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Abstract

Recent developments in organoid culture technologies have made it possible to closely recapitulate intrinsic characteristics of
different tissues under in vitro conditions. These organoids act as a translational bridge between the traditional 2D/3D cultures
and the in vivo models for studying the tissue development processes, disease modeling, and drug screening. Matrigel and
tissue-specific extracellular matrix have been shown to support organoid development, efficiently; however, their chemically
undefined nature, non-tunable properties, and associated batch-to-batch variations often limit reproducibility of the assembly
process. In this regard, chemically defined platforms offer wider opportunities to optimize and recreate tissue-specific micro-
environment. The present review delineates the current research trends in this sphere, focusing on material perspective and
the target tissues (e.g., neural, liver, pancreatic, renal, and intestinal). The review winds up with a discussion on the current
limitations and future perspective to provide a basis for future research.
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Introduction

Consistent efforts toward developing biomimetic complex
tissue structures have unfolded strategies for organoids’
growth and maintenance under in vitro conditions [1-3].
Organoids could be generated from stem cells, progeni-
tor cells, or even tissue fragments, which undergo self-
organization to form tissue-like structures, exhibiting key
architectural and functional features along with multicel-
lular complexity, similar to native ones [3, 4]. To date,
organoids equivalents of different organs including (but
not limited to) gastrointestinal [5—7], pancreatic [8, 9],
hepatic [10, 11], renal [12, 13], endometrial [14, 15], car-
diac [16, 17], retinal [18, 19], lungs [20, 21], immune [22,
23], neural [24, 25], and skin [26, 27] have been generated.
These organoids are believed to have endless translational
applicability in R&D, healthcare, diagnostics, and pharma-
ceutical sectors as they address many limitations of current
in vitro and in vivo models [3, 4]. Besides, organoids’
potential implementation as a cell-based therapy for tissue
repair and regeneration cannot be overlooked [28].

The traditional method of generating organoids relies
on the use of complex animal-derived extracellular matrix
(ECM) hydrogels, primarily Matrigel, with a recent incli-
nation toward tissue-specific ECM [28-35]. Matrigel is a
solubilized basement membrane preparation derived from
the Engelbreth—Holm—Swarm (EHS) mouse sarcoma. It
majorly consists of laminin (LMN), collagen IV (COLIV),
entactin, and heparin sulfate proteoglycan, along with sev-
eral growth factors [28, 29]. On the other hand, tissue-spe-
cific ECM is derived from tissues/organs using decellulari-
zation procedures; the obtained ECM is further solubilized
to form a pre-gel solution [31, 36, 37]. The stem cells or
tissue fragments encapsulated in these hydrogels undergo
morphogenesis to form tissue organoids via interaction
with various biochemical/biophysical cues offered by the
hydrogel [28-30]. Although these gold standard animal-
derived materials have been shown to sustain the growth
and long-term culture of almost all the known organoids,
to date, they have their limitations [28, 29]. Composi-
tionally, both these matrices are still ill-defined, contain
xenogenic constituents and growth factors, and suffer
batch-to-batch variability, thereby introducing variability
in organoid assembly and developmental processes [28,
29]. Moreover, the lack of control over different tunable
properties, including biochemical, biomechanical, and bio-
degradation, further impedes their advancements [28-30].
Cancerous origin of Matrigel also limits its translational
aspects [28].

In this regard, organoid culture technology has evi-
denced increasing efforts to explore chemically defined
alternatives [28—30]. Such platforms offer to tune intricate
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components of the tissue microenvironment and guide the
formation, maintenance, and differentiation of organoids
in a controlled and reproducible manner [28-30, 35]. The
current review highlights developments in organoid tech-
nology employing chemically defined hydrogel platforms.

Chemically defined hydrogels:
cell-instructive behavior

The organoid formation is a dynamic process; hence,
the matrix that encapsulates the organoid should also be
dynamic. Cell-matrix interaction is one of the dominant
determinants in translating single cells into organized and
structured 3D forms. During organoid formation, the matrix
characteristics significantly impact cell viability, prolifera-
tion, cell—cell crosstalk, cytoskeletal changes, and homeo-
stasis, controlled in a spatiotemporal manner (Fig. 1) [38].

Early organoid studies have used solubilized decellular-
ized ECM, thanks to its complex tissue-specific composi-
tion, favorable mechanical properties, and biocompatibility.
Nevertheless, batch-to-batch differences in ECM composi-
tion and mechanical properties, unfortunately, resulted in
a lack of reproducibility of these results [35]. Therefore,
various natural and synthetic biomaterials were adapted
into organoid research to improve the standardization of
the process. The presence of adhesion motifs, mechanical
properties, biodegradability, cross-linking conditions, and
the biocompatibility of these natural and synthetic biomate-
rials are remarked as the distinctive selection criteria. They
play a substantial role in creating a dynamic microenvi-
ronment for the organoid cultures. For instance, while the
presence or density of the adhesion motifs on the polymeric
backbone intermediates and affects cytoskeletal dynamics
and morphogenesis, the bulk/localized matrix mechanical
properties control mechanotransduction-associated cell sign-
aling cascades [39]. Even the variability in the motif type
or density could also modulate cellular phenotype. RGDS
motif, but not RGES, better supported the human hepato-
cytes’ functional characteristics [40]. In another study, the
presence of RGD motifs at high density was shown to inhibit
osteogenesis while promoting adipogenic differentiation of
mesenchymal stem cells (MSCs) [41].

Chemically defined hydrogels: material
perspective

Up to date, the proposed chemically defined natural and syn-
thetic biomaterials cannot yet recapitulate the natural ECM
composition complexity, structure, and bioactivity. How-
ever, the precise and consistent production of these materi-
als ensures high reproducibility and effective customization.
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Fig. 1 Schematic of defined hydrogels with tunable physicochemical properties to instruct cellular behaviors in building 3D organoid models

Aiming to reduce the complexity and increase the experi-
ment reproducibility, natural single biopolymer components
such as collagen type I, gelatin, hyaluronic acid (HA), algi-
nate, fibrin or mixtures thereof have been investigated [35].
However, small differences in matrix composition or biopol-
ymer properties are still present that could negatively affect
the results’ reproducibility. Therefore, matrices entirely
based on synthetic polymers have also been considered [29].
Polyethylene glycol (PEG) and polyisocyanopeptide (PIC)
are the two pioneer synthetic polymers used closely in orga-
noid research. Table 1 presents a comparative evaluation of
natural and synthetic materials in different aspects.

Natural biomaterials and their derivatives

Single biopolymer components based on natural protein,
glycosaminoglycans, and polysaccharide are used in orga-
noid research [35]. Among protein-based biopolymers,
collagen type I, gelatin, and fibrin are the most popular
ones. Collagen is the most abundant ECM protein in the
vertebrates, while gelatin is a collagen derivative [42, 43].
The primary structure of collagen is a triple-stranded helix
that is responsible for collagen’s thermo-responsive char-
acteristic. Depending on the chemical composition, pH,

and temperature, collagen can self-assemble into strong,
long cross-linked fibrils. Thanks to its significant mechani-
cal properties, collagen type I is resistant to tensile forces,
thus typically used in connective tissue organoids [44—47].
Despite collagen’s desirable biochemical characteristics,
its limited solubility in cell-friendly conditions hinders its
processability.

Unlike collagen, gelatin’s high solubility in the water
at physiological temperature allows its easy processability
while maintaining a proper cell environment. As gelatin
is water-soluble at physiological temperatures, permanent
cross-linking of gelatin matrices is ensured through chemi-
cal or enzymatic polymerization using Genipin or trans-
glutaminase [48, 49]. Additionally, photoinitiated radical
polymerization is also prevalently used for cross-linking of
gelatin matrices; nevertheless, for such applications, gelatin
should be functionalized with acrylic/methacrylic moieties
[50]. Fibrinogen is another abundant protein in vertebrates,
although to a lesser extent compared to collagen. Fibrino-
gen can naturally self-assemble into fibrin in the presence
of thrombin to form a gel [51]. Like gelatin and collagen,
fibrin also possesses different cell adhesion motifs, includ-
ing RGD, allowing it to support cell viability, proliferation,
hemostasis, differentiation, and function without any further
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Table 1 (continued)

Cost References

Source

Cross-linking mechanism

Distinctive hallmarks

Biomaterials

Synthetic hydrogels

PEG

[90-92]

$$

Synthetic (N/A)

Chemical gelation: Photopolymerization, click

Non-ionic synthetic hydrophilic polymer
Available in different molecular weights

chemistry, radical polymerization

(300 Da—40 kDa)
Efficient cell binding to the once functionalized

with conjunction of cell adhesion peptides

[69, 75, 76]

Synthetic (N/A)

Physical gelation: Thermal self-assembly
Chemical gelation: Click chemistry

Exhibit reversible thermo-responsive self-assem-

PIC

bly
Strain-stiffening property

Efficient cell binding to the once functionalized

with conjunction of cell adhesion peptides

$: 1$ <price per gram polymer < 108, $$: 10$ < price per gram polymer < 100$, $$$: 100$ < price per gram polymer

functionalization. Hence, fibrin can enable long-term expan-
sion of organoids [52, 53].

Besides protein-based biopolymers, glycosaminoglycans
also hold great potential for designing dynamic organoid
microenvironment. For example, HA matrices can activate
cascade signals which affect cell attachment, migration,
proliferation, and morphogenesis thanks to their capacity of
interaction with several cell transmembrane receptors such
as CD44, CD54, and CD168 [54]. However, the resilience
of HA hydrogels and their ability to resist degradation by
hyaluronidases, reactive oxygen and nitrogen species, highly
hinder their applicability. In order to improve HA degrada-
tion, protease-sensitive motifs such as that of matrix met-
alloproteinases (MMPs) have been exploited for preparing
HA-based platforms [55, 56]. Heparin is another natural
glycosaminoglycan that has witnessed broad applicability
for tissue engineering, mainly due to its anticoagulant and
antithrombotic properties [57]. Owing to its negative charge,
it also has a high affinity for various growth factors [57, 58].
Moreover, sulfonic acid, hydroxyl, and carboxyl groups on
the heparin backbone enable functionalization with light-
sensitive moieties and conjugation with synthetic and natural
polymers to create multifunctional 3D matrices for organoid
cultures [59, 60].

Additionally, polysaccharides have also been abundantly
employed in organoid research, alginate being the most
favorable one due to its biocompatibility and ease of manip-
ulation [61, 62]. The cross-linking of alginate could occur
in the presence of di-/trivalent cations under physiological
conditions, averting a need for its further modification [63].
However, due to the lack of cell adhesive moiety, alginate
often requires either functionalization with cell-binding
cues or mixed with more instructive biopolymers to sup-
port organoid formation [45, 64]. Chitosan is another natu-
ral polysaccharide, derived from the partial deacetylation
of chitin; its chemical structure constitutes p-glucosamine
and N-acetyl-p-glucosamine [65, 66]. Unlike alginate, chi-
tosan is protonated in acidic aqueous solutions and acts as a
polycationic polymer. Thanks to its polycationic behavior,
chitosan can form polyionic complexes with different ani-
onic polymers (such as HA, gelatin, chondroitin sulfate) and
thus could be utilized for organoid culture [67]. Besides,
the amine groups on its backbone provide an opportunity to
conjugate biologically active molecules (fibronectin (FN),
LMN, and other peptides/proteins) to support cell growth
and differentiation [68].

Synthetic biomaterials and their derivatives
Biocompatible synthetic polymers have also been studied
extensively in the last decades, with the most common

materials being polyvinyl alcohols, PEG, PIC, and poly-
acrylamide and their derivatives. PEG and PIC derivatives

@ Springer
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come forward in organoid research as they closely mimic
the fibrous and porous architecture and mechanical proper-
ties of structural ECM proteins (Fig. 2) [69, 70]. PEG-based
hydrogels are prevalently used in this research area as they
are commercially available in a wide range of structures (for
example, linear or multi-arm star versions) and molecular
weights, enabling different matrix designs, mechanical and
rheological properties [71, 72]. Moreover, they can easily
be functionalized, using thiol-ene or azide-alkyne chemical
strategies, to incorporate different biological ligands, signal-
ing molecules, and cross-linking/degradation sites, allowing
the precise tuning of physical and biochemical niche proper-
ties [73, 74]. These reactions are rapid and quantitative in
yield, making them attractive tools for the fabrication of
functionalized PEG hydrogels.

On the other hand, PICs are a relatively newer class of
synthetic hydrogels employed for organoid research due
to their thermo-responsive nature [69]. Rapid gelation of
PIC solutions can thermally be induced by heating them
beyond the gelation temperature (T, = 18 °C). Moreover,
PIC gelation is fully reversible, particularly advantageous

CHEMICAL STRUCTURE
PEG

R‘O/\/O

R

1
R R':-H acrylate
| -CH; methacrylate

A F allyl ether
0o

AN\ "\/
(o]

vinyl sulfone

vinyl ether

AN

POLYISOCYANIDE

for cell and organoid extraction [69, 75]. Regarding the
mechanical properties, PIC hydrogels can be formed at low
polymer concentrations (0.1-1 wt%), and they display low
shear modulus G’ =0.1-4 kPa that overlaps with the stift-
ness of various soft tissues [69]. Despite these attractive
properties, PIC hydrogels lack cell-binding sites; however,
a rapid functionalization with cell adhesion cues such as
RGD can be achieved through strain-promoted azide-
alkyne cycloaddition reaction [76].

Organoid culture in defined hydrogels

To date, numerous studies have already explored the
defined and tunable hydrogels for establishment and
growth of organoid cultures, via recreating cell-instruc-
tive microenvironment. This section elaborates over such
representative studies, segregated based on the different
tissue types, including, neural, hepatic, pancreatic, renal,
intestinal, and others.

CROSSLINKING MECHANISM

Click Chemistry

HXR'
AR — R'/X\/\R
_NH_

Radical Polymerization

o] |
PN ] - ﬁ/)\
(radical initiator) n
R

Thermal Self-assembly

azide alkyne cycloaddition

Fig.2 Chemical structure and cross-linking mechanism of various PEG derivatives and PIC polymer
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Neural organoids

The neural development is one of the most complex pro-
cesses, making it challenging to model and study in the
absence of an animal model; however, the recent advance-
ments in cerebral and neural organoid technologies have
made it possible, to an extent [93].

In an effort to study early neurogenesis pattern, tunable
synthetic hydrogel system was developed and further used
for culturing and differentiating mouse embryonic stem cells
(ESCs) (Fig. 3) [94]. Hydrogels were formed by 8-arm PEG
precursor molecules conjugated with lysine-donor (with/

A

Non-Degradable
+LMN

Non-Degradable
-LMN

without MMP-sensitive motif) and glutamine-acceptor fac-
tor XIIIa substrate peptides in the presence of thrombin-acti-
vated FXIIIa. The hydrogels’ mechanical properties could
be tuned via alteration in precursor polymer density, while a
change in the ratio of MMP-sensitive and insensitive lysine-
donor peptides affected the degradability of gels. The opti-
mal synthetic hydrogel compositions supported the forma-
tion of more homogeneous neuroepithelial colonies, a higher
proportion of cysts having apicobasal polarity, and neural
tubelike patterning along the dorsal-ventral (DV) axis. An
in-depth evaluation of tunable characteristics revealed that
non-degradable PEG hydrogel with stiffness range between

Degradable
+LMN

Degradable
-LMN

D Stiffness E MMP sensitivity/LMN
50 . . ! ns ns
S 50
N~ N~ —
- 40 - 40 5
3 30 3 2
® - 30 p=
O
2 204 2 20" T
Pax3 ® 10 ' = 101 -
Blll-Tubulin
el bl ey 0 "LMN +LMN -LMN +LMN

Olig2
Shh

Nkx6.1

Fig.3 Representative images of Shh-immunostained neural cysts
with DV patterning, cultured in non-degradable PEG matrices with
a variable stiffness and b variable degradability and LMN composi-
tion (stiffness~2 kPa). Nucleus was stained with DAPI. Scale bar:
100 pm. ¢ Representative fluorescent micrographs and schematics
demonstrating DV patterning with key features of neural tube archi-
tecture, Shh+ floor plate, Olig2+ progenitor motor neuron, Isl1/2+
motor neuron, BIII tubulin+ post-mitotic neuron, as well as Nkx6.1+

Non-Degra Degra

ventral and Pax3+4 dorsal positional identities. Scale bar: 50 um.
Quantitative evaluation of DV patterning efficiency of neural orga-
noids in non-degradable PEG hydrogels with d variable stiffness and
e variable degradability and LMN composition, at day 7 of culture.
Error bars: standard error (SE). “**” represents significant differ-
ence with p value <0.01. Reproduced with permission from Ref. [94].
Copyright © 2016, Ranga et al.
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2 and 4 kPa and supplemented with LMN supported a bet-
ter progression of neurogenic events. Another two variants
of PEG-based synthetic hydrogel with tunable biochemical
features, first consisting of PEG-conjugated with collagen-
like peptide (PEG-CLP) and the other with collagen-like
peptide attached to RGD motif (PEG-CLP-RGD), were
reported to support the self-organization of cerebellar cells
into functional organoids [95]. PEG-CLP-RGD hydrogels
demonstrated a higher neurite outgrowth, though they were
not organized as compactly as in PEG-RGD.

Recently, carboxylated HA and protonated chitosan
hydrogel (together, termed as Cell-Mate3D matrix) were
employed for robust generation of cerebral organoids
from human-induced pluripotent stem cells (iPSCs) [67].
In a short culture duration (~ 10-14 days), in the defined
hydrogels, early corticogenesis was observed in the cerebral
organoids characterized by the formation of neural rosettes
and neural tubelike structures and expression of neural dif-
ferentiation markers (B-III tubulin, SOX2, nestin). At this
stage, the organoid was spherical with a maximum dimen-
sion of ~1 mm; which further increased to 2.5-3 mm by
28th day of culture with an increase in their complexity. The
cerebral organoids demonstrated an enhanced expression of
the forebrain, midbrain, and hindbrain markers; however,
the expression levels were greatly influenced by the hiPSC
line and neural differentiation time. Besides, physiologically
relevant glutamate responsiveness and cellular depolariza-
tion were also evident in the developed organoids.

Hepatic organoids

The liver is the largest internal organ, consisting of hepato-
cytes (major population~70%), biliary epithelial cells,
hepatic stellate cells, liver sinusoidal endothelial cells,
Kupffer cells, and hepatic stem/progenitor cells, which are
organized in unique lobular architecture and carries out over
500 different functions [96, 97]. The emergence of liver
organoid technology has provided a newer dimension to the
pharmaceutical sector, particularly those linked with the
assessment of hepatotoxic drug responses [98—100]. They
may also have potential applicability for tissue engineering
and disease modeling domain [101].

A recent study demonstrated that synthetic MMP-sensi-
tive, RGD-conjugated PEG hydrogel matrices (PEG-RGD)
efficiently supported the formation and differentiation
of liver organoids, comparable either to Matrigel or PEG
hydrogels conjugated with either COLIV (PEG-COLIV) or
LMN-111 (PEG-LAM-1) or fibronectin (PEG-FN) (Fig. 4)
[101]. Besides, mechanical aspects also play a critical role in
determining the phenotypic characteristics of the liver orga-
noids. To further ascertain its applicability in this domain,
PEG-RGD hydrogels of variable stiffness were prepared by
altering the polymeric density. The hydrogels mimicking the

@ Springer

physiological liver stiffness ranges (between 1.3 and 1.7 kPa)
were optimal for generating liver organoids, while those with
lower or higher stiffness limited the process. Interestingly,
organoids in PEG-RGD hydrogels (stiffness ~4 kPa) dis-
played characteristics of fibrotic liver tissue with downregu-
lation of hepatic progenitor cells markers and upregulation
of hepatic injury-associated genes. These optimized PEG-
RGD hydrogels also offer immense avenues for establishing
patient-specific human liver organoids directly from human
biopsies, a step toward developing personalized therapies.
Another synthetic hydrogel matrix based on PIC, sup-
plemented with either LMN—entactin complex (PIC-LEC)
or recombinant human LMN-111 (PIC-LMN-1), supported
the expansion and differentiation of liver organoids; uncon-
jugated PIC (PIC-plain) or RGD-conjugated PIC (PIC-RGD)
gels, instead, were insufficient for the same (Fig. 5) [75]. The
phenotypic characteristics of organoids were greatly influ-
enced by the molecular weight of PIC (1 kDa or 5 kDa),
polymer density (2.5, 1.75, 1 mg/mL), and concentration of
LEC/LMN-111 (1, 2, 3 mg/mL). Organoids differentiated
in PIC hydrogels exhibited albumin (ALB) secretion, gluta-
mate dehydrogenase (GLDH) production, ammonia elimina-
tion, multidrug resistance protein 1 (MDR1) rhodamine 123
transporter activity, and the expression of mature hepatocyte
markers, comparable or better than Matrigel. Moreover, the
thermo-responsive nature of these PIC hydrogels adds an
advantage for organoid subculturing, while maintaining
organoid functional characters even after 10 passages.
Alternatively, hydrogels composing a single or com-
position of multiple biomacromolecules could provide a
defined microenvironment for culturing liver organoids.
For instance, cellulose nanofibril (CNF) hydrogels sup-
ported differentiation of liver organoids with the expression
of hepatocyte-specific markers, ALB secretion, glycogen
accumulation, GLDH production, alanine aminotransferase
(ALAT), and aspartate transaminase (ASAT) activity, com-
parable or better than those cultured in Matrigel [102]. In
another study, composite hydrogel capsules consisting of
fibrin core and alginate—chitosan shell were fabricated using
droplet microfluidic technique for generating liver organoids
from human iPSCs-derived hepatic progenitor cells [53].
Organoids in hydrogel capsules expressed hepatocyte and
cholangiocyte markers and showed ALB and urea synthesis.
The presence/absence of fibrin hydrogels in the capsule core
significantly affected phenotype of the liver organoids.

Pancreatic organoids

The pancreas is a compound gland that exhibits both exo-
crine (via acinar and ductal cells) and endocrine (alpha,
beta, gamma, epsilon, and PP cells) functions, arranged in
a specialized manner, forming islets of Langerhans. Pan-
creatic organoids have great importance for understanding
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Fig.4 a Heat map representation of gene expression of different
markers in liver organoids cultured in Matrigel, PEG-RGD, PEG-
COLIV, and PEG-LAM-1. b Representative images of H&E stained
section of liver organoids cultured in Matrigel and PEG-RGD hydro-
gels. Scale bar 25 um. ¢ Representative images of immunostained
sections of liver organoids in Matrigel and PEG-RGD hydrogels. d
Bright-field micrographs of liver organoids at different days of seed-

the disease biology and finding therapeutic interventions,
mainly associated with common pancreatic diseases, like
diabetes (type 1 or type 2) and cancer [103].

In an attempt to recreate artificial 3D pancreatic niche
under in vitro conditions, synthetic MMP-sensitive, soft
(shear modulus ~250 Pa) PEG-LMN hydrogels were
developed [104]. These hydrogels were able to maintain
and expand pancreatic progenitor cells, forming orga-
noids. The organoids retained the expression of pancreatic

Epcam/DAPI

Krt19/E-cad /DAPI ~ Sox9/ /DAPI

HNF4o/E-Cad./DAPI

ing and different passages. Scale bar 100 um. e Representative immu-
nofluorescence confocal micrographs of ALB, hepatocyte nuclear
factor 4o (HNF4a), and E-cadherin (E-cad)-stained liver organoids in
Matrigel and PEG-RGD hydrogels. Scale bars: 25 pm (left), 10 pm
(right). Reproduced with permission from Ref. [101]. Copyright ©
2020, Sorrentino et al.

progenitor markers (PDX1 and SOX9), epithelial marker
(E-cad), internal polarization marker (mucinl), prolifera-
tive marker (pHH3), and endocrine differentiation marker
(insulin). On the contrary, unconjugated PEG or stiffer
PEG-LMN hydrogels (shear modulus > 1 kPa) were insuf-
ficient, demonstrating a loss of epithelial and pancreatic
features. Notably, the authors did not present any compara-
tive validation of these hydrogels’ potency against the gold
standard, Matrigel.
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Fig.5 a Representative light microscopy images of hepatic orga-
noids, 7 days post-seeding, in Matrigel, PIC-plain, PIC-RGD, and
PIC-LEC hydrogels; cultured in expansion medium. Organoids prolif-
erated in Matrigel and PIC-LEC, but not in PIC-plain and PIC-RGD.
Scale bar: 100 um. b Representative images of hepatic organoids in
Matrigel and LEC-supplemented PIC hydrogels with different molec-
ular weights—1 kDa (PIC(1 k)-LEC) or 5 kDa (PIC(5 k)-LEC); cul-
tured in expansion and differentiation medium. Scale bar: 200 um.
¢ Gene expression profiles of stem cells (LGRS) and hepatic mark-
ers (ALB, CYP3A4, and MRP2) in the organoids expanded or dif-
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ferentiated in Matrigel, PIC(1 k)-LEC, and PIC(5 k)-LEC hydro-
gels; transcription levels normalized to human hepatocytes. Error
bars: standard deviation (SD). “*” represents significant difference
with p value< =0.05. d Representative immunofluorescence micro-
graphs of hepatic organoids for epithelial (E-cad and cytokeratin 19
(KRT19)) and proliferative (proliferating cell nuclear antigen (PCNA)
and Ki67) markers, cultured in Matrigel, PIC-LEC, and PIC-LMN-1.
Nucleus was stained with DAPI. Native human liver tissue was taken
as a control. Scale bars: 100 pm (top), 200 pm (bottom). Reproduced
with permission from Ref. [75]. Copyright © 2020, Ye et al.
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In a different study, hydrogel composed of Amikacin
hydrate and poly(ethylene glycol) diglycidyl ether (PEGDE),
formally termed as Amikagel, was employed as a substrate
coating material to generate 3D islet organoids [105]. When
cocultured with HUVEC on Amikagel, human ESC-derived
pancreatic progenitor cells underwent spontaneous matu-
ration and self-organization into functional organoids. The
heterogenous organoids, thus formed, showed an enhanced
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Fig.6 a Bright-field micrographs of human pancreatic organoids in
BME2 and DEX hydrogels after 21 days. DEX hydrogels were con-
jugated with minimal adhesion motif, RGD. Scale bars: 2 mm (left),
500 pm (right). b Pancreatic organoids in DEX hydrogels at passage
3. Scale bars: 2 mm (left), 500 pm (right). ¢ Graphs demonstrating
human pancreatic organoids derived from different donors, expanded

PDX1, insulin 1, and glucagon gene expression compared to
those on Matrigel; the organoids also expressed C-peptide
protein.

Besides, chemically defined hydrogels formed by RGD-
modified SG dextran polymer and cross-linked with thiol-
modified HA (together referred as DEX hydrogel) supported
the formation and maintenance of human pancreatic orga-
noids (from freshly isolated human pancreatic ducts) (Fig. 6)
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creatic organoids in BME2 and DEX hydrogels. Nucleus was stained
with Hoechst. Scale bars: 100 pm. Reproduced with permission from
Ref. [56]. Copyright © 2020, Georgakopoulos et al.
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[56]. The sensitivity of DEX hydrogels toward dextranase
allows easy passaging of pancreatic organoids. However,
reduced expansion potential and limited passage numbers
(up to passage 4, before cultures start to deteriorate), com-
pared to Basement Membrane Extract Type 2 (BME2)
matrix, highlight the need for further mechano-biochemical
tuning of DEX hydrogels.

Renal organoids

The kidney is a bean-shaped organ, involved in the filtration
of blood to remove wastes and control the body’s fluidic
and electrolytic balance. It consists of almost 20 different
cell types, structured into the glomerulus, and proximal and
distal tubules [106, 107]. Kidney organoids have witnessed
widespread applicability in developmental biology, disease
modeling, and drug screening [12, 108].

With the aim of studying renal tubulogenesis and evaluat-
ing drug-mediated nephrotoxicity, PEG and heparin-based
hydrogels with tunable biochemical features (via the addi-
tion of heparin) and degradability (via incorporation of
MMP-sensitive peptide) were reported (Fig. 7) [59]. Three
different sets of hydrogels, namely degradable PEG-MMP-
PEG (dPMP), non-degradable PEG-heparin (ndPH), and
degradable PEG-MMP-heparin (dPMH) were prepared and
evaluated parallelly to study the assembly process of human
renal proximal tubule epithelial cells. The results revealed
that dPMH hydrogels, over 4 weeks of culture, significantly
promoted cellular organization into polarized renal tubules
with a clear lumen, characterized by the presence of some
cilia and microvilli at the luminal face. On the other hand,
dPMP gels did not show any sign of polarization, while in
ndPH gels, polarized spheroids with lumens filled with cel-
lular debris were evident.

Another PEG-based hydrogel system, providing inde-
pendent control over its mechanical features, tethered
adhesion motif density, and hydrogel degradability, was
employed to study epithelial morphogenesis [109]. The cysts
formed under different formulation were scored in terms of
their apicobasal polarity and lumen formation. Under opti-
mal conditions, i.e., 4—4.5% PEG polymer density, 2 mM
RGD peptide adhesion motif, and ~90% or more MMP-sen-
sitive peptide threshold density (adjusted by replacing pro-
tease-degradable peptide with a slow degrading peptide vari-
ant), showed cyst growth, polarization, and lumenogenesis,
similar to that observed in control collagen gels; hydrogels
with altered properties resulted in abnormal morphogenesis.

Unlike the above studies, recent research revealed that the
conjugation of MT1-MMP-sensitive IPES peptide to PEG
hydrogels, instead of conventional MMP-sensitive pep-
tide, was crucial for renal tubulogenesis [110]. Similarly,
functionalization of RGD adhesion motif, but not collagen
I-mimetic triple-helical peptide or LMN 1 chain-derived
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peptide, to the hydrogels efficiently supported renal tubulo-
genesis. PEG macromer size (10 or 20 kDa) and their poly-
meric density (together affecting the hydrogels’ mechanical
properties) were also shown to affect epithelial morpho-
genesis, thereby suggesting independent multi-tunability of
these hydrogels.

Intestinal organoids

The intestine is the longest organ of the digestive tract and
forms a major site of digestion, nutrient absorption, waste
removal, and immune system homeostasis [93]. Anatomi-
cally, the intestinal epithelium is organized in a defined
crypt/villus structure. Crypts contain intestinal stem cell
niche that continuously divides to generate differentiated
cells (enterocytes, goblet cells, enteroendocrine cells, Tuft
cells, and Paneth cells), present on the villus unit [111, 112].
Intestinal organoids are among the first to be generated, and
still, substantial research efforts have been focused on gener-
ating fully functional intestinal epithelium for investigating
developmental processes, disease modelling, drug pharma-
cokinetics, and toxicity [73, 113—-115].

A study demonstrated that defined, degradable PEG
hydrogels conjugated with collagen I-mimetic triple-helical
cell adhesion peptide, in addition to FN-binder peptide and
COLIV-LMN binder peptide, and a cross-linker peptide with
MMP- and sortase-sensitive sites, efficiently sustained the
formation and differentiation of duodenal enteroids (Fig. 8)
[74]. The generated undifferentiated enteroids appeared
as cysts, expressing crypt-associated markers and evident
proliferative capacity across passages, whereas, upon dif-
ferentiation, markers of intestinal epithelium were observ-
able. Moreover, alterations in the biomechanical features,
caused by the change in polymeric density and size of PEG
macromer (20 or 40 kDa or a combination of both) of the
hydrogels, affected enteroid formation efficiency.

In the same milieu, to provide evidence toward the need
for a dynamic environment for the maintenance of stem cell
niche and organogenesis, soft PEG-RGD hydrogels were
recently fabricated [115]. These hydrogels initially pro-
vided a stiff microenvironment that allowed maintenance
and expansion of intestinal stem cells. Over the culture dura-
tion, hydrogels slowly underwent degradation, reducing the
gel stiffness and promoting intestinal organogenesis. It is
essential to mention that RGD adhesion motifs alone could
suffice the stem cell niche maintenance; however, for organo-
genesis, supplementation of full-length LMN-111 protein
was necessary. The non-degradable, static variants of the
hydrogels could support cystogenesis and maintain leucine-
rich repeat-containing G-protein-coupled receptor 5 (LGRS)
positive intestinal stem cells even after repeated passaging
but were incapable of inducing in vitro organogenesis. On
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Hydrogel Composition and Degradability = Human Proximal Tubule Cells Embedded in 3D Matrices
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Fig.7 a Schematic representation of chemically defined hydrogels
with variable composition (PEG or heparin), degradability (MMP-
sensitive or insensitive), and structural morphogenesis of human
proximal tubule cells in different hydrogels. Electron micrographs of
HK-2 cell-derived renal structures in b degradable PEG-MMP-PEG,

Single cells Renal structure

¢ non-degradable PEG-heparin, and d degradable PEG-MMP-heparin
hydrogels (scale bar: 10 pm). Zoomed images have been provided
below (scale bar: 1 pm). Golgi and N represent the Golgi apparatus
and the nucleus, respectively. Reproduced with permission from Ref.
[59]. Copyright © 2017, Elsevier B. V.
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and PEG (20 kDa)-GFOGER hydrogel demonstrating proliferative
cells (EdU, Ki67), mature enterocytes (sodium—hydrogen exchanger
3, NHE3), goblet (mucin 2, Muc2), Paneth (lysozyme, Lyz), epithe-
lial (E-cad), and basolateral (LMN, COLIV, and CD44-v6) markers.
Nucleus was stained with DAPI. Scale bar 50 pm. Reproduced with
permission from Ref. [74]. Copyright © 2020 Elsevier B. V.



Bio-Design and Manufacturing (2021) 4:641-674

655

the other hand, the fast degrading variants generated lesser
cysts with lower LGR5+ stem cell population.

Alternatively, natural biomaterials have also been used
for culturing intestinal organoids. For instance, alginate
hydrogels (concentration 1%, storage modulus ~78 Pa)
were shown to sustain the growth of human intestinal orga-
noids derived from human ESC or iPSC lines; however, the
yield of organoids was significantly lower than in the case
of Matrigel [64]. Interestingly, alginate-grown organoids
showed polarized architecture with the expression of differ-
ent intestinal epithelial differentiation markers, similar to
those grown in Matrigel. Upon in vivo implantation orga-
noids underwent maturation, closely resembling the native
human intestinal tissue. Another defined hydrogel composi-
tion of fibrin (concentration 3.5—4 mg/mL, storage modu-
lus ~77-140 Pa) supplemented with LMN (2 mg/mL) pro-
moted the formation, growth, and epithelial morphogenesis
of the intestinal organoids, similar to Matrigel (Fig. 9) [52].
Supplementation of other ECM components, namely COLIV
and heparin, were insufficient for the purpose, highlighting
the critical role of LMN in intestinal morphogenesis.

Other organoids

Apart from the above-discussed ones, chemically defined
hydrogels could also sustain organoids’ growth associated
with other tissues/organs.

The mammary gland is a branched tubular organ that
undergoes two distinct developmental phases: (i) embry-
onic and (ii) postnatal during puberty and pregnancy;
to study this, organoid models are often preferred [116].
Besides, their widespread applicability in breast cancer biol-
ogy cannot be disregarded. Recently, soft, degradable, and
chemically defined PEG-heparin hydrogels were shown to
promote morphogenesis of non-transformed mammary epi-
thelial cells into polarized multicellular organoids with a
clear lumen, resembling terminal ductal lobular units (acini),
with growth characteristics similar to those in Matrigel [60].
The cells in non-degradable variants also formed cysts but
had lower lumen clearance, while the cells in stiffer vari-
ants exhibited higher proliferation, lower polarization, and
invasive features.

Endometrium, the inner lining of the uterus, comprising
epithelial and mesenchymal cells, is subjected to periodic
alterations in growth, differentiation, and degradation under
the influence of ovarian hormones [117]. Endometrial orga-
noids have emerged as potential candidates for recapitulating
these periodic changes and endometrium-associated patho-
biological issues. In this regard, fully synthetic matrices
coupled with collagen I-mimetic triple-helical cell adhesion
peptide, FN-binder peptide, COLIV-LMN binder peptide,
and a cross-linker peptide with MMP- and sortase-sensitive
sites could provide necessary cues to generate polarized

endometrial organoids with EQAU+ and EpCAM+ prolif-
erative and differentiated epithelial cells, similar to that of
Matrigel (Fig. 10) [74].

The immune system is highly intricate and is still one of
the most challenging systems to study. In order to recapitu-
late such complex microenvironment, lymph node organoids
were developed in MMP-sensitive, defined PEG hydrogels
using Naive B cells and 40LB stromal cells (genetically
modified to express CD40 ligand and produce B cell-activat-
ing factor) [118]. The study revealed that maleimide group,
but not vinyl sulfone and acrylate, when used as end-group
functionality in PEG hydrogels, sustained B cells’ survival
and germinal center-like induction. Moreover, incorporat-
ing collagen I-mimetic peptide, similar to that present in
the niche, promoted germinal center-like dynamics and epi-
genetics; peptides mimicking FN/vitronectin and VCAM1
were insufficient for the purpose.

Bone marrow is a soft, spongy tissue inside the bones,
wherein hematopoietic stem and progenitor cells (HSPCs)
and bone marrow stromal cells (BMSCs) reside and contrib-
ute in sustained repair and regeneration of the body. Devel-
oping a highly controlled microenvironment for studying the
cellular dynamics in the bone marrow is challenging. In this
regard, bone marrow organoids were formed in a tunable and
defined PEG-HA composite hydrogels [92]. Hydrogels were
hydrolytically sensitive to MMP peptide and were conju-
gated with RGD motif. The study revealed that the hydrogels
could maintain, expand, and differentiate human HSPCs and
BMSC:s in vitro. Additionally, PEG hydrogels coupled with
20 different cell-instructive peptide moieties (including a set
of integrin-binding and MMP-sensitive domains of marrow-
specific ECM proteins) and native bone marrow-mimetic
mechanical properties can also be employed for generating
bone marrow organoids [119].

Tables 2 and 3 summarize current developments in chem-
ically defined hydrogels from natural and synthetic materials
for organoid culture, respectively.

Conclusion and outlook

The capacity of organoids to recapitulate and reflect the
intricacies of native tissue and organs has led to their poten-
tial applications in biomedical and pharmaceutical indus-
tries. Over the years, Matrigel continues to be the most suit-
able platform for a myriad of organoid-based applications.
Alternatively, recent interventions have highlighted a similar
potency of decellularized tissue-derived ECM for organoid
generation. However, the lack of spatiotemporal control over
their tunable characteristics limits their translational aspects,
calling upon the need to explore advanced platforms.
Chemically defined matrices, involving the use of natu-
ral, synthetic materials or their biohybrids, offer tailoring
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Fig.9 a Bright-field micrographs, showing morphogenesis of mouse
small intestinal stem cells in pure Matrigel or fibrin hydrogels (pure
or supplemented with COLIV, heparin, and LMN). Scale bar 200 pm.
b Quantitative analysis of colony formation efficiency of mouse
small intestinal stem cells under different supplementation of fibrin
hydrogels normalized to pure Matrigel. Error bars: SD. ¢ Quantita-
tive analysis of colony formation efficiency of mouse small intestinal
stem cells in fibrin hydrogel supplemented with varying concentra-
tion of Matrigel or LMN, normalized to Matrigel. Error bars: SD. d

advantages over biochemical, mechanical, and degradation-
related features, thereby guiding the generation, expansion,
differentiation, and maturation of organoids in a reproduc-
ible manner, as highlighted in the present work (Fig. 11).
Further expansion in the organoid technology needs a criti-
cal upgradation from the archaic cell culture regimes and
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Quantification of mechanical properties of pure and supplemented
fibrin hydrogels. Error bars: SD. e Representative images of intesti-
nal organoid sections stained for Lyz (Paneth cells), chromogranin
A (CgA, enteroendocrine cells), E-cad (epithelial cells), and LGR5-
GFP (intestinal stem cells). Paneth and intestinal stem cells were
exclusively present in the crypt-like domains. Nucleus was stained
with DAPI. Scale bar: 20 pm. Reproduced with permission from Ref.
[52]. Copyright © 2018, Broguiere et al. Published by WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim

a better understanding of cellular responses upon interac-
tion with different biointerfacial cues. The contact printing
technology or combinatorial approaches, wherein different
compositions of ECM proteins or bioactive peptides could
be spotted on a hydrogel platform (maybe of variable stiff-
ness), can turn out to be handy, ascertaining their influence
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Fig. 10 a Representative bright-field and corresponding live/dead
images of endometrial organoids in Matrigel and PEG (20 kDa)-
GFOGER hydrogels. Scale bars: 200 pm (top), 500 pm (bottom).
b, ¢ Immunostained endometrial organoids in Matrigel and PEG
(20 kDa)-GFOGER demonstrating proliferative cells (EdU+), api-

on phenotypic characteristics of either stem cells or progeni-
tor cell population [130, 131].

Further impactful development in this domain can be
attributed to (i) synthetic hydrogels that are fully or par-
tially cross-linked by physical interactions, or (ii) photo-
mutatable-synthetic hydrogels [29, 132—135]. In contrast to
chemically cross-linked hydrogels, physically cross-linked
ones are more dynamic and exhibit a broader sensitivity to
the surrounding environment. The use of photomutatable-
synthetic hydrogels also offers targeted dynamic tuning of
matrix mechanics or generating a local display of growth
factors via light and photo-cleavable components attached
to the matrix.

However, for research progress, a fruitful collabora-
tion between material scientists, biologists, engineers, and

cal (actin+), basolateral (LMN+), and epithelial (EpCAM+) mark-
ers. Scale bar 200 pm (b) and 100 pm (c). Nucleus was stained with
DAPI. Reproduced with permission from Ref. [74]. Copyright ©
2020, Elsevier B. V.

clinicians across academia and industry, aiming toward
popularization and improvement in these defined platforms,
is necessary. It is also essential to ensure the availability
and finding strategies for easy, user-friendly usage of these
platforms among the practitioners. At the commercial level,
QGel, a start-up company, is making an effort to meet the
demand of chemically defined synthetic matrices for a wide
range of organoid-related applications (https://www.qgel.
com/).

Besides, organoids related to many tissues, including
cardiac and retinal, have still not been reported in chemi-
cally defined hydrogels, presenting another scope for future
development in this sphere.

On a concluding note, we upbeat that dedicated effort in
this direction can open up new vistas in generating clinically
compatible organoid tissue models in the near future.
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Table 2 Chemically defined hydrogels from natural biomaterials and their derivatives for organoid culture

S.No. Organoid type Polymer Peptide Tunable features Mechanical Cells used Control matrices References
sequence (if reported) properties
(function)
1 Cerebral HA and proto- NA NA Young’s modu-  Human iPSCs NA [67]
nated chitosan lus: 9.8 kPa
2 Neural Thiolated hepa- NA Biochemical Storage modu-  hiPSK3 cells Geltrex [120]
rin and HA features lus: 0.3 (soft)
methacrylate and 1.17 kPa
(rigid)
3 Pancreatic SG dextran RGD NA NA Pancreatic duct/ BME-2 [56]
(thiol-reactive) pre-established
and thiol-mod- organoid frag-
ified HA ments
4 PDAC Collagen NA NA NA PDAC cancer NA [44]
PDX
5 Liver Cellulose NA Mechanical Young’s modu-  Pre-established  Matrigel [102]
features lus: 0.255 kPa human liver
organoid
6 Liver Fibrin, alginate, NA Biochemical NA iHeps NA [53]
chitosan features
7 Colorectal Gelatin—phenol NA Mechanical and Young’s modu-  Colorectal can-  Geltrex [121]
and HA—phe- biochemical lus: 14.6 kPa cer PDX
nol features
8 Intestinal Alginate NA NA NA Pre-established = Matrigel [45]
human intesti-
nal organoid
9 Intestinal Alginate NA Mechanical Storage modu-  Human ESC/ Matrigel [64]
features lus: <0.1 kPa iPSC lines
10 Intestinal Collagen NA NA NA Pre-established =~ Matrigel [46]
human intesti-
nal organoid
11 Intestinal Collagen NA NA NA Human crypt Matrigel [47]
fragments
and intestinal
subepithelial
myofibroblasts
12 Intestinal Collagen NA Mechanical Storage modu- ~ Mouse crypt NA [122]
features lus: 0.029 kPa  fragments
13 Intestinal Fibrin and LMN NA Mechanical and ~ Storage modu-  Mouse small Matrigel [52]

biochemical
features

lus: 0.077 kPa

intestinal stem
cells

BME-2, Basement Membrane Extract Type 2; PDAC, pancreatic ductal adenocarcinoma; PDX, patient-derived xenograft; hiPSCs, human-

induced pluripotent stem cells; hESCs, human embryonic stem cells; iHeps, hiPSCs-derived hepatocyte-like cells; NA, not available

@ Springer
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Fig. 11 Schematics highlighting
the differences in the orga-

noid formation in chemically
defined and undefined hydrogel
platforms
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