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Abstract

Sections

Organoids recapitulate many aspects of the complex three-dimensional
(3D) organization found within native tissues and even display tissue
and organ-level functionality. Traditional approaches to organoid
culture have largely employed a top-down tissue engineering strategy,
whereby cells are encapsulated in a 3D matrix, such as Matrigel,
alongside well-defined biochemical cues that direct morphogenesis.
However, the lack of spatiotemporal control over niche properties
renders cellular processes largely stochastic. Therefore, bottom-up
tissue engineering approaches have evolved to address some of these
limitations and focus on strategies to assemble tissue building blocks
with defined multi-scale spatial organization. However, bottom-up
design reduces the capacity for self-organization that underpins
organoid morphogenesis. Here, we introduce an emerging framework,
which we term middle-out strategies, that relies on existing design
principles and combines top-down design of defined synthetic matrices
that support proliferation and self-organization with bottom-up
modular engineered intervention to limit the degrees of freedomiin
the dynamic process of organoid morphogenesis. We posit that this
strategy will provide key advances to guide the growth of organoids
with precise geometries, structures and function, thereby facilitating
anunprecedented level of biomimicry to accelerate the utility of
organoids to more translationally relevant applications.
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Key points

e Organoids have emerged as powerful in vitro models for a variety of
organs and applications; however, their utility is currently limited by

a lack of spatiotemporal control over the tissue-specific cell niches in
which they reside.

o Tissue engineering approaches facilitate the generation of more
physiologically relevant in vitro cell niches to improve methods for
organoid culture.

o Top-down, scaffold-based tissue engineering approaches allow

for macroscale control over organoid geometry and are amenable to
cell-based remodelling and self-organization but suffer from a lack of
spatiotemporal control of niche properties.

e Bottom-up, modular tissue engineering approaches allow for
precise control over cellular and extracellular tissue building blocks
for precision engineering but at the cost of minimizing the capacity for
cellular self-organization.

o Middle-out, interventional tissue engineering approaches combine
aspects of top-down and bottom-up tissue engineering methods to
enable precise spatiotemporal control of engineered cell niches,
thereby enabling deterministic control of cellular self-organization.

Introduction

Organoids are complex three-dimensional (3D) structures that arise
through cell-intrinsic genetic programmes activated, in large part,
by carefully selected soluble biochemical niche cues in suspension
culture ora3D extracellular matrix (ECM)-based culture platform that
facilitates self-organization and morphogenesis. Organoids closely
match the histoarchitecture of their in vivo counterparts and, impor-
tantly, they also contain many tissue-resident cell types and display
some tissue-level and organ-level functionality'. Traditional methods
for cell culture, often employing single cell-type populations with
no 3D organization, cannot reach the in vitro complexity afforded
by organoids. This key limitation has motivated the widespread use of
organoidsin fundamental biology, clinical and biomedical engineering
laboratories. With their increased utility, the field has rapidly expanded
andadvancedsinceits modern conceptionby Eiraku et al., who cultured
3D, self-organizing cortical tissues from embryonic stem cells (ESCs)?,
andsoonthereafter by the work of Sato et al., who specified the modern
definition of organoids by generating self-organizing murine intesti-
nal 3D multicellular constructs (in this case, organoids) from single
intestinal stem cells (ISCs) positive for leucine-rich repeat-containing
G protein-coupled receptor 5 (LGR5)’. Organoids are useful in funda-
mental biological studies as models of organ development and disease
progression as well as for applied research related to drug screening
and generation of transplantable tissues* ™. Protocols have been estab-
lished for organoids derived from multipotent adult stem cells (ASCs)
andpluripotent stem cells (PSCs) for numerous tissues and organs span-
ningall three germlayers, including the intestine", brain'?, heart” and
liver™*. ASC-derived organoids are well suited to model tissue homeo-
stasis, regeneration and adult-onset disease, whereas PSC-derived
organoids accurately recapitulate developmental processes and can
be used to study developmental disorders”. Organoids derived from

model organisms, most notably from mice, have been transformative
in developing protocols for organoid growth’, differentiation®'® and
cell-type enrichment"” and to understand the fundamental regulatory
mechanisms underpinning symmetry breaking'®'’, which is a crucial
initial step for the establishment of complexity and 3D architecture.
Building further upon these benefits, human organoids bridge the
gap between non-human animal models, which have a notoriously
low translational success rate, and more simplistic in vitro human
cell models®™. Moreover, patient-specific organoids can be generated
fromtissue biopsies or from PSCs, and are useful as clinical models for
geneticdisorders, including cystic fibrosis® and microcephaly', as well
as for infections such SARS-CoV-2 (ref. *%). Finally, organoid models
are promising for precision and/or personalized medicine and could
improve the success rate of translational therapies.

Despite being powerfulin vitro models, organoids are not without
limitations. For example, they have low scalability, limited lifespan,
difficulty inimposing the proper extracellular forces and incomplete
matching of organ-level functionality’* >, Here, we focus on other lim-
itations of organoids related to the lack of control of morphogenesis,
composition and maturation, and identify methods to better assess key
regulators of these processes. We focus onintestinal organoids as their
biology has been well characterized and numerous publications have
highlighted methods for their engineering.

Organoid cultures are established through a process of minimally
controlled self-organization, most often by flooding cells cultured
in suspension or 3D ECM-based matrices with biochemical cues to
drive differentiation and symmetry breaking. The lack of spatiotem-
poral control of this self-organized morphogenesis leads to highly
heterogeneous organoids with varying composition, shape and size.
Protocols have been developed to better control or enrich for certain
cell populations by refining the cocktail of biochemical cues” and to
induce morphogenesis by timed exposure or withdrawal of certain
cues'®*, For example, initial culture of murine ASC-derived intestinal
organoids in media maintaining a high stem population (containing
EGF, Noggin, R-spondin, CHIR and valproic acid) facilitates uniform
growth of spherical colonies compared with differentiation media.
By contrast, withdrawing factors activating WNT and NOTCH sig-
nalling (for example, CHIR and valproic acid, respectively) leads to
the differentiation of multiple intestinal cell types, including Paneth
cells, enterocytes and goblet cells, while also inducing the formation
of crypt buds reminiscent of the histoarchitecture of the native intes-
tine'. However, these globally administered cues do not match the
spatiotemporalsignalling and dynamic boundary conditions ofin vivo
organogenesis, whichinvolves the generation of local signalling gradi-
entsto establish, for example, the crypt-villus axis of the intestine**5,
Cells caninterpret their spatial location based on their position along
the gradient, making these cues crucial in establishing proper tissue
organization®. Importantly, organoid protocols do not optimize for
the effects of local, spatially defined soluble signalling that is known
tobeimportantindifferentiation and in the shaping of developing tis-
sues, but rather allow for cell differentiation and spatial organization
resulting fromglobal, user-defined cues to guide growth. With standard
organoid culture methods using flood exposure to biochemical cues,
local gradients arise in the presence of an already complex mixture
of cues, making it difficult to tease out the roles of local, cell-secreted
cues and globally provided ones.

In addition, controlled cell-cell interactions, particularly those
with supporting mesenchymal cell populations that contribute to
geometric changes through direct contact or by imparting mechanical
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Support cells

Biochemical cues

Fig.1| The organoid niche. The organoid niche is
composed of: support cells, including endothelial
cells, mesenchymal/stromal cells, neurons and
immune cells; soluble and membrane-bound
biochemical cues, which can exist as local gradients;
local pH and oxygen concentration; mechanical
properties, including stiffness and stress relaxation;
extracellular forces such as shear stress, compression,
external strain and osmotic swelling; and the
extracellular matrix (ECM) composition, including
degradability (for example, by cell-produced matrix
metalloproteinases), integrin-binding specificity and
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forces, are understudied because many organoid cultures lack these
cell populations as they are difficult to co-culture in vitro. Specifically,
mesenchymal and/or stromal cells have akey rolein shaping intestinal
villus evolution through cell-cell interactions and compressive force
generation mechanisms®. Cell-cell interactions are also essential
in PSC-derived organoid maturation. The current state-of-the-art
maturation protocols involve implantation intoimmunocompromised
mice, which leads to maturation yet without knowledge of how this is
achieved®** Inimplanted organoids, a perfusable vasculature is estab-
lished, suggesting that cell-cell interactions between tissue-specific
celltypes and endothelial cells or paracrine signalling from endothelial
cells might have a substantial role in maturation. Lymphatics have
also been identified as a signalling hub in the intestinal crypt niche™.
To establish better in vitro organoid models, control of the inputs,
including the cell types present, will be crucial to obtain the desired
outputs such as vascularization and innervation of organoids.
Cell-ECM interactions are also important in relaying outside-in
signalling of the composition and mechanics of the local microenvi-
ronment. However, the role of the ECM is difficult to gauge because the
organoid field primarily relies on Matrigel as a 3D matrix for in vitro
experiments. Matrigelis a poorly characterized proteinaceous material
thatis generated from reconstituted Engelbreth-Holm-Swarm mouse
sarcoma that contains thousands of different ECM components™.
Although Matrigel is a versatile system for the culture of many types
of organoids and is permissive to self-organization and the identifica-
tion of soluble niche cues guiding cell fate specification, its complex
bioactivity,numeroussites for integrin engagement and several mecha-
nisms for cell-based remodelling render interpretation of cell-matrix

interactions more difficult. The complex composition of Matrigel
contributes toits versatility butintroduces substantial heterogeneity
between organoids. Moreover, it suffers from batch-to-batch variability
in composition and it is difficult to tailor its mechanical properties,
thereby limitingits utility for mechanistic studies related to ECM com-
positionand mechanics®. Finally, because Matrigel is generated froma
reconstituted mouse sarcoma, it comes fromanon-human, non-tissue-
specificsource; therefore, there is acontextual mismatch betweenits
composition and that of the ECM of the organoid of interest. Finally,
itis a non-good manufacturing practice material, which limits its use
for translational applications®.

In the simplest terms, the limitations that persist with organoid
culture arise because the tissue-specific stem cell niche is not ade-
quately matched. Ultimately, this is a two-pronged problem: first,
protocols suffer from a limited understanding of the evolving niche
and tissue morphogenesis, and second, artificial niches are limited by
the technical abilities to design platforms that accurately mimic key
niche dynamic properties. Niche propertiesinclude soluble signalling
cues, cell-cellinteractions, cell-ECM interactions, oxygen levels, pH,
mechanical properties and extracellular mechanical forces, including
compression, strain and shear stress (Fig. 1). Importantly, these cues
are not static, but change dynamically in space and time, in accord-
ance withrapidly growing and differentiating organoids, introducing
spatiotemporal regulation as an additional dimensionin niche mimicry.

Specifically, in this Review, we survey the use of tissue engi-
neering principles and highlight how these advanced methods can
be used to control the presentation of niche factors and, ultimately,
control intestinal organoid morphogenesis. These strategies, which
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we term middle-out tissue engineering, combine the advantages of
traditional top-down biomaterial scaffold-based approaches with
modular bottom-up approaches by spatiotemporally controlling the
properties of tissue-specific niches (Box1). In other words, middle-out
tissue engineering combines bottom-up techniques for the controlled
assembly of cells and scaffold components, built on the knowledge of
those building blocks, while keeping the tissue architecture in mind
totop-down process the engineered organoid-laden constructs using
patterning, 3D printing or other methods to achieve the targeted prop-
erties. Middle-out (inthis case, interventional) approaches startinthe
middle (forexample, withan already growing organoid) and combine
both strategies to integrate control over organoid morphogenesis in
space and time.

Tissue-engineered organoids

Atitsinceptioninthe early1990s, the field of tissue engineering focused
ongenerating functional tissue replacements by combining principles
of biology and engineering’. The goals of the field have further evolved
to establish biomimetic tissue models to understand regenerative and
developmental biology as well as human disease. With this broadened
scope, organoids represent a transformative achievement because
they harness the benefits of cellular self-organization to form multi-
cellular organoids that are typically difficult to achieve with strictly
engineering principles.

Initial strategies to engineer tissues took a top-down, scaffold-
based approach, where tissue-specific cells were cultured in biode-
gradable scaffolds with geometries that matched the tissue of interest
at the macroscale”. As the field progressed with technological and
engineering advancements, bottom-up approaches emerged to com-
plement the top-down strategies, enabling the spatial organization

Box 1

of tissue building blocks composed of specific cell types and ECM
components at multiple length scales®**. At the time these techniques
were emerging, the ability to culture PSCs did not yet exist*>*' and
modern protocols for stem cell-derived organoids had not yet been
established*’. With the advances in tissue construction from a bio-
logical perspective, the definitions of these two approaches (in this
case, bottom-up and top-down) have become blurred and transcend
one another. We have thus redefined these two approaches (Box 1),
with a particular focus on their use for organoid culture. Specifically,
the ability for cells to self-organize in vitro is a concept that does not
neatly fit into previously established tissue engineering methods.
Material-based self-assembly is, by definition, a bottom-up process
but, because cells can proliferate and differentiate asthey self-organize,
this process is not necessarily consistent with the classical definition
of bottom-up tissue engineering. Namely, the building blocks are not
assembled by engineering methods but rather produced and organized
through intrinsic cellular processes that can be minimally controlled
with static macroscale boundary conditions imparted by classical top-
down tissue engineering approaches. Therefore, we consider cellular
self-organization, in which cells are not assembled using engineering
methods at the cellular scale, an aspect of top-down tissue engineer-
ing. Notably, classical definitions for top-down approaches allowed
for proliferation and cell-based remodelling of the scaffold based on
biodegradability and cell-produced ECM components, both of which
are involved in organoid morphogenesis****. Considering all these
factors, our refined definition categorizes most organoid protocols as
top-downtissue engineering processes. Another important note hereis
that, in top-down methods guided by macroscale scaffold geometries
and with the additional spatial control afforded by modular bottom-
up approaches, the ability to harness the inherent capacity of cells to

Tissue engineering definitions

o Top-down tissue engineering: combining one or more cell types
of the targeted tissue with a biodegradable scaffold mimicking
the macroscale architecture and the biophysical and biochemical
cues of the organotypic niche of interest, which is permissive
to cellular self-organization, proliferation, remodelling and
morphogenesis. Exogenous spatial control is limited after initial
cell seeding. Although stringent initial conditions, including
well-characterized cell populations and controllable biophysical
properties as well as macroscale boundary conditions, can
be set, the local niche properties often rely on cell-mediated
changes that cannot be controlled through top-down engineering
methods. Ultimately, this limitation leads to uncontrolled cellular
self-organization during organoid formation or to cells populating
scaffolds to reach pre-defined boundary conditions without
proceeding through intrinsic self-organization processes.

» Bottom-up tissue engineering: engineered construction of tissue
building blocks and their assembly in a modular approach. Well-
defined cells or aggregates of cells are combined with other
components of the tissue-specific niche in a spatially controlled
manner. Using this method, morphogenesis is user-designed

through defined spatial positioning and/or control of cell-cell
and cell-matrix interactions as well as initial spatial control of
other niche properties. Here, initial conditions and boundary
conditions are set but endogenous remodelling and ECM
dynamics are limited, thereby reducing the capacity for cellular
self-organization.

o Middle-out (interventional) tissue engineering: combining
principles of top-down and bottom-up approaches to establish
in vitro methods permissive to cellular self-organization and
integrating the capacity to continuously and spatiotemporally
adapt boundary conditions to match the developmental or
regenerative extracellular matrix and exploit the instructive
cellular machinery that can promote deterministic organ
morphogenesis. Starting with growing tissue constructs
generated with either top-down or bottom-up methods, an
engineered cell and niche intervention is used to mimic dynamic
cues presented at specific points in space and time at various
stages throughout development or regeneration using a
combination of engineering approaches.
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Fig.2| The intestinal niche and the current state
of niche mimicry for intestinal organoids. The
intestine is organized into a crypt-villus architecture.
Theintestinal crypt contains crypt-base cell
populations (such as intestinal stem cells and Paneth
cells) and other differentiated cell types, including
enterocytes, goblet cells and enteroendocrine cells.
The nicheis regulated by epithelial interactions

with the surrounding mesenchymal/stromal

cells and gradients of extracellular matrix (ECM)
composition and soluble biochemical cues. BMP,
bone morphogenetic protein.
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engineer themselves into functional tissues is minimized. Therefore,
these methods are severely limited by the user’s understanding of
morphogenesis and tissue organization. Finally, despite top-down
approaches allowing for dynamic cell-based matrix remodelling or
pre-programmed degradation, and both methods enabling tempo-
ral changes to the bulk biochemical make-up by staged changes to
media conditions, neither method allows for spatiotemporal control
of niche properties after initial cell seeding. With top-down tissue
engineering, this limitation canlead to highly heterogeneous organoids
generated by stochastic growth because they lack local changes to
boundary conditions that are necessary to accommodate controlled
self-organization as the organoid size changes over time; therefore,
top-down tissue engineering cannot match the dynamic conditions
present during native tissue morphogenesis. To combine the benefits
of both methods, we define a new category, middle-out tissue engi-
neering, where self-organizationis engineered throughinterventions
tothelocalboundary conditions at precise pointsin space and time to
guide controlled and deterministic organoid growth with engineered
niche dynamics.

Intestinal organoids as amodel system

To provide the proper context for the development of engineering
methods, the underlying biology must be well understood. Therefore,
wefocus here ontheintestinal organoid as amodel system, which was
among the first to be developed, thereby establishing the definition
of the modern organoid**, and has been well characterized through a
series of in-depth studies>'"'*'3434¢_Because the intestinal epithelium
has among the highest turnover rates of any tissue*’, ASC-derived

intestinal organoids can be rapidly generated from a single LGR5"*
ISC®. The ease of culture and rapid generation of intestinal organoids
are attractive to engineers seeking to implement tissue engineering
principles to establish more homogeneous and functionally relevant
tissue models. These approaches can be adapted to other types of
organoids, with optimization based on a biological understanding
of tissue-specific morphogenesis. To best understand the factors that
can be manipulated with engineering methods, we first describe the
intestinal architectural organization and the biological mechanisms
guiding murine ASC-derived intestinal organoids as well as human
ASC-derived and induced PSC (iPSC)-derived organoids.

The cells of the small intestinal epithelium are organized into a
crypt-villus structure, where ISCs populate the bottom of the crypt.
ISCs can differentiate into all intestinal-resident cell types. Paneth cells,
terminally differentiated progeny of ISCs, and ISCs formanintercalated
pattern that helps maintain crypt homeostasis through cell-cell sig-
nalling. ISCs proliferate to produce bipotent progenitors that, before
exiting the crypt, undergo fate specificationinto a variety of differen-
tiated post-mitotic cell types, including absorptive enterocytes and
secretory cells such as goblet and enteroendocrine cells*®. Well-defined
signalling pathways control homeostasis, including gradients of WNT,
NOTCH, EGF and bone morphogenetic protein (BMP) that arise through
epithelial and mesenchymal cell crosstalk®** (Fig. 2).

Furthermore, the composition and stiffness of the ECM surround-
ingintestinal cells also have an essential role in guiding cell fate speci-
fication and organization. The composition of the ECM is dynamic,
with the rate of deposition of specific ECM proteins occurring in con-
cert with intestinal morphogenetic events. For example, the highest
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concentration of laminin is found in the crypt and laminin synthesis
increases as crypts bud®*~>. These changes in ECM composition are
associated with changes in the availability of integrin binding, with
integrin a6 expression localized in the crypt and integrin 1 driving
ISC proliferation and homeostasis**** In addition to laminin, the ISC
niche is also comprised of fibronectin, collagens and glycosamino-
glycans. The cells making up the intestinal niche, including epithelial
cells, contribute to ECM deposition and remodelling**. Furthermore,
the role of the mechanosensitive Yes-associated protein (YAP) has
been established in symmetry-breaking events guiding crypt forma-
tion, cell fate and proliferation in the intestine'®*>*, Specifically, YAP
contributes to intestinal regeneration through elevated integrin 1
signalling and upregulation of focal adhesion kinase (FAK) and SRC

(7 = Enterocyte

@) stemcell
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Enteroendocrine cell

Goblet cell Mesenchymal/stromal cell

signalling associated with alterations in the local matrix environment,
including upregulation of ECM proteins such as collagen I°**’. Taken
together, these findings highlight the dynamic nature of the ECM in
theintestinal microenvironment and reveal that outside-in signalling,
throughintegrins and YAP, is crucial for homeostatic regeneration and
indetermining the fate of ISCs.

Murine ASC-derived intestinal organoids can be generated from
asingle LGR5"ISC when embedded and cultured in 3D matrices such
as Matrigel, and defined media conditions have been identified that
activate key signalling pathways relevant to the ISC niche®*® (Fig. 3a).
ISCs proliferate and form spherical colonies with a polarized epithe-
lium, which subsequently bud to form a crypt-villus structure remi-
niscent of in vivo organization. Budding occurs following a change
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Fig. 3| Murine and human intestinal organoids. a, Murine adult stem cell
(ASC)-derived intestinal organoids can be generated fromisolated crypts or by
sortingisolated crypts for leucine-rich repeat-containing G protein-coupled
receptor 5 (LGRS") intestinal stem cells (ISCs). Symmetry breaking occurs with the
differentiation of Paneth cells within spherical organoids. Following achange to
media promoting differentiation, intestinal crypts form and other intestine-specific
cells differentiate. Mouse intestinal organoids more closely match theirin vivo
counterpart than human organoids in terms of architecture and cell composition,
withreproducible crypt formation and the ability to enrich for numerous cell
types, based on the timing of exposure to various organoid media compositions.

b, Humanintestinal organoids can be generated from adult tissue using biopsy

or from pluripotent stem cells (PSCs). In standard human organoid media, stem
cell-rich organoids are generated without reproducible crypt formation. Using
niche-inspired conditions, with the addition insulin-like growth factor 1 (IGF1) and
fibroblast growth factor 2 (FGF2), increased cell-type diversity is achieved with
some organoids containing crypts. Human induced PSCs (iPSC)-derived organoids

(HIOs) are generated by differentiating iPSCs to definitive endoderm, followed

by the formation of three-dimensional (3D) gut tubes emerging from the 2D
culture surface. These structures are collected and embedded into 3D as hindgut
spheroids. Culture in HIO media then results in HIOs, which contain a supporting
mesenchymal population. Using standard HIO media, immature organoids are
produced, which contain some differentiated cell types but no crypt structures.
Using niche-inspired media conditions (either by the inclusion of neuregulin1
(NRG1) or epiregulin (EREG) in the cell culture media at precise time points) leads to
the emergence of more mature organoids, some containing crypt-like structures.
Implantation of HIOs into the mouse kidney capsule results in the most mature
phenotype, representing alater stage in development. To more closely match later
stages of development or even generate post-natal (for example, paediatric, adult)
organoids, additional niche cues will need to be presented with spatiotemporal
precision. For organoids from all cell sources, more closely matching the niche will
resultinorganoids that more accurately represent native tissue, providing potential
for translational applications.

to the media growth factor cocktail (for example, by withdrawal of
CHIR and valproicacid) favouring cell differentiation. Changesin cell
shape and phenotype occur concurrent to structural changes to the
ECM, including matrix degradation, to yield highly biomimetic 3D
organoids*. Although the generation of murine intestinal organoids
is efficient and reproducible, suggesting that many key niche factors
are presented to these organoids, the resulting organoids are highly
heterogeneous, with uncontrollable growth arising from stochastic
symmetry-breaking events. This stochasticity resultsin random bud-
ding and variable crypt dimensions, which highlights that the nicheis
not completely matched with spatiotemporal precision. To understand
thisrandomness, transient cell-cell heterogeneity in YAP signalling has
beenobservedtotrigger Paneth cell differentiation where bud forma-
tionisinitiated'®. Additionally, Paneth cells at the site of crypt formation
express higher levels of integrin 34 compared to other cell types,
which allows them to preferentially bind to laminin and contribute to
crypt formation*®. Notably, changes to the ECM and YAP signalling are
necessary to alter cellular identity. Therefore, activating YAP through
differential ECM binding is of fundamental importance to understand-
ingepithelial regenerative homeostasis. Changes to the ECM associated
with diseases such as fibrosis can also alter these signalling pathways
toreducetheregenerative potential of the epithelium and perpetuate
intestinal dysfunction®. Furthermore, celland niche mechanical forces
have also been implicated in organoid morphogenesis®® 2,

Many of the signalling pathways and regulatory mechanisms guid-
ing morphogenesis are conserved between murine and human devel-
opment, but important differences exist that have led to additional
limitations with humanintestinal organoid culture. Interestingly, it is
more difficult to reproducibly obtain crypt structures in human ASC-
derived and PSC-derived organoids compared to murine-derived ones,
likely owing to aniche thatis not optimized to match that of the human
intestine (Fig. 3b). Efforts to more closely match the niche with the addi-
tion of supplementary soluble cues, such as fibroblast growth factor 2
(FGF2) and insulin-like growth factor 1 (IGF1), have led to increased
cell-typediversity in human ASC-derived organoids but remain limited
inmatching the biomimetic spatial organization achieved with mouse
organoids®. Knowing how to match the developmental niche toinduce
fate specification and maturation of iPSC-derived organoids is more
difficult because of limitations in access to fetal tissue. However, new
data sets have emerged, containing single-cell RNA sequencing and
phenotypic characterization, that have enabled refinement of the

composition of media cocktails and their timed exposure, specifically
with exposure to neuregulin 1 (NRG1), to improve the maturation of
iPSC-derived organoids and facilitate symmetry breaking®. For human
fetal-derived organoids, exposure to epiregulin (EREG) can lead to
similar effects, resulting in organoids with enhanced spatial organi-
zation®*. In vivo organoid implantation can also enhance maturation
by allowing increased cell-cell interactions and facilitating organoid
vascularization, although the mechanistic details underlying in vivo
maturation are not well understood®. Finally, imposing mechanical
strain on implanted organoids with nitinol springs can also improve
their maturation, highlighting that an externally applied force can be
used as ameans to advance organoid engineering®.

Taken together, knowledge of key biochemical factors of the
intestinal niche has refined media conditions and the timing of their
exposure to advance the maturation and morphogenesis of murine
and human organoids. Other niche factors, which can be tuned with
tissue engineering methods, have begun to be investigated but remain
underexploredinthe organoidfield, and will thus likely address some
limitations to current methods.

Top-down organoid tissue engineering

Top-down, scaffold-based tissue engineering approaches are common
inthe organoid field (Fig. 4). These methods combine tissue-specific
cells, soluble factors and an engineered scaffold amenable to cell
proliferation and self-organization, including those using Matrigel
or synthetic, engineered ECM alternatives®**®°. Because these methods
harness uncontrolled cellular self-organization resulting in heteroge-
neous organoids, more homogeneous structures can be obtained by
specifically controlling the initial conditions, including the starting cell
populations, the biochemical cue composition and the initial scaffold
properties. Intestinal organoids can be generated from single stem cells
or from small clusters of cells sheared directly from intestinal crypts.
In the case of a population started from a single cell, cells are sorted
for one or more markers (for example, LGRS5" for intestinal organoids),
providing a highly characterized initial cell condition. Controlled mor-
phogenesis is more difficult to achieve from clusters of cells because
theirinitial state is more difficult to define. For organoids that cannot
be generated from single stem cells, bottom-up approaches that rely
on highly regulated multicellular assembly are preferred to establish
more refined initial conditions (see below). These refined cell popu-
lations can then be used as the starting point for top-down assembly
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Fig. 4| Tissue engineering of organoids. a, In top-down tissue engineering,
cells (either whole organoids or single stem cell populations) are combined
with defined biochemical media components and a scaffold with defined initial
properties to impart biophysical cues to organoids. Over time, and depending on
user-defined media conditions, the extracellular matrix undergoes remodelling
(either cellimposed or pre-programmed) and cellular morphogenesis proceeds
through proliferation, differentiation and architectural changes to generate
heterogeneous organoids in scaffolds without controlled cell-scale boundary
conditions (for example, Matrigel or monolithic synthetic hydrogels) or

to populate scaffolds along macroscale boundary conditions designed to
match the macro-architectural features of the tissue of interest. b, Bottom-up
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tissue engineering consists of constructing and assembling cellular building
blocks, which can be generated by forced aggregation using the hanging

drop method or commercially available Aggrewells. Organoid arrays can be
used to generate homogeneous organoids at precise three-dimensional (3D)
locations. Microfabrication can be used to generate organoids with different
diameters and aspect ratios. Droplet microfluidics can be used to generate single
organoid microenvironments with defined dimensions. Engineered assembly
canbe performed at the single-cell level by functionalizing cellmembranes
with complementary reactive groups. Microgels can be assembled using
complementary linkages to form 3D structures. Finally, 3D printing can be used
to place cells or organoids at precise locations in 3D.

and allowed to self-organize rather than be used as building blocks
forbottom-up assembly'’. From an engineering perspective, defining
the biochemical cue composition is relatively simple with top-down
approachesbecause flood exposure is the most common method. The
composition ofthe media cocktail is, of course, tissue dependent and
informed by knowledge of key signalling pathways regulating develop-
ment and regeneration. These recipes are continually updated as new
dataare published and can be altered over time.

Additional niche factors can be regulated by modulating the initial
scaffold properties. Altering the concentration of Matrigel can tune its

properties albeit across arelatively small property range compared to
tunable synthetic hydrogels and without allowing isolation of the role
ofeachindividual property inguiding cell behaviour. These properties,
including ECM composition*>®, integrin binding**** 2, degradation*>”*,
stiffness*>™* and viscoelasticity (stress relaxation)” "%, can all regu-
late cell signalling pathways through outside-in signalling to control
organoid growth, cell differentiation and morphogenesis (Fig. 5). The
use of so-called ‘blank slate” hydrogels (for example, poly(ethylene
glycol) (PEG), hyaluronic acid and alginate) as reductionist ECM mimics
can address these limitations to understand the role of each factor in

Nature Reviews Bioengineering



Review article

organoid morphogenesis and therefore build more reproducible orga-
noids. Initial studies developed an effective blueprint for the design of
these hydrogels by manipulating initial matrix stiffness (for example,
by changing the concentration of hydrogel precursors), type and con-
centration of integrin-binding peptides (such as arginylglycylaspartic
acid (RGD) and AG73) or supplemental ECM components (such as
fibronectin, laminin 111and collagen IV), and degradability (for exam-
ple, by matrix metalloproteinase (MMP)-degradable crosslinkers or by
pre-programmed hydrolytic degradation)*. Notably, the latter study
on degradability demonstrated the temporal dependence of these
niche properties, in other words, the properties optimized at the start
of cell culture did not match those required for crypt morphogenesis.
An initially stiff matrix (stiffer than Matrigel, ~1.3 kPa) and cell-RGD
binding are needed to activate YAP signalling, whereas aprogrammed
matrix softening in the presence of full-length laminin 111 (not laminin-
derived peptides) is needed for crypt formation. Furthermore, the
mode and timing of matrix softening are key, with cell-derived MMP-
mediated rapid matrix degradation leading to organoids that are depo-
larized and disorganized, adopting aninflammation-like state. Shifting
the timing of matrix degradation later in organoid culture facilitates the
formation of crypts. Similar experiments have supported this notion
by temporally photosoftening synthetic matrices through controlled
light doses”. Importantly, both of these studies highlighted the need
for laminin in crypt formation. It was later identified that properties
need to be further optimized based on species (for example, mouse

Stiff (-) Laminin

(-)RGD
(-)AG73

versus human) as well as for ASC-derived versus PSC-derived orga-
noids****”!, Others have sought to replace Matrigel with matrices free
fromany animal-derived components®*-*2, Furthermore, ECM-mimetic
materials with controllable viscoelasticity and stress relaxation have
been shown to influence organoid growth® and crypt formation””®
by regulating symmetry breaking at early stages through differential
YAP localization”. Notably, crypts formed using alginate-Matrigel
interpenetrating networks with controllable stress relaxation much
more closely match the properties of native tissue and of Matrigel
compared to the synthetic dynamic hydrogels”. Understanding the
role of stress relaxation in the absence of ECM components is an area
of potential future interest to understand the regulators of early
symmetry breaking.

In addition to the ‘blank slate’ approach with hydrogel matrices,
other strategies have been pursued to more closely match the tissue-
specific ECM context, including the use of decellularized intestinal
tissue as a scaffold®***. These materials, along with the use of col-
lagen I-based hydrogels®*®, can capture other aspects of the fibril-
lar structure of ECM proteins absent in most amorphous synthetic
hydrogels. However, tuning their properties often involves altering
protein concentrations; therefore, it is more difficult to decouple the
role of mechanics from the chemistry, ligand density and other niche
properties. Nonetheless, some tunability is afforded using collagen|,
especially regarding fibre self-assembly and dimensions (diameter
and density)¥. New methods for synthetic fibre generation will help

Non-degradable Elastic

(+) RGD

Soft (+) Laminin

Fig. 5| Tunable hydrogel scaffold properties. Initial conditions of engineered
extracellular matrices (ECMs) can be tuned to adjust matrix stiffness, ECM
composition (with or without full-length proteins such as laminin), integrin-
binding motifs, degradability (matrix metalloproteinase degradable or

(+) AG73

Degradable Viscoelastic

hydrolytically degradable versus non-degradable) and stress relaxation.

Each ofthese properties can be easily tuned with engineered ECMs to better
understand their role in organoid growth, differentiation and morphogenesis.
RGD, arginylglycylaspartic acid.
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elucidate the role of this understudied niche cue in future organoid
studies®®.

Although most of the approaches previously discussed have
exploited monolithic hydrogels of cylindrical or dome shape, top-
downapproaches allow for the production of macroscale architectures
that can be generated with microfabrication, laser ablation or 3D scaf-
fold biomaterial printing. However, another important clarification
of terminology is needed here. In the tissue engineering context, 3D
printing has been referred to as both a top-down® and a bottom-up
approach??*, Indeed, 3D bioprinting of cell-based bio-inks’® consti-
tutesabottom-up approach because cells are placed at precise points
inspace as buildingblocks of anengineered tissue. However, 3D print-
ing of cell-free biomaterial inks followed by cell seeding within printed
scaffoldsis atop-downapproach, fitting well with both the classical and
ourrefined definitions. Therefore, scaffolds generated by 3D printing
that match the dimensions and architecture of the intestine that are
later seeded with organoid-generating cells are top-down approaches.
Culture platforms with macroscale geometries that setinitialboundary
conditions matching the in vivo intestinal architecture can be gener-
ated by microfabrication' or laser ablation” and then seeded with cells.
An important advantage of these systems is the ability to access the
lumen and subject the luminal compartment to peristaltic fluid flow.
Micropatterning canalsobe used to control theinitial geometry of PSC-
derived tissues and thereby guide self-organization of differentiating
cells by spatially controlling cell-cell interactions and local gradients
that can shape developing tissues’>®,

Overall, top-down approaches have revealed niche cues that
guide self-organization and enable macroscale construction of tissue-
engineered intestines. However, the lack of cell-scale spatial control
and spatiotemporal control after initial cell seeding limits their utility
to match the ever-changing intestinal cell niche.

Bottom-up organoid tissue engineering

Bottom-up approaches allow for precise construction of building
blocks composed of cells and niche cues and assembly of those build-
ingblocks at precise pointsin space. The scale of building blocks used
from bottom-up tissue engineering ranges from the single-cell level
to tightly controlled whole organoids spanning hundreds of microns
insize (Fig. 4b).

Methods for the generation of uniform multicellular spheroids
using forced aggregation can be extended to the generation of
uniform organoids of defined cell density. These methods, includ-
ing hanging drop” or commercially available microwells (such as
Aggrewells)”, induce cell-cell contact, resulting in spatially defined
organoids. For some cell types, such as intestinal organoids, ECM
components can also be included to improve growth?. Moreover,
microfabrication by softlithography is a versatile method to generate
organoids at pre-determined x-y coordinates on the same z-plane,
which simplifiesimaging and enables high throughput arrays of homo-
geneous organoids for drug screening®. Furthermore, arrays of wells
of defined diameter and aspect ratio allow the culture of organoids
with defined initial geometries”. These defined building blocks canbe
combined with top-down scaffolds to understand the role of organoid
geometry in driving symmetry breaking'®. For example, cell packing
(in this case internuclear distance) and cell shape, as controlled by
engineered well dimensions, were identified as key regulators of spatial
heterogeneitiesin YAP that contribute to symmetry breaking.

Despite not yet being applied inintestinal organoid culture, drop-
let microfluidics can be used to generate iPSC-derived islet organoids

with highly uniform morphometrics”. In addition to precise control
over organoid size, these methods can also generate tunable, cell-laden
microgels’®*’, the properties of which can be modulated to alter single-
cell fate or as designer single organoid microenvironments. Microgels
canbejammed to generate bulk granular hydrogels that contain indi-
vidual cell-laden building blocks or to assemble mixed population
microgels. Microgels can also be annealed through a variety of surface
functionalization methods, including complementary DNA assem-
bly'*°, guest-host interactions'” and a host of commonly used covalent
crosslinking chemistries'*>'**, Assembly can also be mediated by light,
magnetismand acoustic waves'** %, where intricate patterns of build-
ing blocks are generated in 3D space. These methods are in a nascent
stage for organoid assembly, but one can envisage many applications
inthe comingyears, for example, combining spatially organized orga-
noids with supporting mesenchymal, vascular or immune cells to
enhance their complexity and mimic the organoid niche.

In addition to precisely defining the spatial localization of cell-
laden microgels, these materials, or similarly functionalized micro-
particles or microbeads, can alsobe loaded with biochemical cues and
spatially oriented to study the role of local signalling cues or designed
for controlled release over time'*’. For example, WNT-loaded microbe-
ads spatially restrict WNT signalling and direct fate at the single-cell
level depending on their relative distance from the source of WNT'?,
Spatially organized patterns of bound biochemical cues or integrin-
binding motifs have also been generated by light-mediated reactions to
guide cellbehaviourin3D and would provide interesting new avenues
of inquiry for guided organoid growth'*s™",

Besides annealing of cell-laden microgels, several other methods
arebeingexplored to assemble cellular building blocks in3D. Indeed,
3D bioprinting is growing as a popular method to establish spatially
defined 3D cellular organization and has rapidly advanced to printing
with cell-based bio-inks, including microgels. The benefits of using
3D printing methods for organoid culture have been demonstrated
using extrusion-based printing methods for several types of organoids,
including cortical'® kidney"™ and intestinal organoids'”. In the case of
the intestine, other supporting cell populations, such as branching,
lumenized endothelial cellsand mesenchymal cells, have been spatially
deposited to generate more complex, multicellular constructs®'",
The generation of 3D-printed cortical organoids also represents a
merging of several technologies, including one-pot multi-lineage
differentiation with inducible transcription factor overexpression to
generate vascularized and spatially patterned cortical organoids™.
Although not yet used for intestinal organoid assembly, acoustic'*"”,
magnetic"®"’, optical®'*' and electrical assembly** have allbeen used
for other cell types and could theoretically be used with intestinal
organoids. Finally, cell membranes can be chemically functionalized
for synthetic cellular assembly. For example, liposomes have been
used to modify cell membranes with bio-orthogonal lipids that are
subsequently crosslinked to other cells through bio-click chemistry'.
In a complementary way, DNA has been used as a synthetic cell adhe-
sion molecule to create bottom-up 3D tissues with programmable
initial size, shape, cellular composition and spatial organization'*'>,
Synthetic biology methods have allowed the generation of engineered
cellsurfaceligands and receptors based on synthetic NOTCH signalling
to generate programmable multicellular structures'.

In sum, bottom-up approaches address some of the limitations
of top-down approaches by enabling tight control over cellular spa-
tial organization from the single-cell to the tissue-level scale. These
technologies enable exquisite control over cell number, construct
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size and construct shape to establish reproducible tissue building
blocks. Numerous assembly methods can spatially organize these
building blocks into complex, biomimetic architectures. However, they
are highly dependent on a priori knowledge of the cell composition
and spatial organization of the desired end product and will require
continual adaptation as knowledge is gained in this area. Further-
more, these methods are oftenrestrictive of cellular self-organization,
thereby likely eliminating steps in the natural trajectory that leads to
the final tissue form, which could be important for the generation of
fully functional tissues.

Middle-out organoid tissue engineering

The tissue-specific niche contains a multitude of cues that can guide
morphogenesis at multiple length scales, from the cellular to the
whole organoid level, and the optimal cue combination for each step
inmorphogenesis changes over space and time. These spatiotemporal
changes are difficult to control with the available methods; therefore,
advances are needed in biomaterial chemistry, processing methods
and 4D cell culture (thatis, cell culture thatis controllable in space and
time) to accurately impart these changes.

Bottom-up strategies can precisely controlinitial cellular composi-
tion and spatial positioning and can be combined with top-down bio-
materials amenable to self-organization to maximize biomimicry™ and
generate more homogeneous organoids to study the impact of spatial
organization on symmetry breaking'”. However, the lack of controlla-
ble dynamics with even these powerful combinatorial methods limits
the control of morphogenesis. Here, we suggest several nascent and
prospective strategies for middle-out tissue engineering of organoids,
which we define for the first time in this article, using sequential or
reversible reactions or exogenously activatable stimuli to manipu-
late the spatiotemporal composition of engineered niches to guide
organoid morphogenesis (Fig. 6a).

Toengineer niche propertiesin space and time, the cells or materi-
alsmust be sensitive to the cytocompatible stimuli of change, including
controlled light doses, magnetic fields, ultrasound or electric fields.
Light-based changes have been studied in most detail because these
chemistries allow accurate and real-time manipulation of spatiotem-
poral matrix properties (Fig. 6b). Originally, fibroblasts were encapsu-
lated in proteolytically degradable synthetic hydrogels composed of
photocrosslinkable PEG diacrylate macromers, followed by acrylate-
functionalized RGD peptide integration into the existing hydrogel with
a photoinitiator and controlled light exposure. A two-photon laser
scanning confocal microscope was used to visualize cells and precisely
pattern regions of RGD attached to the pre-existing hydrogel. These
changes facilitated directed cell migration along the region of pat-
terned RGD'. Different chemistries can be used, such as copper-free
click reactions to enable initial cell encapsulation, followed by bio-
orthogonal thiol-ene photocoupling of RGD at precise points in space
and time to sequentially pattern peptides and guide cell migration'*®,
For example, reversible and repeatable peptide and protein exchange
in3D usingallyl sulfide addition-fragmentation chain transfer allows
PEG hydrogel functionalization to sequentially tether three consecu-
tive peptides and provide additional control over the local niche'”.
Because these changes can theoretically occur at any point in time
and space after initial cell encapsulation, it would be compelling to
perform similar experiments with organoids to study the timing and
spatial localization of these modifications and understand the role of
differential integrin binding in organoid cell fate®**’° and morpho-
genesis’” In essence, theinitial hydrogel used for encapsulation could

be optimized using the blueprintlaid out in the top-down approaches
with any of the numerous cytocompatible photochemistries™’, and
any cell adhesive peptides™ or even full-length proteins™? could be
spatiotemporally presented to single cells or geometrically defined
regions surrounding an organoid.

Sequential addition of integrin-binding peptides (or proteins) can
mimic protein deposition that could be essential in organoid growth.
These binding peptides can also be removed with spatiotemporal
precision to mimic ECM remodelling and study the role of dynamic
(subtractive) ECM cues. For example, photocleavable RGD or full-
length proteins can be incorporated into PEG-based hydrogels and,
upon controlled light exposure, be removed at precise pointsin space
and time. Removal of RGD enhances ECM production by encapsulated
mesenchymal stromal cells and favours chondrogenic fate specifica-
tion'*’, Removing integrin-binding peptides and assessing their rolein
organoid cell fate and subsequent morphogenesis is an interesting line
ofinquiry applying middle-out principles and co-opting old techniques
to answer new questions in organoid biology.

These principles can be used to spatiotemporally define other
niche cues that are commonly presented as soluble factors in orga-
noid culture media. Photocaging techniques are widely employed to
spatiotemporally expose active groups for chemical photopattern-
ing. Coumarin-caged thiols were initially used in agarose hydrogels,
where two-photonirradiation at geometrically defined 3D coordinates
resulted in uncaging of thiols, which could react with free diffusing
thiol-reactive maleimide-functionalized barnase™*. This process can
berepeated at different 3D coordinates with maleimide-functionalized
streptavidin. Fusion proteins (barstar functionalized and biotin func-
tionalized) can then be diffused throughout the hydrogel to react
specifically with photopatterned regions, enabling simultaneous
patterning of multiple factors in the presence of cells"*. The initial
cell-laden hydrogel have been further advanced from agarose to more
controllable and cell-compatible PEG-based hydrogels™ and even to
naturally derived hydrogels™¢, which could prove especially useful
for organoid culture. Patterning has also progressed from initially
requiring a multi-step process with multiple washes to enabling more
streamlined, one-step patterning reactions'”, as well as the capacity for
repeatable and/or reversible patterning with photolabile linkages™®,
multiple wavelengths with orthogonal chemistries™>"**'* or addition-
fragmentation chain transfer'*> and the preservation of bioactivity of
arange of proteins with sortase-mediated transpeptidation to enable
spatiotemporally defined conjugation to biomaterials'.

Additionally, gradients of growth factors'** and other niche
cues, such as oxygen'**", can be generated using microfluidics'” or
photochemistry using the controlled motion of photomasks'. For
example, diffusion-based engineered gradients of WNT3A and/or
R-SPONDIN1 in a microfluidic device compartmentalize proliferative
cells and crypt formation to the location along the gradient with the
higher concentration of these two morphogens, which exist at higher
concentrations in the crypt compartment in vivo. These tools can
directly manipulate one or more factors and their spatiotemporal
presentation toisolate the effects of morphogen gradientsin organoid
morphogenesis, which have been previously difficult to manipulate.
Such experiments would allow researchers to better understand the
role of the spatial distances over which gradients act and the magnitude
of the concentration gradient on cell behaviour.

Furthermore, niche-resident cells constantly remodel their
surroundings through ECM deposition and degradation, thereby
changing the mechanical properties of their microenvironment.
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Fig. 6 | Middle-out tissue engineering of
organoids. a, Organoids can be manipulated with
stimuli-mediated changes through light, magnetism,
ultrasound or the application of an electric field to
directly modulate cell behaviour or gene expression,
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properties atany pointin space or time to result
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These parameters (in this case, stiffness and stress relaxation) can
also be tuned with spatiotemporal precision and decoupled from
other niche properties using photoresponsive chemistries such as
photolabile degradation of crosslinkers™*'** or photostiffening-induced
crosslinking™**, Specifically, photocleavable ortho-nitrobenzyl deriv-
atives have evolved to enable their use as crosslinkers in different types
of hydrogels. The use of this photolabile crosslinker has advanced from
its initial utility to photodegrade channels to allow for mesenchymal

stromal cell migration'”, to facilitating matrix modification at the single-
celllevel™¢, allowing study of the role of spatial subcellular patterns of
matrix stiffness on cell fate decisions'’, and guiding neural network
growthinto eroded channels™®, Phototunable matrix softening through
photocleavage of ortho-nitrobenzyl crosslinkers has also been used to
guide deterministic crypt growth of intestinal organoids”. For exam-
ple, matrix mechanics can first be tuned to facilitate organoid colony
growth by varying the initial matrix stiffness and quantifying colony
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forming efficiency; photosoftening of spatially defined regions adja-
cent to live organoids with a laser scanning confocal microscope can
thenbe optimizedin terms of the degree of softening, dimensions and
density of softened regions to facilitate crypt formation. This controlled
matrix softening mimics the ECM softening needed for crypt bud ini-
tiation*? and resultsin crypt formationin the photopatternedregions,
which canbe quantified by measuring the crypt-forming efficiency and
characterized by investigating the localization of crypt-resident cell
types, including LGRS" stem cell and Paneth cells. This type of location-
specific matrix manipulation is a particularly powerful tool to study
therole of mechanosensinginintestinal organoids because cues regu-
lated by ECM stiffness are crucial in symmetry breaking (for example,
YAP'®) and can be precisely tuned in space and time. Other hydrogels,
including those with allyl sulfide crosslinkers’, could also be used to
spatially pattern matrix softening. Because a single photon caninitiate
multiple events through the allyl sulfide addition-fragmentation chain
transfer process, the photodegradationis amplified, resulting in rapid
degradation on the order of seconds that could be useful to increase
the throughput of middle-out applications or to study and control
mechanotransduction, which can occur on the timescale of seconds or
less™*'%°, Spatially restricted photostiffening canbe similarly used, for
example, by conjugating coumarin-derivatives (7-hydroxycoumarin-
3-carboxylate (HCC) or 7-carboxymethoxy-4-methylcoumarin) to a
multi-arm PEG backbone or to gelatin to generate photocrosslinkable
hydrogels. When mixed with Matrigel, photocrosslinking of HCC-
gelatin is initiated after organoid encapsulation to restrict intestinal
organoid growth to defined regions™, and HCC-PEG can be used to
pattern stiffened regions adjacent to organotypic epithelial lung bud
cultures and direct branching'®. This so-called ‘gel-in-gel’ printing
strategy is useful as a middle-out approach to study the role of local
matrix stiffening on symmetry-breaking events because cellsadjacent
to bud formation have increased cell-ECM interactions®. Similarly,
local matrix accumulation can drive branching in other epithelial
organoids'®, possibly because of increased matrix stiffness in those
regions. Stress relaxation has also been suggested to be akey playerin
symmetry breaking by facilitating heterogeneitiesin YAP localization.
Therefore, it would be beneficial to spatiotemporally regulate stress
relaxation at defined regions adjacent to growing organoids, like the
methods described for modulating stiffness. Such photo-induced stress
relaxation is possible by covalent adaptability with allyl sulfide-based
crosslinks that can undergo rearrangement rather than degradation
when exposed to the proper conditions'®*.

Although gradients of soluble cues have well-established roles
indevelopment and organoid morphogenesis, the effects of stiffness
gradients are less understood. Stiffness gradients, which can be self-
generated, have beensuggested to have animportantrole in develop-
ment and tissue homeostasis'®. Although they have not been studied
in organoid growth, stiffness gradients can be generated by tuning
hydrogel depth'*®, using a moving photomask to expose different
regions to different light doses'” or maskless lithography to generate
submicron gradients with any input grey-scale image'®.

Light canalso be used to specifically and spatiotemporally impact
gene expression, rather than changesto the surrounding niche, through
optogenetics'®. This technique has beenapplied to an organoid model
of neural tube development to locally activate Sonic Hedgehog signal-
ling"”°. For patterning morphogenesis, OptoShroom3 has been used
to control apical constriction with spatiotemporal precisionin neural
organoids"’, and optoYAP">'” could be similarly used as an initiator of
symmetry breaking inintestinal or other organoid models.

Other stimuli, including magnetic fields, electric fields, ultrasound
and acoustic waves, compression and fluid flow, can be applied to
manipulate various engineered organoids”’*'”>. For example, when
subjected toamagnetic field, magnetically labelled cells within neural
organoids induce mechanical tissue changes and drive asymmetric
growth, thereby enhancing patterning through an external stimulus'.
Tostudy the effects of biomimetic peristaltic flow, intestinal organ-on-
a-chip technologies have been optimized for organoid-derived cell
culture””", In future studies, methods to control organoid growth
using top-down strategies of geometrically confined self-organization”
couldreveal theimpact of peristaltic fluid flow on engineered intestinal
tissue. Furthermore, the ability to impart local forces at the cellular
scale will be useful to advance our understanding of local forces on
cell fate and to exogenously control morphogenesis using middle-out
methods.

Other emergingtechniques use combinatorialapproaches, includ-
ing facilitating exogenous user-defined control using light-responsive
chemistries coupled with logic-gate controlled endogenous cell-guided
biomaterial remodelling, where unique control over morphogenesis
can be achieved"”. This technique can spatiotemporally control at
multiple scales and pattern multiple cell types independently within
one construct. Finally, emerging strategies, including the use of shape-
morphing hydrogels, take aunique approach to guiding cellular assem-
bly based on patterns of cell contractility’’. These methods could be
used to construct organoids with a predictable and controllable shape.

Outlook

Tissue engineering approaches have improved control over organoid
culture and have uncovered specific roles for numerous niche cues
that could not be studied using standard Matrigel. Moving forward, we
posit that applying middle-out approaches to organoids will continue
to advance the reproducibility of organoid culture while providing
fundamental insights into key regulators of morphogenesis to scale
up and improve their translational potential®. Engineering organoid
self-organization will likely involve combining strategies to manipulate
cellsfromthe subcellular to the tissue-level scale and tuning different
nichedynamicsindependently and simultaneously. Biomaterial strate-
giesare advancing and will be specifically developed for organoid cul-
tures asour understanding of morphogenesis progress. Itis likely that
added cellular complexity, including mesenchymal/stromal, vascular,
nerve and immune cells, will be necessary to build fully functional tis-
sues andtoachieve adult-like maturation states for organoids cultured
from PSCs. Many tissue-engineered models thatinclude multiple cell
types do not account for their tissue-specific nature (for example,
tissue-specific vasculature'™) orinclude poorly defined mesenchymal/
stromal populations, whose heterogeneity is becoming more appreci-
ated with emerging datasets from cell atlases*. These cell atlases*®'8* '
have also proven to be a valuable resource to improve niche-inspired
organoid protocols by identifying new factors that have been added
to organoid culture media and, importantly, the optimal duration and
timing for these factors toimprove differentiation and maturation®*,
Technical advancements in multiplexed antibody-based imaging'®,
spatial sequencing®*®, individual organoid sequencing' and mul-
timodal phenotyping'®® will continue to advance architectural and
compositional biomimicry and provide opportunities to mine existing
datasets for other regulators of cellular processes. All thisinformation
should prove beneficial for labs with different interests (for example,
development biology, stem cell biologists, biomaterial scientists, tissue
engineers) by providing new directions for the design of tissue-specific
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culture niches with spatiotemporal precision. User-selected subsets
of cells subjected to specific spatiotemporally induced cues could
also be collected using photodegradation™’ for, theoretically, any
type of analysis. Furthermore, advances in real-time microscopy and
characterization with large imaging data sets and deep learning have
enabled the detection of features, such as shape and cell composition,
and quantitative classification of organoid phenotypes**'¥7%!, These
advances, coupled with the ability to generate multi-colour reporter
organoids'**? and to precisely control the spatial location and size
of organoids with bottom-up techniques and high throughputarrays,
will likely continue to advance our understanding of key cell players and
theirlocalization throughout organoid morphogenesis by generating
heat maps with overlays of multiple organoids to improve statistical
power compared with traditional imaging methods. Finally, methods
for expansion microscopy have been developed to image organoids
cultured in 3D matrices and enable super-resolution imaging'*.

Complementary approaches can also be used to characterize
the dynamic ECM secreted by cells in organoids, including metabolic
labelling with non-canonical amino acids coupled with mass spectrom-
etry tounderstand how cellular remodelling contributes to organoid
growth and morphogenesis'”. Furthermore, methods to measure local
rheological properties'® and forces'’ could be used to characterize
niche cues and inform the design of new tissue engineering strategies
to construct organoids.

Understandingif cell-based remodelling can override engineered
material properties or if material properties can override intrinsic
genetic programmes will beimportant for understanding how specific
niche cues regulate organoid growth. The competition and/or synergy
between biochemical and biophysical cues remains unknown. Middle-
out approaches hold great potential to deconvolute these complex
pathways. Moreover, finding the proper middle ground for controlled
self-organization to enable genetically encoded programmes to pro-
ceed with exogenously controlled boundary conditions remains a
challenge and will likely require comparisons with in vivo datato ensure
biomimetic tissue models are achieved. Itis yet unknownif the pathway
to the formation of the final tissue construct matters towards its ulti-
mate function. Differentiating multiple cell types separately and then
combing them post-differentiation show variations from methods
for co-emergence of different cell types using ‘one-pot’ approaches,
indicating that the trajectory from multipotency to terminally differ-
entiated cell type might be important'®®. Finally, achieving the cellular
diversity, maturation and full functionality of organoids will require a
better understanding of niche dynamics and engineering strategies to
perturb or control these dynamics.

Published online: 13 March 2023
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