cerebral Encapsulated cerebral organoid within

HA-Na/chitosan hydrogels

Rosette and neural

tube-like structure

formation

Lindborg et al. (2016)

Intestine Functionalized fibrin hydrogels using

factor XIII to

covalently link different domains

Formation and long-term

expansion of

organoid

Broguiere et al. (2018)

Kidney Encapsulated kidney organoids

within collagen

hydrogels

Support kidney

organoid growth

Cruz et al. (2017)

Intestine Designed fully synthetic and

dynamic PEG-based

hydrogels

Confined self-

organization of

organoid

Gjorevski et al. (2016)

Liver Encapsulated liver organoids within

inverted colloidal

crystal PEG

Mimic physiological

condition for

organoid formation

Ng et al. (2018)

(Continued on next page)

Stem Cell Reports j Vol. 17 j 715–733 j April 12, 2022 719

Stem Cell Reports
Review



Table 1. Continued

Engineering approach Tissue or organ Manipulation method Result References

Engineering cell-cell

interactions

Bone Controlled cell assembly using airflow-

assisted 3D bioprinting

Establish the spiral cell

patterning inside

microspheroidal organoids

Zhao et al. (2018)

– Induced synthetic cell-cell signaling to

guide assembly of

multicellular structures

Organized cells in 3D with

precise and

robust patterning

Toda et al. (2018)

Brain Assembled organoid structures

using 3D bioprinting

Created channel-like

structures similar to

the vascular system

Skylar-Scott et al. (2019)

Cardiac 3D bioprinting human iPSCs

within photo-

crosslinkable hydrogel

Developed bioink for

differentiation of

cardiomyocyte with

electrochemical function

Kupfer et al. (2020)

Brain Incorporated human mesodermal

progenitors

within organoids

Formation of hierarchical

structure of

blood vessels

Wörsdörfer et al. (2019)

Intestine Fabricated a human intestinal

structure using

biopsy-derived

organoids on a chip

Closely mimicked the

human duodenum

Kasendra et al. (2018)

Embryo Co-culture of extra-embryonic

and embryonic

stem cell within

3D scaffold

Recapitulating spatiotemporal

event of embryogenesis

Harrison et al. (2017)

Pancreatic islet Exposed pancreatic islet

organoids to shear

stress using

perfusable microfluidic chips

Enhanced expression of genes

related to pancreatic b-cell

and b-cell hormone

Tao et al. (2019)

Manipulation of

mechanical forces

Brain Designed a miniaturized

bioreactor

for optimization of

culture conditions

Enhanced diffusion of soluble

factors and

reduced media volume

Qian et al. (2016)

Intestine Established a liquid flow within

intestinal organoids using

millifluidic chips

Generation of a lumen within

intestinal organoids

to establish a flow

Sidar et al. (2019)

Intestine Exposed intestinal organoids

to physical cues of the

niche using compressed springs

Uniaxial strain enhanced

maturation of human

intestinal organoids

Poling et al. (2018)

Brain Controlled brain organoid wrinkling

using internal mechanical forces

on small molecules

Controlled cytoskeleton using

small molecules to

manipulate stiffness of

different organoid regions

Karzbrun et al. (2018)

Kidney Developed millifluidic chips to apply

shear stress onto organoids

entrapped within collagen-

based hydrogels

Observed flow-enhanced

vascularization and

maturation of kidney organoids

Homan et al. (2019)

Intestine Designed dynamic hydrogels with

softening capabilities

Enhanced efficiency of crypt

formation, its size

and number per colony

Hushka et al. (2020)

BMP4, bone morphogenetic protein four; CAM, chick chorioallantoic membrane; ECM, extracellular matrix; EGF, epidermal growth factor; HA-Na, hyaluronic

acid sodium salt; hiPSC, human induced pluripotent stem cells; hESC, human embryonic stem cells; PAM, polyacrylamide; PEG, polyethylene glycol; PLGA,

poly(lactic-co-glycolic-acid); SHH, Sonic hedgehog.

720 Stem Cell Reports j Vol. 17 j 715–733 j April 12, 2022

Stem Cell Reports
Review



Stem Cell Reports
Review
of organoids, which resulted in a larger and more contin-

uous neuroepithelial region.

In 2009, Sato et al. formed the first intestinal organoids

from single LRG5+ TSCs obtained from the adult mouse

intestine and coined the term ‘‘organoid.’’ Individual

cells proliferated in vitro and differentiated to crypt-vil-

lus-like structures in Matrigel in the absence of a mesen-

chymal niche. These 3D organoids had a central lumen

with villus-like epithelium and several surrounding

crypt-like regions composed of different cell types (Sato

et al., 2009).

Over the years, many organoids have been made via

mechanisms of self-organization with little control over

the cell-cell interactions, cell-ECM interactions, spatiotem-

poral pattern of soluble factors, and mechanical forces.

Such uncontrolled conditions result in irreproducible gen-

eration of organoids that may lack certain cell types and

cellular functions (Silva et al., 2019). Synthetic develop-

mental biology has significant potential for developing

the next generation organoids by advanced engineering

methods to overcome previous limitations (see Table 1 for

a list of engineered organoids).

In the next section, we discuss different engineering ap-

proaches that allow manipulation of chemical and phys-

ical elements to guide organization of multicellular

structures.
BIOENGINEERING APPROACHES FACILITATING

GUIDED ORGANIZATION

One approach to guiding organization in vitro, is the engi-

neering of soluble factors using different techniques such

as microfluidics and photopatterning (permit localized,

sustained, smart or gradient-based deliveries of signaling

factors). Since physical-mechanical cues in the cellular

microenvironment direct cell assembly, scaffold engineer-

ing with different components (natural, synthetic, and

hybrid) is another promising way to guide organization.

In addition, various methods have been used to engineer

cell-cell contacts, including manipulation of signaling

molecules on the cell surface via genetic manipulation,

cell patterning with bioprinting techniques, and encapsu-

lation of different cell types on a chip. Finally, mechanical

forces generated by flow of liquids are important inducers

in organ development. These approaches are discussed in

length below (Figure 3). The aim of designing engineering

methods is to construct complex organoid structures with

simple tools. The complexity of structures depends on

the diversity of cell types, cellular organization, and func-

tionality, which can range from a simple spheroid to an or-

ganoid with a function similar to the native organ (Ollé-

Vila et al., 2016).
Spatiotemporal delivery of soluble factors

Cellular organization during development is steered by a

complex array of soluble factors. Morphogen gradients, in

particular, play a crucial role in guiding the complex

patterning of cells into tissues and organs. Insights from

developmental studies have enabled engineering ap-

proaches to generate complex tissue structures viamanipu-

lation of morphogen gradients. Sophisticated engineering

approaches allow a more precise control of the concentra-

tion, release site, and timing ofmorphogen delivery (Cabal-

lero Aguilar et al., 2019). Various approaches have been

developed for the reconstruction of morphogen gradients,

including 3D hydrogels and fluid-based methods. Fluid-

based methods such as microfluidics and buoyancy forces

(i.e., the tendency of an object to float when submerged

in a fluid) essentially manipulate the presence of molecules

using a dynamic fluid flow (Li et al., 2019).When using the

buoyancy-drivenmethod, a fluidwith lower densitymoves

from the bottom of a plate in opposite direction of denser

material from upper layers, thereby producing a gradient

of soluble factors (Li et al., 2019).

Microfluidics involves the manipulation of liquids at the

micro- and nanoscales. Microfluidic chips are frequently

made by ‘‘soft lithography,’’ which is ameans of replicating

patterns etched into silicon chips in biocompatible and

flexible materials such as polydimethylsiloxane (PDMS)

(Bhatia and Ingber, 2014; Convery and Gadegaard, 2019).

Liquids at the micro- and nanoscales behave differently

in comparison to liquids at a macroscale. In particular,

laminar flow at the microfluidics dimension is similar to

the flow of biological liquids in the human body. Laminar

flow provides a lowmixing rate of input streams, which al-

lows establishment of sustained gradients of soluble fac-

tors. This feature allows one to mimic the spatiotemporal

profile of morphogens during embryogenesis. Such ap-

proaches include source-sink diffusion devices, tree-like

microfluidic gradient generators, mixing of input streams

from syringe pumps, and microfluidic convection (i.e.,

the circular motion that occurs when warmer air or liquid

rises while cooler air or liquid descends) (Sant et al.,

2010). Droplet-based microfluidics can be used to encapsu-

late different cell populations in a predetermined pattern to

engineer a multicellular structure of interest.

Traditional biological protocols for production of orga-

noids do not provide a precise spatial control on morpho-

gens. Thus, recapitulation of in vivo events is limited to

daily refreshment of culture medium. Microfluidic chips

have been used extensively for the reconstruction of

morphogen gradients to overcome such limitations (Kim

et al., 2012; O’Grady et al., 2019; Uzel et al., 2016). Recon-

stitution of morphogen gradients may help trigger critical

events in morphogenetic processes such as gastrulation

when extra-embryonic tissues or organizers are absent. In
Stem Cell Reports j Vol. 17 j 715–733 j April 12, 2022 721



Figure 3. Experimental design for engineering multicellular organization
Experimental design for guiding multicellular structure can be divided into two main categories: engineering process and material design.
The material design consists of four subsections: (1) responsive surface; (2) degradability, including hydrolytic, enzymatic, and photo-
degradation; (3) the chemistry of extracellular matrix (natural, synthetic, and composite); and (4) mechanical cues, which can be dictated
by crosslinking density of the ECM. The engineering process consists of three subsections: (1) the 3D design of microenvironment with
photopatterning technique, which includes (2) microfluidic chip to for cell encapsulation, control morphogen gradient and fluid shear
through the time; and (3) cell positioning technique to define the cell’s position by using bioprinting, magnetic lavation, and acoustic
assembly in a spatiotemporal manner.
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such an approach, a microfluidic technique was employed

to expose human PSC colonies to a BMP4 gradient, which

induced radial asymmetry and axially arranged domains.

Counteracting sources of the BMP antagonist, Noggin,

enhanced primitive streak-like patterning (Manfrin et al.,

2019). Similarly, opposing gradients of sonic hedgehog

(SHH) and its antagonist BMP were established in a micro-

fluidic chip to generate neural tubes from mouse embry-

onic stem cells (Demers et al., 2016).

Induction of apical-basal polarization of human PSC ag-

gregates, thereby mimicking early human post-implanta-

tion development, is also feasible, as demonstrated in a

study based on microfluidic chips with a flow of BMP4 in

parallel channels (Zhang et al., 2019). So far, microfluidic

systems were mainly used to construct 2D patterns of solu-

ble factors, but 3D patterning can also be achieved by

designing complex multi-layered flow in such systems.
722 Stem Cell Reports j Vol. 17 j 715–733 j April 12, 2022
The successful 3D reconstruction of morphogens in vitro

may pave the way for complex development of embryos

on a chip with determined body axes.

One of the major challenges for efficient production and

maintenance of multicellular organoids is the use of appro-

priate media. Current methods for screening ECM and sol-

uble factors in tissue culture plates is time-consuming and

expensive. Microfluidic systems provide a platform for

high-throughput screening of compounds to optimize cul-

ture media in a cost-effective manner due to the low vol-

ume of fluid used. In a recent study, the role of different

inducing factors and signaling pathways in kidney orga-

noid formation was investigated by testing more than

1,000 unique combinations on a microfluidic chip (Glass

et al., 2020).

Microfluidic systems also present advantages for the

long-term culture and maintenance of organ-like
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structures. The technology allows establishment of a pre-

cise flow route with a defined composition, flow rate, and

frequency of media refreshment. Such precise interaction

between fluid and cells (direct/indirect) allows optimiza-

tion of the concentration of signalingmolecules (including

autocrine and paracrine), nutrients, and cell wastes, which

is crucial for ex vivo tissue or organoid cultures (Lai et al.,

2020). The development of techniques for organoid main-

tenance presents an avenue for body-on-chip platforms, in

which different organoids can interact, offering opportu-

nities for drug and toxicology screenings as well as disease

modeling (Skardal et al., 2017).

Three-dimensional photopatterning of hydrogels is

another method for manipulation of signaling molecules.

Photopatterning of hydrogels can be achieved via three

main techniques: mask-based photolithography, single-

photon laser-scanning lithography, and multiphoton

laser-scanning lithography. In mask-based photolithog-

raphy, materials are exposed to light that is partially ob-

structed by a photomask, which contains 2D geometries

of interest and is positioned between the sample and the

light source. The method is affordable and enables 2D

patterningwith a resolution at the order of tens ofmicrons.

However, photolithography lacks the potential for 3D

patterning. Laser-scanning lithography is a maskless

method in which the laser light is focused on a specific

area within a material to induce photoreactions near the

focal point. The technique allows formation or cleavage

of bonds in a 3D hydrogel via displacement of focal points

in the x, y (with a resolution less than 1 mm), and z (with a

resolution greater than 25 mm for a single photon and 2 mm

for multiphoton laser-scanning) planes. Patterned arrange-

ment of signaling molecules in biomaterials can exert

spatial control on the fate of embedded cells and, therefore,

manipulate cellular organization (Glass et al., 2020).

Various photochemical tools have been developed for the

formation or cleavage of chemical bonds based on light-

responsive synthetic reactions. Studies have shown that

through light exposure with single or multiphoton laser-

scanning lithography, molecules are reversibly added or

removed from a structure in a 3D space (Ruskowitz and

DeForest, 2018). Biomolecule gradients have also been

attached to hydrogels in a stepwise or continuous manner

(Mosiewicz et al., 2013). In one study, the spatial distribu-

tion of SHH and ciliary neurotrophic factor was achieved

by two-photon irradiation by establishing orthogonal

physical binding pairs in 3D agarose hydrogels. The

patterned hydrogel guides spatially controlled differentia-

tion of retinal precursor cells into photoreceptors (Mosie-

wicz et al., 2013). In contrast to microfluidic systems,

spatial control in 3D patterned hydrogels is usually deter-

mined by factors immobilized in the hydrogel structure.

Although this may restrict the signaling of normally
soluble morphogens to a matrix-bound form, it allows

spatial control of anchoring ligands (such as adhesive pro-

teins and peptides) via external stimulations (see engineer-

ing cell-ECM interactions section).

As discussed in the above section, soluble factors steer

morphogenesis during development. In addition to deep-

ening our understanding of the dynamic profile of these

molecules in human embryogenesis, the establishment

of high-resolution techniques such as microfluidics and

photopatterning pave the way for successful reconstruc-

tion of in vivo events in culture systems. Alongside bio-

mimicking, engineering high-throughput tools such as

microfluidics provides the possibility to optimize the

spatiotemporal profile of soluble factors in a cost-effective

manner. However, despite the benefits of using engineer-

ing approaches for the spatiotemporal manipulation of

soluble factors, we are far from achieving a user-friendly

tool for application of such techniques in common bio-

logical protocols.

Engineering cell-ECM interactions

PSCs are potentially able to mimic early developmental

stages of embryogenesis when the right composition of a

3D matrix is used. A comprehensive study demonstrated

that 3D blastocyst-cultures in Matrigel enable human blas-

tocyst development up to the formation of primitive

streak-like structures, including the embryonic disc,

amnion, basement membrane, primary and primate

unique secondary yolk sac, as well as acquisition of the

anterior-posterior polarity (Xiang et al., 2020). In contrast,

traditional 2D cultures of blastocysts do not fully recapitu-

late in vivo events, including amnion formation (Deglin-

certi et al., 2016; Shahbazi et al., 2019). Furthermore,

organoid structures have been shown to form both in 3D

matrices and in suspension culture systems. For instance,

self-organized optic cups have been generated in suspen-

sion cultures (Kuwahara et al., 2015) with a structure com-

parable to those forming inMatrigel (Eiraku et al., 2011). In

certain cases, a combination of 2D and 3D systems may be

advantageous for the development of complex structures

in vitro. One study used a 2D culture of PSCs at early stages

of hindgut differentiation and subsequently placed the ag-

gregates in 3D Matrigel to improve differentiation and

cellular patterning of intestinal organoids (Spence et al.,

2011).

Current approaches for organoid culture rely on animal-

derived ECMs such as Matrigel, collagen, and fibrin (Zah-

matkesh et al., 2021). However, these media suffer from

poorly defined composition, heterogeneity, and batch-to-

batch variability. One approach for overcoming these lim-

itations is to blend ECM components experimentally to

attain a defined and reproducible matrix. The results of a

recent study demonstrate that an artificial fibrin/laminin
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matrix supports long-term expansion of murine and hu-

man epithelial organoids, serving as a defined equivalent

for Matrigel (Broguiere et al., 2018).

Alternatively, synthetic materials can be designed to

mimic key features of natural ECMs. Motifs involved in

cell adhesion as well as enzyme-responsive domains (i.e.,

matrix metalloproteinase and plasmin) that are crucial for

guiding cell migration and organization can be freely com-

bined. Another major advantage of synthetic matrices is

the ability to manipulate its mechanical properties,

including stiffness. Ranga et al. (2016) used polyethylene

glycol (PEG) hydrogel with tailored mechanical properties

for the development of neuroepithelial cysts. They showed

that mechanotransduction pathways induce symmetry-

breaking events and subsequently neural tube-like

patterning along the dorsal-ventral axis (Ranga et al.,

2016).

When developing a matrix, one must consider the me-

chanical, physical, and biochemical properties required

for formation of target structures, sincemechanical proper-

ties of substrates have striking effects during early embryo-

genesis. Mouse embryos grown on soft type 1 collagen

hydrogels with stiffness similar to the uterine epithelium

showed improved development to two-cell, blastocyst,

and hatching blastocyst stages compared with tissue cul-

ture plates (Kolahi et al., 2012). Furthermore mechanical

properties (i.e., stiffness) of fibrin are critical for 3D organi-

zation of mouse embryonic stem cells into the three germ

layers (Poh et al., 2014). Soft matrix, which mimics the

early embryonic microenvironment, accelerates differenti-

ation of renal vesicles and nephron structures in human

PSC-derived kidney organoids (Garreta et al., 2019).

As noted above, physical properties of a material, such as

geometry, size, topography, and shape, influence cellular

organization (Metzger et al., 2018). For instance, Lancaster

et al. (2017) used polymeric microfibers as a substrate to

generate elongated EBs. The microfilament structure

induced cerebral organoid formation with enhanced

cortical development and improved tissue organization.

Finally, biochemical properties of the ECM have been re-

constructed using synthetic materials. For example, PEG

was modified by the adhesive arginylglycylaspartic acid

(RGD) peptide to mimic the adhesive domain of fibro-

nectin and by a matrix metalloproteinase-sensitive peptide

to emulate the Matrigel structure. Lutolf’s group used this

synthetic hydrogel to mimic ECM properties, including

active domains that promote cell adhesion and migration,

allowing intestinal stem cell expansion and organoid for-

mation (Gjorevski et al., 2016).

One of the current goals of ECM engineering is to design

a fully synthetic andmodularmaterial that can bothmimic

the biological activity of the natural ECM (e.g., Matrigel

and fibrin), and be customized for the production of
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different types of organoids. For this purpose, synthesis of

novel materials with advanced properties such as dynamic

presentation of adhesive ligands and mechanical proper-

ties may present an opportunity to completely substitute

the natural ECM in organoid cultures.
Engineering cell-cell interactions

In the process of complex tissue formation, cell-cell interac-

tions take place via secretion of soluble factors, cell

adhesion events, and juxtacrine signaling. Application of

co-culture systems is a simple method to recapitulate cell-

cell interactions during development. For instance,

embryo development led by extra-embryonic tissue im-

plantation has inspired the application of extra-embryonic

cells for PSC culture. During early mouse embryonic devel-

opment, the crosstalk between embryonic and extra-em-

bryonic stem cells is decisive for spatiotemporal patterning

(Harrison et al., 2017) and development of extra-embry-

onic tissues (Rivron et al., 2018). In vitro studies on zebra-

fish embryos revealed that tensile forces among three

germ layers induce assembly of structures when extra-em-

bryonic tissues are absent (Krieg et al., 2008). Ectoderm

cells without extra-embryonic tissues have the tendency

to form inner layers within aggregates, while endodermal

and mesodermal cells form the outer cell layer. In addition

to biochemical signaling between cells, co-culture ap-

proaches may provide the mechanical forces required for

cell migration and subsequent organization. Studies on

the formation of vascularized tissue-specific buds from

PSCs indicated that traction forces produced by mesen-

chymal stem cells play an important role for cell move-

ments during formation of complex bud structure after

transplantation (Takebe et al., 2015).

Surface cell-cell interactions also play a vital role in the

organization of complex structures. Synthetic cellular net-

works have been used to manipulate the morphogenetic

processes in multicellular systems (Toda et al., 2019). In a

recent study, the modular juxtacrine signaling platform

was used for artificial genetic programming of Notch recep-

tors, where specific cell-cell contacts induce changes in

cadherin cell adhesion and subsequently direct self-organi-

zation into multidomain structures (Toda et al., 2018).

Cells in an animal embryo receive positional cues from

soluble and membrane-bound signaling molecules, which

subsequently induce stepwise cells fate specification and

organization (Lander, 2013). In addition, manipulating

the position of different cell types in cell aggregates allows

one to construct the micro-architecture with cell-cell inter-

actions similar to native tissues (Brassard et al., 2021). In

this regard, engineering approaches including bioprinting

and application of remote forces determining the cell’s po-

sition have been used for organoid production.
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One of the best-knownmethods for inducing cellular or-

ganization is bioprinting of different cell types. In the

printing process, the initial position of cells is dictated by

external mechanical forces in a point-by-point fashion.

Therefore, this approach provides control over the cell

placement to generate 2D or 3D patterns of one or more

cell types in vitro (Heinrich et al., 2019). Three-dimensional

bioprinting is used to fabricate complex cellular structures,

such as tissues and solid organs, from different cell popula-

tions (Grigoryan et al., 2019). Guided 3D geometry and cell

position within the organoids provide the possibility to

produce constructs with enhanced complexity similar to

native tissues. The technique involves the precise assembly

of materials (i.e., hydrogels) and living cells in a layer-by-

layer fashion with spatial control of active components

in a predetermined layout. The printing resolution is

known as a key parameter for 3D printing tissue-like struc-

tures. Recent attempts in bioprinting rely on development

of novel methods that print cells individually. The main

techniques used for bioprinting include inkjet (with a reso-

lution of 50 mm),microextrusion (with a resolution of 5 mm

to millimeters), and laser-assisted printing (microscale res-

olution). Because of technical limitations for high-resolu-

tion placement in common printing methods compared

with 3D patterning, the printing method is usually used

for cell placement, rather than spatially controlling the po-

sition of soluble or adhesive molecules. Current research is

focused on the development of novel processing designs

and synthesis of printable bioactive materials, which can

be printed with high resolution while preserving cell

viability (Murphy and Atala, 2014). Bioprinting has been

used as a tool to engineer the structure of bone organoids

(Zhao et al., 2018), salivary gland-like organoids (Adine

et al., 2018), mammary epithelial organoids (Reid et al.,

2019), mammary organoids (Mollica et al., 2019), and vas-

cularized cortical organoids (Skylar-Scott et al., 2019).

In addition to contact force application, which is used in

bioprinting, remote fields have recently emerged in the en-

gineering of complex tissue structures where cellular struc-

tures can be formed without the role of ECMmaterials and

are therefore scaffold-free (Armstrong and Stevens, 2020).

Application of remote forces is a feasible approach for rapid

production of 2D or 3D multicellular constructs. This

method is used for forced formation of structures and is

suitable for high-throughput generation of aggregates. In

this approach, multicellular organization can be guided us-

ing remote forces such as acoustic streaming (i.e., the

steady flow generated in a fluid by the absorption of

high-amplitude sound oscillations) (Ma et al., 2019).

Acoustic levitation provides a rapid platform for generation

of multi-layered structures with defined number and thick-

ness of layers, which could be a physiologically relevant

structure such as the cortex or cerebellum (Bouyer et al.,
2016). Using acoustic forces to induce packing density

similar to native heart in human induced PSC (iPSC)-

derived cardiomyocytes significantly improves the func-

tion of differentiated cells (Serpooshan et al., 2017).

Magnetic forces have also been used as versatile tools to

levitate and subsequently guide cell populations into

assembled structures (Souza et al., 2010; Tocchio et al.,

2018; Zwi-Dantsis et al., 2019). Through patterning ofmag-

netic fields, various shape of cell structures could be

formed, including size-controlled spheres and rings (Jafari

et al., 2019). Magnetic forces were used to construct a 3D

model of breast cancer with organized fibroblasts and can-

cer cells (Yakavets et al., 2020). In another study, magnetic

induction with nanoparticles promotes dental pulp stem

cell differentiation to epithelial and neuronal lineages

and subsequently the generation of salivary gland-like

structure (Adine et al., 2018). Another method for remote

control of cell populations is using optical tweezers. Optical

tweezers could tailor the precise position of single mouse

ESCs and their assembly in 3D structures (Kirkham et al.,

2015).

As previously mentioned, cell-cell interactions play a vi-

tal role in formation of complexmulticellular patterns, and

a wide range of bioengineering approaches, including ge-

netics, mechanical engineering, and materials science,

have been used to manipulate cellular interactions in orga-

noid culture. Approaches with different degrees of place-

mentmanipulationmay play a significant role in triggering

important biological aspects of organization.

Manipulation of mechanical forces

Mechanical forces fulfill a vital role in cellular migration,

proliferation, differentiation, and organization during

development (Jaalouk and Lammerding, 2009). The bulk

properties of ECM (e.g., stiffness and degradability) and

its interacting surface features (e.g., adhesive ligand den-

sity) are effective environmental factors that triggermecha-

notransduction pathways in multicellular structures. For

instance, in a study on intestinal organoids, dynamic me-

chanical properties were provided by exogenous degrada-

tion of the hydrogel through UV light exposure. The soft-

ening of the hydrogel resulted in a higher efficiency of

crypt formation and an improvement in its size and num-

ber per colony (Hushka et al., 2020). Such studies introduce

dynamic ECM hydrogels as a versatile tool for 3D applica-

tion of external forces to cells.

Engineering studies have demonstrated that manipula-

tion of external mechanical forces also influences the

morphology and spatial patterning of cells. Various devices

have been developed to apply tensile, compressive, or shear

stresses onto multicellular aggregates. For instance, con-

struction of a microfabricated chip with a confined geome-

try imitated compression forces in the early developing
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cortex, and induced wrinkling and folding in a human or-

ganoid (Karzbrun et al., 2018). Tensile forces induced by a

lengthening spring promoted the in vivo formation of in-

testinal organoids. Poling et al. (2018) recreated mechani-

cal forces affecting intestinal development to mimic the

looped geometry of the gut, its vilification, and the locali-

zation of intestinal stem cells (ISCs) in the crypt. This study

showed that induction of strain by compressed springs en-

hances the growth and maturation of these ESC-derived

organoids.

To apply shear forces, flow-based devices such as mi-

cro/millifluidics and bioreactors have been used. Me-

chanical flow in a device is a biomimicking tool to apply

force to cell populations. This tool was used to culture

pancreatic islets, thereby promoting endocrine cell differ-

entiation and maturation of organoids. Pancreatic islets

derived from human iPSCs showed enhanced response

to glucose under a dynamic flow condition (Tao et al.,

2019). In addition to promoting improved organization

of parenchymal cells, mechanical forces can enhance

vascularization in organoid structures. In a recent study,

shear stress in a millifluidic culture showed improved

morphological maturation of the kidney and increased

formation of vessels (Homan et al., 2019). The devel-

oping embryo experiences dynamic changes in mechan-

ical forces. Hence, it will be critical to develop more so-

phisticated dynamic systems, in which mechanical

forces can be triggered in a temporal and spatially

controlled manner. Static systems exerting continuous

mechanical force will most likely fail to recapitulate a

changing environment that produces varying degrees of

physical force over time.
AIMING FOR MORE COMPLEX TISSUES IN VITRO

Until recently, the study of human developmental pro-

cesses had mostly been limited to animal models, which

might not recapitulate all critical processes occurring in hu-

mans (Rossi et al., 2018). Organoids are now the focus of

many research teams worldwide, as they hold the potential

to reflect conditions in human tissues more accurately. The

engineering approaches outlined in the previous section

have been used extensively to guide organization of multi-

cellular structures in vitro from a simple layer of cells to

more complex tissues and organ-like structures (Figure 1).

These engineering approaches can be classified according

to the different types of manipulation applied. In fact, co-

cultures of different cell types have been used to improve

conditions for in vitro morphogenesis without exerting

control over the cell microenvironment. The co-culture

ofmesenchymal stem cells, endothelial cells, and stem cells

is one of the most common methods to produce vascular-
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ized organoids and organ buds (Takebe et al., 2015).

Another class of microenvironmental manipulation can

be achieved by controlling cell-ECM interactions and

affecting multicellular structure development. For

instance, synthetic hydrogels such as PEG provide phys-

ical-chemical signals that lead to neural tube patterning

(Ranga et al., 2016). Furthermore, highly controlled provi-

sion of such signals on microfluidic chips allows better

guidance of structure formation in vitro (Homan et al.,

2019). More sophisticated engineering methods are

applied when the environment or individual cells are

patterned in a spatiotemporal manner. Three-dimensional

patterning of ECM components, cell position, and surface

ligands has been accomplished by 3D photopatterning,

3D bioprinting, and genetic modification techniques,

respectively (Cakir et al., 2019; Heinrich et al., 2019).

Application of organoids for biomedical studies

The generation of near-physiological conditions in various

organoids provides an opportunity to investigate different

biological processes such as tissue development, repair, and

homeostasis. Next generation organoids generated by

advanced engineering methods will provide valuable new

information for biomedical applications. Indeed, the study

of organoid models and comparing them with animal

models can identify developmental similarities and differ-

ences between humans and other species. For example, hu-

man optic cup organoids take longer to reach a similar stage

of development compared with mouse organoids. These

organoids are also larger and have a thicker neural retinal

component in contrast to human PSC (hPSC)-derived optic

cup organoids, which is confirmed by in vivo analysis of

mouse and human embryonic tissues (Nakano et al., 2012).

Furthermore, organoids provide an accessible, easy to

manipulate experimental system to investigate lineage

specification and embryonic development in humans.

For example, optic cup organoids have shed light on the

mechanisms of optic cup morphogenesis, which relies on

invagination of the neural retina (NR) within the retinal

pigment epithelium (RPE). The use of drugs that inhibit

cell proliferation revealed that proliferative cells within

the NR generate a force for the invagination process that

occurs within the RPE (Eiraku et al., 2011). The presence

of different cell types is necessary in organogenesis and tis-

sue development. The expression of Lgr5 gene by ISCs,

which has an important effect on the colony’s self-renewal

ability, depends on the presence of Paneth cells in its vicin-

ity. Also, Paneth cells provide a high level of WNT

signaling, which is required for ISC survival (Sato and

Clevers, 2013). In an elegant study using intestinal organo-

ids, it was shown that theWNTprotein does not diffuse as a

soluble factor but is rather transferred from Paneth cells

near the ISC. Eventually by dividing the ISCs into daughter
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cells, a gradient of WNT forms along the crypt (Farin et al.,

2016).

Organoids have also been used in evolutionary research

by comparing various species-derived organoids. Indeed,

the Neanderthal brain organoid, derived by engineering

PSCs with a knockinNOVA1 gene, were compared with hu-

man brain organoids to allow the study of evolutionary

mechanisms (Cohen, 2018).

Generation of fully functional and differentiated cells

from PSCs that remain viable after engraftment is consid-

ered to be amain challenge in the field of regenerativemed-

icine. Organoid technology might provide a superior

microenvironment for proper stem cell differentiation,

and organoids are a promising new source for transplanta-

tion (Fatehullah et al., 2016). For example, retinal sheets

derived from retinal organoids have been transplanted

into a retinal degeneration mouse model, which resulted

in the establishment of synaptic connections leading to

restoration of vision (Assawachananont et al., 2014).

Another study focused on generation of mature T cells us-

ing artificial thymic organoids, since the current methods

face different challenges in the differentiation of mature

T cells from hPSCs. Sequential differentiation of T cells,

induced by the 3D organoid structure, eventually led to

the differentiation of embryonic mesoderm into

CD4+CD3+ positive T cell with different T cell receptors

for using immunotherapy applications (Montel-Hagen

et al., 2019). In regenerative medicine, organoids can be

used as a versatile tool to repair genetic abnormalities in pa-

tient-derived organoids and subsequently replace the mal-

functioning tissue or organ. Stem cell-derived intestinal or-

ganoids reconstructed and repaired the intestinal epithelial

function via grafting into injured colon site (Fordham

et al., 2013). The process of transplantation and tissue

regeneration has been also reported for different organoids,

including the liver (Huch et al., 2013) and kidney (Taguchi

et al., 2014).

In addition to providing the cells needed to restore

normal tissue function, organoids can protect the graft

from adverse pathological conditions (Assawachananont

et al., 2014). Gene-editing technology can be used as a ver-

satile tool to repair patient-derived organoids with a ge-

netic disorder and replace it as an isogenic healthy tissue

for regenerative applications. As a proof of concept, the

Crisper-Cas9 system was used to correct cystic fibrosis

transmembrane conductor receptor mutations and

generate normal epithelia by restoring gene function in in-

testinal organoids (Dekkers et al., 2013).

Advances in organoid technology using patient-derived

iPSCs have led to the development of disease models that

reproduce physiological conditions of a disease, including

the interaction of pathogens with host cells for drug dis-

covery and screening applications. For example, organoids
were used to select appropriate drugs to fight the Zika virus,

whichmay lead toGuillain-Barré syndrome and congenital

Zika syndrome (Russo et al., 2017). In this study, brain

organoids were infected with the Zika virus, which

caused apoptosis of neural progenitors and glial cells, and

a subsequent decline in neural cell volume and restricted

growth. Three types of drugs were used to counteract the

flavivirus infection. Their effects were evaluated by quanti-

fication of the Zika virusmRNA in the brain organoids (Wa-

tanabe et al., 2017). Respiratory infections have been

considered a major cause of death in recent years due to

the coronavirus disease (COVID) pandemic. In this regard,

different pathogens have been introduced to lung organo-

ids to evaluate the changes in physiological condition of

the infected organoid and their response to treatment

with new drugs (Chen et al., 2017). In a recent study,

hPSC-derived lung organoids were used in understanding

COVID-19 pathogenesis and drug discovery. The authors

found spike protein inhibitor, EK1 peptide, and TMPRSS2

inhibitors (camostat/nafamostat) block coronavirus entry

into lung organoids (Tiwari et al., 2021). Moreover, human

intestinal organoids have been used as in vitro model sys-

tems to study viral entry and replication of noroviruses (Et-

tayebi et al., 2016; Haga et al., 2020). Genetic engineering

can be used to generate isogenic cell lines for disease

modeling studies. Aicardi-Goutieres syndrome organoids

were generated using a Crisper-Cas9 mutation in the

TREX-1 gene. This mutation results in an accumulation

of extrachromosomal DNA, which increases apoptosis

and consequently reduces organoid size (Thomas et al.,

2017).

Organoids have provided a platform for drug screening

and personalized medicine, which is used to develop new

treatment with available drugs. In this regard, patient-

derived intestinal organoids were used to find a treatment

for cystic fibrosis caused by a rare mutation by screening

available drugs. The results showed that existing drugs

used to treat other cystic fibrosis mutations were also effec-

tive for this rare mutation (Dekkers et al., 2016). The appli-

cation of tumor organoids is an inevitable necessity to

better understand the effect of different drugs on cancer

cells. Organoids of different types and origins might be

deposited in biobanks for off-the-shelf use to aid discovery

of new drugs and facilitate investigation of disease pathol-

ogies (Dutta et al., 2017). Patient-derived tumor organoids

can retain the tumor features, including genetic, epigenetic

characteristic, and physiological phenotype. For instance,

in vitro 3D culture of primary human pancreatic adenocar-

cinoma can retain the epigenetic feature of the original

PDA tumor. In this regard, treating PDA-derived tumor or-

ganoids from five patients with histone methyltransferase

EZH2 inhibitor (UNC 1999) reduced the proliferation of tu-

mors in three patients with a H3K27me3 mark similar to
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the original tumor (Thress et al., 2015). This result suggests

the potential treatment of PDA cancer patients with the

same epigenetic state for clinical applications. The same

strategy was used to identify a proper treatment for drug

resistance cystic fibrosis that showed limited response to

conventional drugs (Dekkers et al., 2016). Developing

biobank derived from patient organoids is crucial to

identify the most effective cancer treatments. In this re-

gard, a study developed a biobank for high-throughput

screening of 83 clinical drugs for colon cancer treatment

(van de Wetering et al., 2015). A breast cancer biobank

was also established for drug development and cancer

research using well-characterized organoids (Sachs et al.,

2018).
CONCLUDING REMARKS

We provided examples from development to illustrate the

basic principles of self-organization and described engi-

neering tools that guide self-organization of multicellular

structures for various applications. Most engineering

methods employed thus far control the development of or-

ganoids in a static manner; however, the physiological

environment for organ development changes over time

and is dynamic. Engineering tools should therefore aim

to control both initial culture conditions as well as later

stages of the organization process. In co-culture systems,

cells behave in a dynamic manner and can respond to

different signals over time, thereby facilitating generation

of more complex and representative structures in vitro. A

promising strategy is to engineer the organoid microenvi-

ronment using dynamic hydrogels to alter the mechanical

properties of organoids over time to mimic in vivo condi-

tions (Gjorevski et al., 2016). Broader application and

further refinement of such engineering tools will be useful

to achieve more representative, reproducible, and mature

models of different human organs. We hope that this

view on the subject will be beneficial to promote biomed-

ical applications.
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E., Ringnalda, F., Villiger, L., Züllig, R., Lehmann, R., et al. (2018).

Growth of epithelial organoids in a defined hydrogel. Adv. Mater.

30, 1801621.

Caballero Aguilar, L.M., Silva, S.M., and Moulton, S.E. (2019).

Growth factor delivery: defining the next generation platforms

for tissue engineering. J. Control. Release 306, 40–58.

Cakir, B., Xiang, Y., Tanaka, Y., Kural, M.H., Parent, M., Kang, Y.-J.,

Chapeton, K., Patterson, B., Yuan, Y., He, C.-S., et al. (2019). Engi-

neering of human brain organoids with a functional vascular-like

system. Nat. Methods 16, 1169–1175.

Chan, C.J., Heisenberg, C.-P., and Hiiragi, T. (2017). Coordination

ofmorphogenesis and cell-fate specification in development. Curr.

Biol. 27, R1024–R1035.

http://refhub.elsevier.com/S2213-6711(22)00093-5/sref1
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref1
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref1
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref1
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref2
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref2
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref3
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref3
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref3
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref3
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref3
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref4
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref4
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref4
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref4
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref5
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref5
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref5
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref6
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref6
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref6
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref6
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref7
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref7
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref8
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref8
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref8
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref8
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref8
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref9
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref9
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref10
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref10
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref10
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref11
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref11
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref11
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref11
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref12
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref12
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref12
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref13
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref13
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref13
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref13
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref14
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref14
http://refhub.elsevier.com/S2213-6711(22)00093-5/sref14


Stem Cell Reports
Review
Chen, Y.-W., Huang, S.X., de Carvalho, A.L.R.T., Ho, S.-H., Islam,

M.N., Volpi, S., Notarangelo, L.D., Ciancanelli, M., Casanova, J.-

L., Bhattacharya, J., et al. (2017). A three-dimensionalmodel of hu-

man lung development and disease from pluripotent stem cells.

Nat. Cell Biol. 19, 542–549.

Cohen, J. (2018). Neanderthal brain organoids come to life. Sci-

ence 360, 1284.

Convery, N., and Gadegaard, N. (2019). 30 years of microfluidics.

Micro Nano Eng. 2, 76–91.

Cruz, N.M., Song, X., Czerniecki, S.M., Gulieva, R.E., Churchill,

A.J., Kim, Y.K., Winston, K., Tran, L.M., Diaz, M.A., Fu, H., et al.

(2017). Organoid cystogenesis reveals a critical role of microenvi-

ronment in human polycystic kidney disease. Nat. Mater. 16,

1112–1119.

Deglincerti, A., Croft, G.F., Pietila, L.N., Zernicka-Goetz, M., Siggia,

E.D., and Brivanlou, A.H. (2016). Self-organization of the in vitro

attached human embryo. Nature 533, 251–254.

Dekkers, J.F., Wiegerinck, C.L., de Jonge, H.R., Bronsveld, I., Jans-

sens, H.M., de Winter-de Groot, K.M., Brandsma, A.M., de Jong,

N.W.M., Bijvelds, M.J.C., Scholte, B.J., et al. (2013). A functional

CFTR assay using primary cystic fibrosis intestinal organoids.

Nat. Med. 19, 939–945.

Dekkers, J.F., Berkers, G., Kruisselbrink, E., Vonk, A., de Jonge, H.R.,

Janssens, H.M., Bronsveld, I., van de Graaf, E.A., Nieuwenhuis,

E.E.S., Houwen, R.H.J., et al. (2016). Characterizing responses to

CFTR-modulating drugs using rectal organoids derived from sub-

jects with cystic fibrosis. Sci. Transl. Med. 8, 344ra84.

Demers, C.J., Soundararajan, P., Chennampally, P., Cox, G.A., Bris-

coe, J., Collins, S.D., and Smith, R.L. (2016). Development-on-

chip: in vitro neural tube patterning with a microfluidic device.

Development 143, 1884–1892.

Dutta, D., Heo, I., andClevers, H. (2017). Diseasemodeling in stem

cell-derived 3D organoid systems. Trends Mol. Med. 23, 393–410.

Grove, E.A., and Monuki, E.S. (2013). Chapter 2 - morphogens,

patterning centers, and their mechanisms of action. In Patterning

and Cell Type Specification in the Developing CNS and PNS:

Comprehensive Developmental Neuroscience (Elsevier Inc.)),

p. 20.

Ebrahimkhani, M.R., and Ebisuya, M. (2019). Synthetic develop-

mental biology: build and control multicellular systems. Curr.

Opin. Chem. Biol. 52, 9–15.

Ehrmann, R.L., and Gey, G.O. (1956). The growth of cells on a

transparent gel of reconstituted rat-tail collagen. J. Natl. Cancer

Inst. 16, 1375–1403.

Eiraku, M., Watanabe, K., Matsuo-Takasaki, M., Kawada, M., Yone-

mura, S., Matsumura, M., Wataya, T., Nishiyama, A., Muguruma,

K., and Sasai, Y. (2008). Self-organized formation of polarized

cortical tissues from ESCs and its active manipulation by extrinsic

signals. Cell Stem Cell 3, 519–532.

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E.,

Okuda, S., Sekiguchi, K., Adachi, T., and Sasai, Y. (2011). Self-orga-

nizing optic-cupmorphogenesis in three-dimensional culture. Na-

ture 472, 51–56.

Ellison, D., Mugler, A., Brennan, M.D., Lee, S.H., Huebner, R.J.,

Shamir, E.R., Woo, L.A., Kim, J., Amar, P., Nemenman, I., et al.
(2016). Cell–cell communication enhances the capacity of cell en-

sembles to sense shallow gradients during morphogenesis. Proc.

Natl. Acad. Sci. U S A 113, E679–E688.

Ettayebi, K., Crawford, S.E.,Murakami, K., Broughman, J.R., Karan-

dikar, U., Tenge, V.R., Neill, F.H., Blutt, S.E., Zeng, X.-L., Qu, L., et al.

(2016). Replication of human noroviruses in stem cell-derived hu-

man enteroids. Science 353, 1387–1393.

Evans, M.J., and Kaufman, M.H. (1981). Establishment in culture

of pluripotential cells from mouse embryos. Nature 292, 154–156.

Farin, H.F., Jordens, I., Mosa,M.H., Basak, O., Korving, J., Tauriello,

D.V.F., de Punder, K., Angers, S., Peters, P.J., Maurice, M.M., et al.

(2016). Visualization of a short-range Wnt gradient in the intesti-

nal stem-cell niche. Nature 530, 340–343.

Fatehullah, A., Tan, S.H., and Barker, N. (2016). Organoids as an

in vitro model of human development and disease. Nat. Cell

Biol. 18, 246–254.

Fordham, R.P., Yui, S., Hannan, N.R.F., Soendergaard, C., Madg-

wick, A., Schweiger, P.J., Nielsen, O.H., Vallier, L., Pedersen, R.A.,

Nakamura, T., et al. (2013). Transplantation of expanded fetal in-

testinal progenitors contributes to colon regeneration after injury.

Cell Stem Cell 13, 734–744.

Garreta, E., Prado, P., Tarantino, C., Oria, R., Fanlo, L.,Martı́, E., Zal-

videa, D., Trepat, X., Roca-Cusachs, P., Gavaldà-Navarro, A., et al.
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