Bioactive Materials 28 (2023) 386-401

KeAi

BIOACTIVE
MATERIALS

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Bioactive Materials

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

Review article ' :.)

Check for

Recent advances in defined hydrogels in organoid research o

Zhonggiao Gan®™’, Xinyuan Qin*™', Haitao Liu®, Jiayue Liu®¢, Jianhua Qin*>%%%"

2 Division of Biotechnology, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, 116023, China
® University of Chinese Academy of Science, Beijing, 100049, China

¢ Beijing Institute for Stem Cell and Regeneration, CAS, Beijing, 100101, China

d University of Science and Technology of China, Hefei, 230026, China

€ Suzhou Institute for Advanced Research, University of Science and Technology of China, Suzhou, 215123, China

ARTICLE INFO ABSTRACT

Keywords: Organoids are in vitro model systems that mimic the complexity of organs with multicellular structures and

Organoids functions, which provide great potential for biomedical and tissue engineering. However, their current formation

Exzaceul‘ﬂar matrix heavily relies on using complex animal-derived extracellular matrices (ECM), such as Matrigel. These matrices
ydrogels

are often poorly defined in chemical components and exhibit limited tunability and reproducibility. Recently, the
biochemical and biophysical properties of defined hydrogels can be precisely tuned, offering broader opportu-
nities to support the development and maturation of organoids. In this review, the fundamental properties of
ECM in vivo and critical strategies to design matrices for organoid culture are summarized. Two typically defined
hydrogels derived from natural and synthetic polymers for their applicability to improve organoids formation are
presented. The representative applications of incorporating organoids into defined hydrogels are highlighted.
Finally, some challenges and future perspectives are also discussed in developing defined hydrogels and
advanced technologies toward supporting organoid research.

Tunable property

1. Introduction

The creation of three-dimensional (3D) human organotypic models
in vitro represents a major technological breakthrough [1,2]. Organoids
have attracted significant attention, as they can recapitulate the key
functional and structural features of their in vivo counterparts [3-5].
Over the past decades, consistent efforts to develop strategies for com-
plex biomimetic tissue structures have emerged in growing and main-
taining organoids in vitro [6-9]. In vivo, the native matrix provides
bioactive factors, 3D support, and morphological guidance to the
embedded cellular clusters within all tissues and organs, contributing to
the construction of the whole human body [10]. Replicating the key
features of the extracellular matrix (ECM) in vitro is necessary to build
more physiologically relevant organoids. As the important characteris-
tics of the ECM are better understood, several matrices are used for
organoid culture, but some challenges remain. In common protocols, the
formation of organoids heavily relies on the basement membrane extract
(BME), such as Matrigel, which is derived from tumor origin, exhibiting
batch-to-batch variation, high cost, and safety issues [11,12]. Organoids
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grown in such matrices are greatly limited in translational research, such
as regenerative medicine and high-content drug screening [13]. More-
over, some studies have also reported using the whole ECM obtained
from decellularized tissues as 3D scaffolds for cell and organoid cultures
[14-17]. The use of whole tissue ECM provides the most suitable tissue
environment for developing organoids, but the results are still incon-
stant because of the chemically ambiguous components [18,19]. In
addition, the compositional heterogeneity of these matrices is not
conducive to the precise tuning of their physical and biochemical
properties, which further hinders organoid applications [20].

In this regard, defined hydrogels are hydrophilic, crosslinked poly-
mers that can be designed to mimic the ECM of different tissues [21].
This enables the creation of microenvironments that closely resemble
the in vivo niche of the organ of interest, promoting the growth and
differentiation of cells within the organoid. Defined hydrogels can be
customized by varying their physical, chemical, and mechanical prop-
erties, providing researchers with a versatile tool to create organoid
models for various organs [20,22-24]. Furthermore, incorporating
growth factors, signaling molecules, and other bioactive molecules into
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the hydrogel matrix further allows for precise control over the organoid
microenvironment [25]. In recent years, with the emergence of several
natural and synthetic hydrogels with precisely tuned biochemical and
biophysical properties, further opportunities have emerged in the field
of organoid biomedicine [26-29].

In this review, we aim to provide an overview of using defined
hydrogels as cell instructive scaffolds to support organoid research
(Fig. 1). Firstly, we provide some basic considerations and strategies of
defined hydrogels for mimicking native ECM. Then, we highlight two
types of well-defined hydrogels and their remarkable applications of
organoids in the fields of organ development, disease modeling, drug
testing, and regenerative medicine. Finally, we also discuss the promise
of emerging hydrogels with controllable response properties in helping
to bridge the gap between in vitro organoid models and their in vivo
counterparts.

2. Basic consideration to defined hydrogel as matrices for
organoid culture

The success of organoid culture is mainly dependent on the highly
biomimetic dynamic microenvironment required for organ or tissue
formation and functional generation in vivo. Mimicking the functional
characteristics of native ECM and being compatible with common
bioengineering techniques are essential criteria to consider in the
development of defined hydrogels for organoid culture [11]. In this
section, we describe some basic considerations for constructing defined
hydrogels in terms of biological signals, biophysical cues, and cross-
linking strategies, which can be conceivable to optimize hydrogel for-
mulations to deliver increased fidelity in replicating the in vivo
microenvironment and offering a more credible representation of organ
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behavior.

2.1. Biochemical signaling

Generally, the native ECM is composed of various proteins, poly-
saccharides, and growth factors, which possesses bioactive sites to allow
cell adhesion, degradation, and activation of the certain signaling
pathway (Fig. 2). As such, the defined hydrogels should be designed to
contain the key bioactive or functional groups to support the growth and
self-assembly of embedded cells for the ultimate organoid formation
[30].

2.1.1. Cell adhesion

Cell adhesion is a crucial process that facilitates the binding of cells
to ECM components or other cells, which plays a significant role in
various cellular behaviors, such as migration, differentiation, prolifer-
ation, and survival [31]. Therefore, defined hydrogels used in organoid
culture should contain specific biochemical protein components, such as
laminin, fibronectin, and collagen, etc., that can facilitate cell adhesion
and further improve the cell spreading and force transmission between
cells and the ECM via integrin-mediated mechanotransduction [32,33].
However, this still brings a lot of complexity and uncertainty to organoid
culture and is not conducive to the construction of defined hydrogels.
Over the past decades, numerous adhesion motifs such as RGD, IKVAV,
YIGSR, GFOGER, AG73, and PHSRN, etc., have been identified from
some of the above proteins to precisely controlling cell behavior [34,
35]. These can be directly modified into defined hydrogels to improve
cell adhesion and thus influence cell functions. Among them, RGD is the
minimum peptide sequence, i.e., Arginine-Glycine-Aspartic acid
required for integrin ligands, commonly used in fabricating a wide range

Fig. 1. Overview of defined hydrogels to support
organoid research. Several basic properties (e.g., de-
gradability, mechanical properties, and cell adhesion)
in developing hydrogels to mimic extracellular matrix
in vivo should be considered. Two types of hydrogels
derived from natural (e.g., animal and plant) and

fully synthetic polymers are widely used regulate cell
behavior (e.g., differentiation, adhesion, cell-cell
interaction, proliferation, and migration). These
hydrogels with well-defined properties can be inte-
3 grateed into organoids facilitating their potential ap-
Synthesis L . .
plications in organ development, disease model, drug
testing, and regenerative medicine.
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of cell adhesive surfaces [36]. For example, in the process of hMSC
condensation, chondrogenic differentiation was greatly promoted by
functionalized hyaluronic acid grafted with RGD peptide [37]. There-
fore, the inclusion of specific cell adhesion cues in defined hydrogels
represents an essential strategy for creating more biomimetic organoid
culture systems.

2.1.2. Modulation of signaling pathway

The activation of certain signaling pathways within organoids are
essential for cell growth, differentiation, and survival. Defined hydrogels
must be designed to facilitate the activation of these signaling pathways
by incorporating chemical cues that can activate the corresponding re-
ceptors. For example, Wnt signaling pathway plays a crucial role in the
formation of intestinal organoids, and therefore, defined hydrogels used
for the cultivation of intestinal organoids contain Wnt agonists to
facilitate this pathway’s activation [38]. Similarly, hydrogels with
morphogens, such as bone morphogenetic protein 2 (BMP2) and trans-
forming growth factor-p (TGFf), hold the potential to enhance their
bioactivity and promote cell spreading, viability, and differentiation
[39-41].

2.1.3. Degradation and remodeling

As for the matrix’s degradation and remodeling, metalloproteinase-
sensitive degradation motifs can be modified to the defined hydrogel
systems to allow cell spreading and self-assembly. Also, such purpose
can be achieved by simply using hydrogels formed via supramolecular
interaction, including electrostatic interaction, hydrogen-bond interac-
tion, and hydrophobic interaction, etc. [42,43]. Hydrolytically degrad-
able and photodegradable hydrogels are also promising alternatives for
3D cell culture. Previous studies have demonstrated that introducing
labile bonds (e.g., ester bonds) within the crosslinks has become a
common strategy for offering hydrolytic degradation to design cell
microenvironment, which can simply control the degradation rate of
hydrogels by changing the number of ester bonds [44]. As for the
photodegradable category, various photolabile groups (such as o-nitro-
benzylester, coumarin and disulfides, etc.) were introduced into
hydrogel networks, allowing users to more simply and precisely control
hydrogel’s degradability at positions of interest by external light irra-
diation [45]. Moreover, altering the molecular weight of defined
hydrogels can significantly affect some of the important physical fea-
tures, like viscosity, stiffness, and stress relaxation, of the artificial
matrices, which will be elaborated in the next paragraphs [46,47].
Clearly, fully recapitulating the critical biochemical properties of natu-
ral ECM will endow defined hydrogels with the potential to support
organoids growth, expansion, morphogenesis, and maintenance of
physiological functionalities.
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Fig. 2. Representative biochemical properties
considered in designing hydrogels to mimic ECM. (A).
Schematic of the RGD-conjugated hydrogels to
improve adhesion-dependent cellular behavior
(reprinted with permission from Ref. [161]). (B).
Schematic of the MMPs loosening hydrogels to enable
immune cells to infiltrate and degrade silk fibroin
hydrogel (reprinted with permission from Ref. [162]).
(C). Schematic of the bone morphogenetic protein-2
(BMP-2) integrated into hydrogels to accelerate
bone regeneration (reprinted with permission from
Ref. [163]).

adhesion

Integrin 7

2.2. Biophysical cues

Hydrogels are aqueous polymers with 3D hydrophilic networks,
which exhibit swelling and porous properties that allow diffusion of
small molecules and hydrophilic biomacromolecules, serving as quali-
fied matrices for cell culture [48,49]. In addition to componential sup-
plementary, defined hydrogels are supposed to provide mechanical
clues and geometrical guidance for organoid formation and develop-
ment (Fig. 3).

2.2.1. Mechanics

The key mechanical features, like viscoelasticity, stiffness and stress
relaxation, of hydrogels can be significantly changed by altering the
molecular weight and structure, and the crosslinking density of pre-
polymers to build customized or dynamic matrices for certain organoid
culture. Stiffness is taken as an example to illustrate the mechanical
design criteria of defined hydrogels used in organoid areas [50].
Generally, the stiffness of natural ECM depends on their origins, ranging
from 0.1 kPa of brain to 10 MPa of bones in terms of Young’s Modulus
[51]. And the stiffness of hydrogels can be enhanced by increasing the
molecular weight and crosslinking density, as well as the amount of
supramolecular interaction, to meet the needs of different type of
organoids. In a recent study, the varying ECM stiffness was simulated
using alginate hydrogels with different stiffening times. When the matrix
stiffness increases, the paracrine function of MSCs can be significantly
promoted [52]. Moreover, the stiffness of natural ECM changes signifi-
cantly during the differentiation of stem cells or pathological state (e.g.,
cancerization and fibrosis), under which circumstances, dynamic
hydrogels with secondary reactive groups or isomeric groups can serve
as the optimal matrices for building corresponding organoid models [53,
54].

2.2.2. Geometrical guidance

Geometrical guidance of defined hydrogels is another important
biophysical issue when designing and constructing organoids in vitro due
to the complex and hierarchical structures of in vivo tissues and organs
[55]. The geometrical guidance can be broadly categorized into uniform
arrays and biomimetic architectures. The former are usually superficial
patterns, microwells, and microcarriers, which are used for
high-throughput generation of uniform organoids to enhance the pro-
ducibility of organoid systems [56-58]. For example, Liu et al. provided
an all-in-water droplet microfluidic system to fabricate hybrid hydrogel
capsules composed of alginate and chitosan, allowing for massive for-
mation of functional and uniform islet organoids derived from human
iPSCs [57]. The produced organoids exhibit high expression of pancre-
atic hormone specific genes and proteins, as well as glucose stimulated
insulin secretion function, demonstrating the efficiency of these micro-
carriers for building robust organoid models. The latter are various
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Fig. 3. Representative biophysical properties considered in designing hydrogels to mimic ECM. (A). Schematic of alginate hydrogels with varying stiffening times
was used to analyze the influence of dynamic ECM stiffness changes on MSCs’ paracrine function (reprinted with permission from Ref. [52]). (B). Schematic of in vitro
modeling using PEG-patterned substrates to geometrically confine human pluripotent stem cell colonies and spatially present mechanical stress to simulate such
events (reprinted with permission from Ref. [164]). (C). Schematic of a novel droplet microfluidic system for one-step fabrication of hybrid hydrogel capsules
enabling 3D culture and growth of hiPSC-derived organoids in a reproducible and high-throughput manner (reprinted with permission from Ref. [165]). (D).
Schematic of creating microengineered hydrogel films on the bottom of multiwell plates allows for the simultaneous derivation of thousands of uniform organoids at
predefined locations on the same focal plane (reprinted with permission from Ref. [166]).

biomimetic architectures, such as lumens, crypts, and any structures
similar to the targeting organs fabricated by 3D printing or other
molding technologies [59-61], which are usually utilized for guiding the
heterogeneous morphogenesis and functionalities (e.g., vascularization)
of organoids. For instance, Nikolaev et al. developed a crypt- and
villus-like organoid model using microchannels with lateral branches
within a mixture of collagen and Matrigel fabricated by nanosecond
laser in a microfluidic chip [61]. With the biomimetic architectures, the
proposed organoids exhibit rare, specialized cell types that are seldom
found in conventional organoids, indicating the crucial role of
morphological guidance during organoid development.

2.3. Crosslinking strategies

The formation of stable polymeric networks is indispensable to
combine with some emerging engineering techniques such as micro-
fluidic, bioprinting, and electrospinning, etc. with the incorporation of
organoids into defined hydrogels [62]. Hydrogels’ mechanical and
biochemical properties are closely related to the crosslinking strategies.
Hydrogels with different crosslinking structures can exhibit distinct
functions, even for the same compositions [34]. Currently, the cross-
linking mechanisms of constructing hydrogels into 3D assemblies for cell
culture can be divided into two basic types: physical interactions and
covalent interactions. The following subsections introduced some com-
mon reactions used to crosslink hydrogels based on such interactions.
More details regarding these interactions can be found in other excellent
reviews [63-65].

2.3.1. Physical interactions

Hydrogels constructed through physical interactions are non-
covalent intermolecular associations, which avoid potential cytotox-
icity with residue initiators or monomers in some gel reactions [63].

389

Meanwhile, this crosslinked hydrogel can undergo a reversible phase
transition when environmental conditions, such as ion concentration,
pH, salt, temperature, and electric field, change to a certain extent,
exhibiting self-healing, biocompatibility, and stress relaxation [66].

Ionic/electrostatic interaction represents a typical physical interac-
tion to construct dynamic hydrogels for various biomedical applications,
which refers to the crosslinking mechanism of hydrogel via two mole-
cules of opposite electric charges. Multivalent oligomers or polymers can
create solid and tough hydrogels by exploiting ionic/electrostatic in-
teractions [64]. The stiffness of these hydrogels is determined by factors
such as the polymer molecular weight, composition, and ion cross-
linking density, which enables independent control of both stiffness and
adhesion ligand concentration. Alginate is a well-known example of
hydrogel that undergoes gelation in the presence of divalent cations,
particularly Ca?*, due to interactions between the carboxylic groups of
one of the sugar constituents and divalent cations, and is commonly used
in various biomedical applications [67]. Another type of physical
interaction, hydrophobic interaction, can also be exploited for cross-
linking water-soluble polymers containing hydrophobic end groups, side
chains, or monomers to create hydrogels [68]. This interaction is not
affected by the pH or ionic strength of the aqueous solution and can be
used to engineer the mechanical microenvironment of organoids.
Significantly, the mechanical properties of hydrogels, including their
viscoelasticity, can be modified by adjusting the strength of hydrophobic
interactions, which is essential to mimic the microstructural dynamics of
native ECM. In addition, physical interactions such as hydrogen
bonding, supramolecular interactions, and metal-ligand coordination
can also be utilized [64]. The combination of multiple physical in-
teractions for developing defined hydrogels enables the investigation of
diverse organoids.
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2.3.2. Covalent interactions

The hydrogels gelled with covalent interactions exhibit relatively
higher mechanical strength, which usually includes free radical poly-
merization, condensation reactions, and orthogonal coupling reactions
such as thiol-ene/yne reactions or alkyne-azide reactions, etc [65].
However, these hydrogels are generally permanent solidified and diffi-
cult to be remodeled unless their covalent bonds are cleaved, which may
negatively affect cell viability or function in organoid culture. It is highly
desirable to design a biomimetic scaffold that possesses stable me-
chanical properties yet can reasonably simulate the dynamics of the
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native ECM.

Recently, with the emergence of dynamic covalent chemistry, the
seemingly contradictory mechanical properties, i.e., stability and ki-
netics, have been successfully combined in some stimuli-responsive
hydrogels [65,69]. Such dynamic covalent interactions can undergo
reversible fragmentation, recombination, and exchange when triggered
by specific stimuli and play a crucial role in capturing the viscoelastic
properties of soft tissues. Generally, they can be divided into two groups
according to the different dependence of their equilibrium constants on
temperature and concentration, i.e., reversible addition reactions (e.g.,

Table 1
Summary of natural hydrogels suited for organoid culture.
Hydrogels Origin Advantages Disadvantages Gelation Organoid types Refs.
Collagen Connective tissue of e Containing cell e Poor thermal e Physical gelation: Thermal self-assembly e Human mammary [22,23,73,
animals adhesive domains stability e Chemical gelation: Glutaraldehyde, EDC/ gland organoids 169]
e Enzymatically e Low mechanical NHS, photopolymerization o Intestinal epithelial
degraded strength (methacrylate, thiol derivatives organoids
e Exhibiting structural e Islet organoids from
and mechanical human induced
properties pluripotent stem
reminiscent of native cells
tissues
e Facilitating cell
growth and
differentiation
Fibrin Formed from e Biocompatible e High cost e Enzymatic gelation: Thrombin, Factor XIII e Liver organoid from [20,87,
fibrinogen isolated e Degradable e Possibility of o Chemical gelation: Glutaraldehyde, EDC/ hiPSCs 170]
from the blood e Abundant human pathogen NHS e Epithelial organoids
system biologically active transmission derived from
sites different mouse and
human tissues
Gelatin Derived through e Biocompatible e Temperature exerts o Physical gelation: Thermal self-assembly e Prevascularized [92,93,
hydrolytic processes e Low immunogenicity a significant impact e Chemical gelation: Glutaraldehyde, EDC/ bone and liver-like 154]
of collagen e Owning natural Arg- on its mechanical NHS, photopolymerization (methacrylate, tissue analogs
Gly-Asp (RGD) properties thiol derivatives) e Human liver
sequences e Enzymatic gelation: Transglutaminase epithelial organoids
o Biodegradability e Colorectal cancer
patient-derived
xenograft (CRC-
PDX) organoid
Silk fibroin Derived from the e Slow degradability e Lacks of the RGD o Physical gelation: Self-assembly, ultra- e Organoid model of [101,102,
degumming of silk e Cell adhesiveness sequence, usually sonication, shearing dermal papilla 171,172]
e Outstanding limiting cell e Chemical gelation: Photopolymerization e Tumor Spheroid and
mechanical spreading and (methacrylate), irradiation, chemical Organoid
properties growth cross-linking agents (genipin, e Kidney organoids
e Non-toxic glutaraldehyde)
e Non-immunogenic o Enzymatic gelation: Glutamine
e Amenability to transferase, carbonic anhydrase laccase,
convenient surface etc.
modification
Alginate A byproduct of e Good e Low cell adhesion e Physical gelation: Ionic cross-linking, e Human lung [106,109,
iodine and mannitol biocompatibility e Uncontrollable electro-static interaction organoids 173-176]
extracted from the e Low price degradation e Chemical gelation: Glutaraldehyde, EDC/ e Kidney organoids
brown algae kelp or e Low toxicity NHS, photopolymerization (methacrylate, e Intestinal organoid
Sargassum thiol deriva-tives e Brain Organoid
e Cartilage organoids
from bovine
chondrocytes
e Pancreatic islet
Chitosan The product of e Biodegradability e Low solubility in e Physical gelation: Self-assembly, shearing e Islet organoids [87,113,
chemical e Biocompatibility water e Chemical gelation: Electro static derived from hiPSCs ~ 114]
deacetylation of e Low immunogenicity e High pH sensitivity complexation (NaA and CS) of human hair
chitin o Antibacterial, e Enzymatic gelation: Fibrinogen, follicle
mucoadhesive, and thrombin, etc. e Liver organoids
hemostatic from human hiPSCs
properties
Hyaluronic Distributed in e Biocompatibility e Poor mechanical e Physical gelation: Self-assembly, curing e Organoid model of [119-121,
acid connective tissue, e High hydrophilicity properties after mixing cardiac tissue 177]

joint fluid, ocular
vitreous, umbilical
cord and other
tissue

Multiple biochemical
functions

Rapid degradability

e Chemical gelation: Photopolymerization
(phenyl-2,4,6-
trimethylbenzoylphosphinate),
irradiation, chemical cross-linking agents
(thiol-ene addition crosslinking)

Brain organoids
from hiPSCs

Islet organoids
iPSC-derived iAT2s
self-assemble into
alveolospheres
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Diels-Alder, Schiff base, boronate, hydrazone, oxime) and reversible
exchange reactions (e.g., disulfide, ally sulfide, thioester) [70,71].
Specifically, addition reactions involve the breaking and reformation of
crosslinks, which leads to the equilibrium constants being significantly
affected by both of the temperature and concentrations of functional
groups. Conversely, exchange reactions result in bond rearrangement
without crosslink cleavage, making the equilibrium dependent only on
the exchange reaction’s temperature and kinetics. In fact, these two
different dynamic covalent interactions provide abundant possibilities
for designing defined hydrogels with unique properties for organoid
culture, enabling one to decide the appropriate crosslinking strategy for
specific applications [72].

As above, with the comprehensive integration of diverse biochemical
signals, biophysical cues and crosslinking strategies, numerous highly
promising defined hydrogels that meet such criteria have led to the
emergence of construction of the higher-order organoids with dynamic
and physiologically relevant properties.

3. Types of defined hydrogels used in organoid culture

Recently, the increased understanding of important properties of
native ECM has driven the utilization of chemically and mechanically
well-defined hydrogels for organoid culture [73]. Due to the special 3D
network structure and easily modifiable properties, they has been
considered one of the most promising candidates for the challenge of
organoid culture [74]. In this section, we will review relevant defined
hydrogels, including the unique properties of natural and synthetic
hydrogels and their potential advantages for organoid culture [75]. The
major advantages and disadvantages of these hydrogels and the types of
organoids generated them are summarized in Tables 1 and 2.

3.1. Natural hydrogels

In fact, the ECM is extremely complex in composition and
biochemical characteristics, dynamically changed as the development of
tissues and organs. It is impractical to establish a culture matrix that is
completely consistent with ECM in vivo [76]. Some single-component
polymers are suitable for selective organoid culture to ensure that the

Bioactive Materials 28 (2023) 386-401

organoid quality is sufficient for certain research needs. These polymers,
usually derived from natural proteins or polysaccharides, have been
classified as determinable hydrogels in numerous studies due to their
single and determinable composition. In order to reduce the complexity
and improve the reproducibility of experiments in organoid research,
numerous studies have been conducted on biopolymers derived from
single components (such as collagen I, gelatin, silk fibroin, hyaluronic
acid, alginate, etc.) or their mixtures extracted from natural hydrogels to
culture various organoids [77-79]. Each type of hydrogels has different
properties, and their physical and biochemical properties can be further
controlled by chemical modification or physical methods, which makes
them suitable for different scenarios [75].

3.1.1. Collagen

To date, more than 20 different types of collagen have been found in
the human body. Collagen accounts for approximately 20-30% of all
proteins in mammals by weight and is also the most abundant protein in
the ECM [80,81]. In addition, they have low immunogenicity, proper
biodegradability and great biocompatibility [82]. Compared with
Matrigel, the composition of collagen is simpler, and its physicochemical
properties can be easily controlled, making it more reproducible in ex-
periments [83]. Taking advantage of these features of collagen-based
hydrogels, many researchers tried to replace the entire ECM with
collagen for organoid culture [84]. For instance, Sachs et al. reported a
modality for the generation of macroscopic intestinal tubes by embed-
ding small cystic organoids into contracting floating collagen hydrogel
with tunable physical properties, which confirmed the potential of
collagen to reproduce macroscopic tissue morphogenesis in vitro [22].
However, native collagen has poor thermal stability, mechanical
strength, and enzymatic resistance, which limit its application in the
biomedical fields. The combination of collagen with other biocompat-
ible materials is expected to solve this problem. In a recent case, San-
dilya et al. prepared a more stable collagen-based scaffold by
cross-linking collagen with oxidized gum arabic, which supported the
culture of iPSC-derived pancreatic organoids for up to 30 days. In
addition, the obtained islet clusters showing the presence of differenti-
ated cells were able to release insulin upon glucose stimulation [23].

Table 2
Summary of synthetic hydrogels suited for organoid culture.
Hydrogels  Origin Advantages Disadvantages Gelation Organoid types Refs.
PEG Artificially e Biodegradability e Low cell adhesion o Physical gelation: Electrostatic e hHSPC-derived bone [129-132,
synthesized e Biocompatibility e Lacks of bioactivity adsorption marrow organoids 134,135]
e Good water solubility e Lacks of the intricate e Chemical gelation: e Primary human
e Physiological inertia nonlinear mechanical Photopolymerization, click intestinal enteroids
e Wide range of size properties chemistry, radical polymerization and endometrial
distribution, adjustable arm organoids
length and controllable o IPSC-derived liver
molecular weight organoids
e Easy to be modified
PIC Artificially e Thermosensitive (the e Poor biodegradability e Physical gelation: Thermal self- e Human Liver Organoid  [136,137,
synthesized gelation temperature assembly e Mammary Gland 178]
around 18 °C) e Chemical gelation: Click chemistry Organoid
e Ultra-response to
mechanical stress (i.e.,
strain-stiffening property)
PAAM Artificially e Eastic modulus is easy to o Relatively chemically e Acrylamide (AAm) and bisacrylamide e Cardiovascular [140,179]
synthesized control inert and lacks cell (BAAm) were copolymerized by free organoids
adhesion sites radical polymerization in aqueous
solution
e Micellar copolymerization
methodology
PVA Artificially e Low toxicity e Lacks of cell adhesion o Physically gelation: Freeze-thawing e Pancreas organoids [28,180]

synthesized sites

High hydrophilicity

Good mechanical properties
(i.e., high elastic modulus
and high mechanical
strength)

Chemical gelation: PEG-link,
epichlorohydrin, boric acid, alde-
hydes, and heavy metal compounds
Radiation gelation: Gamma-ray,
electron beams, and X-ray
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3.1.2. Fibrin

Fibrin is an essential natural protein component and present in
thrombi, serving as a temporary ECM during wound healing. In contrast
to collagen hydrogels found in mature tissues, fibrin gels are suitable for
directing associated cells to secrete restorative growth factors and ECM
components to stimulate tissue repair [85]. Fibrin is approved by the U.
S. Food and Drug Administration (FDA) for biomedical use. In vitro,
fibrin hydrogels are often used as model ECM and are widely used in the
culture of stem cells, macrophages, and cancer cell lines, as well as in the
study of angiogenesis [86]. In recent years, fibrin hydrogels have also
shown great potential in organoid formation and culture. Broguiere
et al. designed a fibrin-based defined hydrogel that can support the
long-term culture and expansion of mouse and human epithelial orga-
noids, which opened up new possibilities for the study of complex tissues
in 3D in vitro [20]. Meanwhile, Factor XIII-mediated fibrin covalent
anchoring sites can be readily coupled to fluorescent nanoparticles,
specific peptides, or biomolecules, thus providing an opportunity to
study cellular mechanisms by means of mechanical testing, such as 3D
traction microscopy. For example, the authors found that increasing the
stiffness or blocking the RGD domains in fibrous gel scaffolds inhibited
organoid growth, implying that organoid expansion could be controlled
by altering the mechanical and biochemical properties of the fibrin
matrix. In another study, our group utilized droplet microfluidics to
synthesize fibrin-based hydrogel capsules to support the generation of
liver organoids from hiPSCs. The hepatocytes and cholangiocyte-like
cells encapsulated in the microcapsules possessed favorable cell
viability and proliferation activity, and further formed liver organoids of
uniform size. Moreover, the organoids in the above microcapsules can
maintain key features and specific functions of the human liver such as
urea synthesis and albumin secretion [87]. These data demonstrate that
organoids derived from different tissues can be generated using fibrin
hydrogels. Furthermore, compared to thermosensitive BME, fibrin
hydrogels can be easily produced in situ by proteolytic cleavage at room
temperature, which provides better convenience for the manipulation
process of cultured organoids [88].

3.1.3. Gelatin

Another well-defined hydrogel based on natural protein system has
been used clinically for decades represented by gelatin, which is derived
from collagen hydrolysis. Compared with collagen, gelatin retains the
biological activity signal of its natural progenitor cells while also has low
immunogenicity, even if it is derived from animals, it does not affect its
translation in biomedicine [89,90]. It is worth noting that the structure
of gelatin contains both matrix metalloproteinase (MMP) target se-
quences and RGD sequences, which makes it very beneficial for cell
remodeling and adhesion when used in organoid culture [91]. Recently,
to create functional tissue analogs in vitro, Klotz et al. developed a gel-
PEG hydrogel platform by enzymatic reaction with coagulation factor
XIII to form covalent cross-links between gelatin and PEG. This defined
hydrogel platform is simple, customizable, and reproducible while
replacing basement membrane biological functions. When used in a liver
organoid tissue engineering model, cells were effectively stimulated to
differentiate in the hydrogel, and the experimental results were better
than those of Matrigel [92]. In addition, Bernal et al. successfully
developed gelatin-based bio-resins for volumetric additive
manufacturing. In this study, the authors demonstrate the potential of
using gelatin-based hydrogels for liver tissue modelling and leverage the
technological advantages of light-driven volume bioprinting to establish
multiscale bio-factories that can guide tissue-specific functions [93].
Indeed, gelatin derivatives represented by GelMA have photosensitive
properties, which brings more options for the combination of organoids
and bioprinting [94-96].

3.1.4. Silk fibroin
Silk fibroin (SF) is a natural protein polymer derived from the
degumming process of silk, which is widely used in clinics, especially
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surgical sutures, after FDA approval [97]. The chemical structure of SF is
a copolymer composed of hydrophilic and hydrophobic blocks, which
brings good elasticity and toughness to SF [98,99]. In recent years, SF
has been studied for cell culture in tissue engineering, including
exploring its potential in organoid culture due to its excellent mechan-
ical properties, good biocompatibility and slow degradation [100]. For
instance, Gupta et al. explored the possibility of using silk as a scaffold
for the growth and differentiation of primary cells and hiPSCs into
kidney tissue. In this study, cells proliferated well on this material and
differentiated into epithelial cells akin to the developing kidney. In
addition, these representative structures can be also maintained after
transplantation under adult renal capsule [101]. Similarly, this material
shows potential for the establishment of human hair follicle dermal
papilla in vitro organoid models. In a study, Gupta et al. encapsulated
stem cells and hair follicle keratinocytes in a silk-gelatin microenvi-
ronment to establish an organoid model involving dermal papilla
spheroids. This organoid model system provides an opportunity to
elucidate distinct molecular signals associated with different stages of
the hair cycle, which can provide important insights into the mecha-
nisms underlying hair follicle morphogenesis [102]. Indeed, these cases
provide a promising paradigm that silk can be used as a stem cell scaf-
fold for organoid research, and also provide more references for the
construction of various cell culture scaffolds based on protein polymers.
In the future, the development of SF-based materials in medical appli-
cations can be accelerated by genetic engineering or chemical modifi-
cation to make them more abundant and controllable in
physicochemical properties [98].

3.1.5. Alginate

Polysaccharides are an important class of components that exist in
the cellular microenvironment, and are often chemically attached to
core proteins to form complexes such as proteoglycans [103]. Various
polysaccharides and glycan-based materials have been widely used in
3D cell culture in the past [104]. Among them, alginate has a wide range
of sources, easy gelation, good biocompatibility, and a certain degree of
tenability [105]. It belongs to FDA-approved medical materials and has
been successfully used alone in the culture of intestinal organoids [106].
It is worth noting that alginate hydrogels have specific biological sta-
bility and chemical inertness, and are often used for in vitro immobili-
zation of cells to extend the culture period, as well as for spatiotemporal
imaging and analysis of cells under specific conditions [107]. However,
this intrinsic property also creates an additional barrier to the diffusion
of substances in the culture of organoids embedded in 3D gel networks,
which is not conducive to the delivery of nutrients during traditional
static culture. To address this issue, Patel et al. designed a
micro-physiological system capable of continuous dynamic culture and
in situ multiparameter detection. In this system, human and rodent islet
organoids can maintain functional activity in alginate hydrogels for
more than 10 days [108]. In addition, in other studies, alginate were
covalently modified with norbornene to obtain hydrogels cross-linked
by thiol-ene chemistry. This chemical modification can tune the me-
chanical properties of hydrogels without Ca2*, is less susceptible to ionic
components in the culture medium, and increases the ability to incor-
porate bioactive components. Further, Geuens et al. used the modified
sodium alginate to support kidney organoid growth. In this research,
alginate modulated collagen expression to prolong kidney organoid
culture in vitro, which can decrease the abnormal collagen expression to
advance the clinical translation of kidney organoids [109].

3.1.6. Chitosan

Chitosan, a product of natural polysaccharide chitin, has many
physiological functions such as biodegradability, biocompatibility and
immune enhancement [110,111]. Structurally, the amino group in
chitosan is more reactive than the acetyl group in chitin molecule, which
makes chitosan a kind of functional biomaterial with greater application
potential. Similar to glycosaminoglycans, chitosan can also be a
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component of ECM and play a key role in cell attachment, differentiation
and morphogenesis [112]. Back to 1998, Murat et al. prepared a chi-
tosan membrane that could be used for hepatocyte culture, which was
mixed with collagen, gelatin and other components to improve the
surface roughness of the membrane. The fetal pig hepatocytes could
survive for more than 14 days after inoculation with chitosan film,
showing that chitosan has the potential to be used as the active
component of artificial ECM, which provided the basis for subsequent
organoid culture studies based on chitosan [113]. Recently, we devel-
oped a composite hydrogel system based on chitosan, fibrin and alginate
to achieve 3D culture of liver organoids. This cultured liver organoid had
specific functions of human liver organs such as urea synthesis and
protein secretion [87]. In addition to liver organoids, chitosan was
combined with sodium alginate by microfluidic technology to form
hydrogel capsules capable of being used for islet organoid culture. The
hydrogel capsule could be loaded with hiPSC derived pancreatic endo-
crine cells to achieve large-scale formation and culture of human islet
organoids [114]. Combined with droplet microfluidic technology and
stem cell biology, this defined hydrogel system is simple and easy to
operate, and can be used to study and cultivate various stem cell orga-
noids, which accelerates the research and transformation of organoids.

3.1.7. Hyaluronic acid

Hyaluronic acid (HA) is the only glycosaminoglycan that can be
produced not only in animal tissues but also in bacteria, which has
physiological functions such as regulating blood vessel permeability and
protein function, playing an important physiological role in cell
attachment and proliferation [115-118]. In 2007, Khademhosseini et al.
prepared a patterned HA matrix based on microfluidic technology that
could be used for 3D cardiomyocyte culture. The methods could be used
to rapidly construct a simple model of heart tissue in vitro, providing a
research basis for organoid culture based on HA matrix [119]. Recently,
Loebel et al. achieved the proliferation, differentiation and self-assembly
process of iPSCs-derived alveolar cells to alveolar spheres in the absence
of Matrigel by using laminin-modified defined HA hydrogel, which
provides a Matrigel-independent method for the culture of lung and
other epithelial organoids [120]. Although HA can be used as an active
component of ECM, pure HA cannot be formed into defined hydrogels by
3D bioprinting. Therefore, the HA used in 3D printing needs to be
chemically modified. Hyaluronic acid methacrylate (HAMA) is an ideal
material for the synthesis of defined hydrogels because it is both
biocompatible and printable and can rapidly form stable hydrogels.
Wang et al. used HAMA and ECM as bioink to realize 3D bioprinting of
islet organoids that have the physiological function of islets and can
rapidly generate insulin under blood glucose stimulation [121]. Benefit
from the regulatory effect of HA on blood vessels, the composite
hydrogel obtained by 3D printing can promote angiogenesis, which
further optimizes the physiological function of islet organoids and im-
proves the feasibility and safety of islet transplantation.

3.2. Synthetic hydrogels

Given the limitations in customizing the mechanical and degradation
properties of natural polymers according to organ specificity, fully
synthetic matrices have emerged [122,123]. Synthetic hydrogels are
better in this respect, which allow greater control over physical prop-
erties, chemical composition and overall structure [124,125]. In the past
few years, synthetic hydrogels, represented by polyethylene glycol
(PEG) and polyisocyanide (PIC) derivatives, etc., have flourished for
applications in organoid culture [126]. These hydrogels themselves can
avoid inflammatory and immune responses during cell culture by pre-
venting nonspecific protein adhesion. In addition, they can highly mimic
natural ECM characteristics to precisely tailor various topological and
mechanical properties over a wide range for different application sce-
narios. In this section, we reviewed some synthetic hydrogels that have
been successfully used in organoid research. In addition, we also
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selected some other synthetic hydrogel materials that have shown good
biochemical properties in tissue engineering and other fields, which
have great potential for organoid culture in the future.

3.2.1. Polyethylene glycol

PEG is a typical polymer made of ethylene oxide and water or
ethylene glycol by stepwise addition polymerization. Compared with
most chemically synthesized polymers, PEG has good water solubility,
biocompatibility, physiological inertia and biodegradability, which is
suitable for co-culture with biological samples [127,128]. In 1995,
Drumbheller et al. synthesized a PEG-based cross-linking polymer by
photopolymerization, realized the culture of human fibroblasts in
chemical matrix, and realized the regulation of the number of adherent
cells by changing the molecular weight of PEG [129]. With the devel-
opment of cell culture research, PEG hydrogel has been proved to be an
excellent alternative to ECM due to its low price and resistance to
non-specific protein adsorption. Vallmajo-Martin et al. synthesized a
hybrid hydrogel based on PEG and HA, and used this defined hydrogel as
an ECM to achieve bone marrow organoid culture. More importantly,
this defined hydrogel is a more promising because of its superior per-
formance in bone marrow organoid formation and xenotransplantation
compared to currently used natural biomaterials [130]. Chemically
synthesized PEG hydrogels have a wide range of size distribution,
adjustable arm length and controllable molecular weight, which can
regulate the physical and chemical properties of the materials, making
them excellent biomaterials. Hayashi et al. prepared a hydrogel micro-
sphere by cross-linking PEG with amylopectin, and adjusted and opti-
mized the diameter of the microsphere by changing the composition
ratio of the components. The microspheres could be used as cell scaffolds
for the cultivation of bone marrow mesenchymal stem cells, laying the
foundation for large-scale organoid production [131]. In addition to the
microsphere material, Ng et al. developed an inverted colloidal crystal
based on PEG hydrogel to achieve the formation and culture of
iPSC-derived liver organoids. The liver organoids formed on the basis of
such crystals are very close to adult tissues in appearance and physio-
logical characteristics in all aspects, and can also form more complete
liver tissues through further vascularization [132].

In addition, PEG is easy to be modified on the surface and can change
matrix properties by various functionalization (such as RGD), co-
modification of integrins and proteins, etc., which is especially suit-
able for organoid culture [133]. Hernandez-Gordillo et al. for the first
time constructed a Matrigel-independent fully synthetic ECM by cova-
lently modifying commercially available 8-arm vinyl sulfone activated
PEG macromolecule monomer with integrin-binding peptide and
ECM-binding peptide, combined with peptide cross-linking agent con-
taining matrix metalloproteinase-sensitive degradation sites [134].
Later, they confirmed that this artificial ECM could replace Matrigel in
the culture of epithelial organoids such as intestinal and endometrial
organoids, providing technical support for organoid culture based on
artificial ECM. Recently, Wilson et al. successfully realized the culture of
monolayer organoids on PEG hydrogels, and reproduced part of the
physiological function of the human intestinal epithelium. This PEG
hydrogel can be modified on the surface to change the charge through
amino acid functionalization, and then adsorb ECM protein through
electrostatic interaction to form artificial ECM, which mediates the
formation of monolayer intestinal epithelial organoids. This method is
different from the traditional method of covalently modifying cell
adhesion peptide and ECM protein on the surface of hydrogel [135].
Electrostatic adsorption can lead to the formation of monolayer tissue,
which is more suitable for the construction of epithelial organoids.
However, PEG still has the disadvantages of easy hyperexpansion and
insufficient cell scale, which still needs further research and
optimization.

3.2.2. Polyisocyanide
The fully synthetic polyisocyanide (PIC) hydrogels have an inherent
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property of reverse thermo-responsive due to the hydrophobic in-
teractions between the oligoglycol substituent on their skeleton. In
particular, they gel when heated above around 18 °C, forming low-
viscosity aqueous solutions at low temperatures, which can facilitate
cell and organoid extraction. A recent study demonstrated that PIC
hydrogels modified with the cell adhesion peptide RGD sequence could
be used alone to support cell growth of dissected mouse mammary gland
fragments and further to generate cystic mammary organoids (MGOs).
In addition, the advantage of this hydrogel is that its mechanical prop-
erties can be easily achieved by adjusting the polymer molecular weight
or concentration, which is very beneficial for studying the effect of
matrix stiffness on cell behavior. Taking advantage of this property, the
authors prepared four PIC hydrogels with different stiffnesses and RGD
ligand densities to culture mammary fragments and further investigated
the growth state of basal and luminal cell populations during MGO
formation. The results showed that the major cell types and ratios in
MGO were closely related to the physicochemical properties of the
hydrogel, such as gel stiffness affecting cell colony formation efficiency,
while high RGD concentration could improve basal cell population
proliferation [136]. In another study, PIC have also been used as
advanced platforms for human liver organoid culture. Ye et al. devel-
oped a new hydrogel based on PIC combined with laminin-111. Orga-
noid cultures using this hydrogel allow cells to effectively differentiate
into hepatocyte-like phenotype with key liver functions. Meanwhile, the
organoid reproduction and differentiation can be maintained for more
than 14 generations exhibiting the potential for long-term culture based
this hydrogel. Similarly, in this study, the authors also adjusted PIC
mechanical properties by modulation of molecular weights and con-
centrations. By comparing the proliferation trend of liver organoids
under different conditions, they found that the matrix with lower stiff-
ness is more favorable for organoids [137]. In addition, the thermor-
eversible properties of PIC hydrogels allow the cells embedded in the gel
to be easily released, which will significantly improve the portability of
organoids for subsequent functional characterization at the gene and
protein levels. Moreover, PIC can be well compatible with engineering
technologies such as bioprinting and in vivo cell therapy, helping to
realize the great potential of organoids in vivo.

3.2.3. Polyacrylamide

Polyacrylamide (PAAm) is a biocompatible synthetic polymer with
good hydrophilic characteristics and swelling properties [138]. Due to
its easily regulated biochemical and mechanical properties, the hydrogel
shows significant advantages in studying the effects of matrix stiffness
and chemical signals on cell behavior [139]. PAAm has long been used
for cell culture in tissue engineering. Recently Shkumatov et al. prepared
PAAm hydrogels with elastic moduli ranging from 0.2 kPa to 40 kPa for
control of embryoid body (EB) differentiation. In this work, cardiovas-
cular organoids were successfully obtained with altered matrix stiffness,
which provides a new strategy for strengthening stem cells during
development [140]. However, PAAm does not have cell adhesion sites,
so blending with other hydrogels to form interpenetrating polymer
networks to achieve tailoring for different organ tissue cultures has
become an effective solution.

3.2.4. Polyvinyl alcohol

Another type of defined hydrogel matrix is based on polyvinyl
alcohol (PVA), which has a large number of hydroxyl groups on the
polymer chain, which makes it hydrophilic, accompanied by a certain
degree of biodegradability and good biocompatibility, has been applied
in various biomedical fields [141]. To mimic native ECM, some studies
have coupled RGD sequences on PVA to ensure cell interaction with
synthetic polymers and provide cells with an incentive to bind.
Furthermore, to meet the matrix tunability of PVA for organoid culture
and clinical translation, the authors selected two linkers, PEG-link and
HyLink. The stability and degradability of these two linkers are pretty
different. By changing their respective concentrations, the physical
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properties of hydrogel matrix can be adjusted in a wide range, which is
expected to provide stable support for the formation of 3D structure
while supporting the growth and development of organoids [28].

3.2.5. Others

Apart from the above discussed ones, some other synthetic hydrogels
also have the potential for sustaining organoids growth. In previous
studies, polymers with ester groups in their backbones generally exhibit
biodegradability and facilitate binding to various ECM proteins and cell
growth factors. Such conditions are common in polyglycolic acid (PGA),
polylactic acid derivatives (such as PLA, PLLA, PDLLA, PDLA) and poly
(caprolactone) (PCL), etc, which have been widely used in the encap-
sulation and culture of various cells. In one study, the authors doped
NacCl particles as a porogen into PLG to obtain a microporous scaffold
with excellent permeability. The scaffold can be used for the culture and
regulation of islet organoids by loading different functional factors (such
as promoting hESC pancreatic progenitor cell maturation through
exendin-4). In addition, these PLG scaffolds can adsorb collagen IV to
help diabetic mice quickly restore normal blood glucose levels after
loading islet cells. In addition, 3D printing technology can also be used
to prepare PCL scaffolds containing macroporous structures, which have
good oxygen diffusion effect and recovery performance, and can deliver
islets into epididymal fat pad in the long-term [142].

Due to the highly complex and dynamic processes of the ECM matrix
of different tissues or organs in vivo, it is difficult for a single type of
hydrogel to be used to culture various organoids. Based on chemical
copolymerization or modification and physical blending, a new type of
hybrid hydrogel with a broader range of adjustable mechanical and
biochemical properties can be prepared, which provides an excellent
solution to meet the needs of different organoid cultures. Specifically,
there are two types of hybrid hydrogels based on synthetic polymers,
namely hybrid synthetic-synthetic hydrogels and hybrid synthetic-
natural hydrogels. These hybrid hydrogels consisting of two or more
polymers can be tailored for biodegradability, reactivity, and stiffness
for different organoids. Under normal circumstances, fully synthetic
hydrogels are stable and easy to customize, and naturally derived
hydrogels have excellent biochemical properties when used in cell cul-
ture. Using hybrid synthetic-natural hydrogels to integrate their
respective advantages for organoid culture may be a powerful option.
For instance, a novel hybrid hydrogel obtained by enzymatic reaction
incorporating laminin onto a chemically fully synthesized PEG polymer
can be used for pancreatic progenitor cell culture with comparable ef-
ficacy to commercial Matrigel [114].

4. Applications of defined hydrogels in organoid research

The incorporation of defined hydrogels into organoids has brought
about significant advancements in the field of tissue engineering and
disease modeling. By offering precise control over tissue architecture
and cellular signaling, defined hydrogels allow researchers to more
accurately mimic the complex microenvironments of various organs in
vitro. Compared to traditional animal models and monolayer cultures,
organoids grown in defined hydrogels offer attractive organotypic
models in biomedical research. Additionally, the use of well-defined
hydrogels can help to control the high variability in organoid architec-
ture, phenotype, and cellular composition, further expanding their ap-
plications to broader fields of organ development, disease studies, drug
testing, and regenerative medicine (Fig. 4).

4.1. Organ formation and development

During organogenesis, engineered matrices influence tissue devel-
opment, maturation and maintenance by regulating stem cell niches,
with great potential to help uncover developmental processes. Bio-
physical factors in the extracellular environment can cause organoid
self-organization and morphogenetic rearrangement.
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Fig. 4. The representative applications of incorporating organoids into defined hydrogels. (A). PEG hydrogels were implanted with mouse intestinal stem cells to
assess whether the hydrogels could support intestinal stem cell expansion and organoid formation (reprinted with permission from Ref. [144]). (B). Hyaluronan was
used to emulate the matrix components and mechanical transduction pathways of cholangiocyte self-assembly involved to establish a model for exploring hep-
atobiliary diseases (reprinted with permission from Ref. [167]). (C). Biomimetic hydrogel composed of hyaluronan and matrix metalloproteinase-cleavable were used
to mimic extracellular matrix of breast cancer organoidsfor drug testing (reprinted with permission from Ref. [27]). (D). Fully defined synthetic hydrogel based on a
four-armed, maleimide-terminated poly (ethylene glycol) macromer was developed for robust and highly repeatable in vitro human intestinal organoids production
and enhancement of colonic wound repair (reprinted with permission from Ref. [168]).

With the development in the molecularly defined hydrogels, multiple
biophysical factors that regulate and influence cell fate, pluripotency,
and epigenetic inheritance have been further identified [143]. A classic
study reported for the first time a fully defined ECM-based organoid
culture system expanded from human intestinal stem cells (ISC) [144].
In particular, Lutolf et al. developed RGD-functionalized PEG gels to
create the smallest chemically defined environment [144,145]. The re-
sults showed that enteric stem cells cultured in PEG-RGD could maintain
cell morphology and Lgr5 expression after four passages, indicating that
enteric stem cells could be successfully expanded in this artificial ECMs
and re-formed into organoids if re-embedded in Matrigel. In addition,
intestinal stem cells and the cultured microenvironment can communi-
cate signals through mechanical factors to regulate cell fate and devel-
opment. In human embryonic development, mechanical factors are also
involved in the formation of organoid patterns and organogenesis. In
vitro simulations, the stem cell niche enables precise control of the
physicochemical properties of the cellular microenvironment and the
study of the influence of mechanical factors, such as matrix hardness or
other applied forces on stem cell differentiation and function [146]. YAP
is a key effector of Hippo pathway in intestinal organoid formation and
tissue regeneration in vitro. The defined hydrogels can more conve-
niently control the physicochemical and mechanical properties of the
niche to study the regulatory effect of mechanical properties on stem cell
growth and development. Indeed, the PEG hydrogel just described can
also be also used to study the separation morphology outcomes in arti-
ficial ECMs [144,145]. The results showed that the activation of YAP in
soft matrix was significantly higher than that in high stiffness matrix
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during stem cell differentiation. These studies indicate that
composition-defined hydrogels possess tunable mechanical properties
and can be used to explore the effects of 3D microenvironment on
organoid formation processes, such as stem cell proliferation and
self-organizing assembly.

4.2. Disease studies

Since organoids are more complex than single cell cultures and have
morphology and function closer to the maternal organ, organoid tech-
nology has great potential for application in disease modeling. Current
research has developed organ models for multiple diseases to reproduce
chronic diseases, bacterial infections, or cancer, and has demonstrated
that organoids can reproduce typical pathological features of human
diseases [147]. For example, a 3D inner ear organ derived from stem
cells was used to study TMPRSS3-related degeneration of defective hair
cells (HCs), shedding light on the development of HCs and the cellular
role of TMPRSS3 [148].

Hydrogel materials can provide similar microenvironments related
to disease states and serve as artificial ECMs for 3D multicellular tissue
culture in vitro. In recent years, the cellular microenvironment has
attracted more and more attention due to its tunability, which has
promoted the study of hydrogel-based disease models in vitro. For
example, hypoxia is a microenvironmental feature of many diseases,
especially cancer. Some pathological tissues, such as rheumatoid
arthritis, inflammatory diseases, diabetes, and cancer, suffer from hyp-
oxia to varying degrees compared with normal tissues and organs. To
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date, researchers have developed defined hydrogel systems that mimic
the tumor hypoxic microenvironment to study tumor growth and enable
anti-cancer drug screening and mechanistic studies. When malignant
tumors grow, tumor cells rapidly consume oxygen and other nutrients
due to infinite proliferation. Shen et al. developed a 3D culture system
based on acrylic hyaluronic acid (AHA) hydrogel material to study the
effects of matrix mechanical strength and oxygen tension on tumor cell
growth. This culture system promotes the generation of functional
vascular networks and stimulates endothelial cell (EC) proliferation and
angiogenesis in tumors [149]. Indeed, the development of compositional
hydrogels has facilitated the conversion of organoid models to clinical
applications more than natural substrates. Recently, Rizwan et al.
designed a series of compositive determined viscoelastic HA hydrogels
for culture of primary bile duct cells. By simulating the stress relaxation
rate of liver tissue, the development of cholangiocytes organoids was
promoted and the expression of YAP target genes was significantly
increased, paving the way for clinical application of defined hydrogels in
disease modeling [150]. In fact, organoid disease modeling still has the
limitation that it is difficult to control organoid function after assembly,
which limits the further utilization of organoids. Compositive bio-
materials can further regulate organoid growth and development by
modulating the mechanical properties of the substrate to mimic the in
vivo environment, thus allowing organoids to be cultured in a controlled
manner [151]. In view of the booming development of organoid tech-
nology, organoids will provide more convenience for disease mechanism
modeling and clinical treatment in the future.

4.3. Drug testing

Defined hydrogel materials will allow organ-specific compartmen-
talization and spatiotemporal definition of niche factors, and these
complex microphysiological systems that reconstruct the in vivo cross-
talk between different organs will provide powerful models of human
physiology for drug screening [152]. Rajan et al. constructed a micro-
fluidic device with biocompatible thermoplastic polymers to achieve the
synthesis of 3D cell-loaded hydrogels and construct an organoid system.
They tested functional drug responses with capecitabine and iso-
phosphoramide, respectively, using 20 different cell types (primary and
IPS-derived) that mimic basic circulatory and physiological functions in
the complex human body. These cells remained highly active in a
simulated cycle for 21 days, after which they studied the liver meta-
bolism of the prodrug capecitabine and observed physiological toxicity
to lung and heart organoids. By the drug test, they demonstrated that
multiple organoid systems produce more complex responses, with
changes in one organoid affecting the physiological functions of several
others [153]. This organoid system based on defined hydrogels provides
a platform for exploring complex drug and toxin interactions between
tissue types in vitro.

Drug screening based on tumor organoids is to establish tumor
organoid model and tumor organoid library to evaluate the anti-tumor
activity and toxicity of drugs and to screen drug targets and drug sen-
sitivities. Tumor microenvironment is an important factor affecting cell
proliferation, differentiation, metastasis, and other biological charac-
teristics. In addition to tumor cells themselves, there are ECM and cy-
tokines in the tumor microenvironment. Therefore, ECM components
are indispensable to the construction of tumor microenvironment in
vitro. Compositional defined hydrogels offer a broader opportunity to
optimize and reconstruct tissue-specific microenvironments. Some
chemically synthesized composition-determined hydrogel materials
enable efficient and consistent network formation and uniform cell
distribution, providing customized advantages over biochemical, me-
chanical, and degradation-related features. Ng et al. used enzyme cross-
linked hydrogels synthesized from gelatin-phenol and hyaluronic acid-
phenol to identify the mechanical and biochemical properties of orga-
noids, and found that gelatin-based ECM hydrogels could maintain the
activity of transplanted organoids derived from colorectal cancer
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patients. They tested the sensitivity of tumor organoids grown on the
defined hydrogel, and the results were comparable to clinical trials
[154]. With the further development of organoid technology, organoids
can be modified at the gene level in the future, which will provide better
conditions for the research of cancer occurrence and development. The
screening of anticancer drugs using organoids as preclinical cancer
models has the characteristics of precision, convenience, and high
throughput, which makes up for the defects of existing major cancer
models to the greatest extent.

4.4. Regenerative medicine

Currently commercially available ECMs use animal-derived sub-
strates, which have limitations in clinical application, as it contains
some residual ECM-derived DNA, endotoxins and inflammatory pro-
teins, which may interfere with organoid growth and tissue repair effects
[11,19,155].

Polymer-based synthetic hydrogels are less likely to elicit immuno-
genic or pathogenic responses than animal-derived matrices. op ‘t Veld
et al. synthesized a thermosensitive hydrogel with properties similar to
collagen from polyisocyanate peptides and functionalized it with RGD
peptide to improve biocompatibility. Based on experiments in mice, they
found that the number of granulocytes in the wound was significantly
reduced in the PIC gel treatment group, and other treatment effects were
consistent with the results of PIC-RGD. Therefore, this PIC hydrogel can
be used as a wound dressing without RGD functionalization, which
proves that the defined hydrogel is chemically more stable and has good
biocompatibility [156]. In another typical study, Cruz-Acuna et al.
synthesized four-armed, maleimide-terminated poly (ethylene glycol)
hydrogel and used it as an ECM to generate 3D intestinal organoid in
vitro from human ESC and iPSCs. They used hydrogel as an injection
carrier to deliver intestinal organs to intestinal wounds through colo-
noscopy, thus achieving the implantation of intestinal organs and
improving the repair of colon wounds. This 3D organoid culture based
on defined hydrogels is expected to be extended to the in vitro generation
and in vivo repair of other organoids in regenerative medicine [157].

5. Conclusions and perspectives

The development of organoid technology has brought opportunities
to reproduce human tissues and organs in vitro as an advanced tool in
basic biology and clinical medical research. Complex components and
uncertain properties of existing matrices brought many limitations to
the realization of the concept. Establishing a good manufacturing
practice (GMP) standard system for organoid expansion is the premise of
clinical application. Several defined hydrogels, including natural and
synthetic sources, have shown promising results in revolutionize the
organoid ranging from basic disease modelling to personalized medi-
cine. Specifically, natural hydrogels based on single component poly-
mers have potential to be an ideal choice for organoid transformation
due to their clear composition and adjustable properties. However, the
hydrogels still have some limitations, such as poor mechanical proper-
ties, rapid degradation and low stability, which also stimulated the
exploration of directly using fully synthetic polymers to construct well-
defined hydrogels for organoid culture. The above two types of defined
hydrogels are not mutually exclusive, and it is common to complement
their advantages in many specific research works for constructing
organoid culture systems with richer mechanical and biochemical
properties [158].

Indeed, the ideal organoid culture matrix should mimic the dynamic
characteristics of ECM, including viscoelasticity, erosion rate and
degradation sensitivity, which change with cell growth and differenti-
ation. These are becoming a reality with breakthroughs in materials
science and processing technology. Integrating some stimuli-responsive
(such as temperature, ions, pH, and light) components into those
hydrogel 3D networks for organoid culture can better mimic the
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constantly changing microenvironment in vivo. Among these, Light is
emerging as the most promising stimulus, which can provide dose
tunability, wavelength orthogonality and high spatiotemporal control-
lability. Recently, photoisomerization is an attractive method to design
the defined hydrogel scaffolds with light response. Azobenzene is a
typical photochromic molecule, which is trans isomer under visible
light, and can be transformed into cis isomerization under ultraviolet
light. This structural transition is reversible, which allows the hydrogel
cross-linked by the molecule to reversibly harden or soften in response
to light stimulation [159]. Additionally, for constructing 3D bioartificial
organs, the size and complexity of organoids needs to be expanded.
Addressing some concerns about reproducibility, automation, and
standardization when mimicking organ tissue structures becomes crit-
ical. The utilizing of some engineering methods such as micromolding,
microfluidics and 3D printing in the context of defined hydrogels could
help overcome the limit of large scale tissue sizes, precise architectures
and automation in organoid production [160]. Moreover, the combi-
nation of defined hydrogels with more functional signaling cues, such as
those biochemical and biophysical properties, etc., we have mentioned
at the beginning, may also be a significant opportunity for tailoring
specific organoids to exclusive niches. We envision that one day, orga-
noid cells can be directly transformed into specific tissues or organs via
customized “off-the-shelf” defined hydrogels according to user needs
without adding various inducing factors or supplementing with more
cumbersome operation processes.

To improve cell survival and integration in organoids, the in-
teractions between donor cells, material and host must be further clar-
ified and coordinated, which requires the concerted efforts of researcher
from a multidisciplinary field. In the years to come, as the improvement
of these defined biomaterials and engineering techniques, organoid
platforms will undoubtedly play a critical role in understanding disease
mechanisms, revolutionizing personalized medicine, and developing
new regenerative therapies.
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