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Abstract: The superiority of in vitro 3D cultures over conventional 2D cell cultures is well recognized
by the scientific community for its relevance in mimicking the native tissue architecture and func-
tionality. The recent paradigm shift in the field of tissue engineering toward the development of 3D
in vitro models can be realized with its myriad of applications, including drug screening, developing
alternative diagnostics, and regenerative medicine. Hydrogels are considered the most suitable
biomaterial for developing an in vitro model owing to their similarity in features to the extracellular
microenvironment of native tissue. In this review article, recent progress in the use of hydrogel-based
biomaterial for the development of 3D in vitro biomimetic tissue models is highlighted. Discussions
of hydrogel sources and the latest hybrid system with different combinations of biopolymers are
also presented. The hydrogel crosslinking mechanism and design consideration are summarized,
followed by different types of available hydrogel module systems along with recent microfabrication
technologies. We also present the latest developments in engineering hydrogel-based 3D in vitro
models targeting specific tissues. Finally, we discuss the challenges surrounding current in vitro
platforms and 3D models in the light of future perspectives for an improved biomimetic in vitro
organ system.

Keywords: in vitro model; hybrid hydrogel; extracellular matrix; microenvironment mimicking
matrix

1. Introduction

In a living body, cells are enclosed firmly in a three-dimensional (3D) mass of matrix,
where they are constantly proliferating, migrating, differentiating, and communicating with
each other and their immediate microenvironment. This area that surrounds the cells is an
intricate network of multi-domain macromolecules and other biological factors organized in
a cell- and tissue-specific manner, and is termed as extracellular matrix (ECM) [1]. Faithfully
replicating such a complex microenvironment of any tissue in in vitro cell culture conditions
is still a challenge for the scientific community. For a very long time, two-dimensional (2D)
cell culture was commonly used for any kind of cell- and tissue-based assay required in
biomedical applications [2]. However, researchers are well aware of the shortcomings of
2D culture, as it causes unnatural changes in the cell morphology and behavior, resulting in
misleading and non-predictive data [3,4]. In contrast, 3D culture and in vitro tissue models
have the advantages of providing a microenvironment to cells, which enables them to
interact with the matrix and neighboring cells in more physiologically relevant conditions
(Table 1) [5–7].
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Table 1. Comparison of cell behavior under 2D and 3D culture conditions.

S. No. Cell-Specific Features 2D Culture 3D Culture Ref.

1 Morphology and
architecture of cells

Flat and extended morphology with
poor cell architecture

A rich architecture with round and
contracted morphology [8–10]

2 Migration of cells Cells migration is fast and
directional

Migration of cells in all directions
with slow and restricted motility [11,12]

3 Proliferation of cells High proliferation rate Relatively low proliferation
compared to 2D culture [11,13]

4 Interaction with
surroundings

Limited interaction with cells
and ECMs

Cells can interact with their
surrounding in all directions [14]

5 Polarization of cells Partly polarized Full polarization [11]

6 Intracellular metabolism High metabolic rate Relatively low rate of
intracellular metabolism [12]

7 Diffusion of fluids and
cell signaling

Limited perfusion of fluids with
asymmetric metabolite diffusion and

cell signaling

Three-dimensional fluid perfusion
and symmetric diffusion

of metabolites
[15,16]

8 ECM remodeling Poor or near absent Close to mimicking the in-vivo
ECM remodeling [13]

9 Cell viability against
cytotoxic agents High loss of cells High cell survival rate [17]

10 Cell death/Apoptosis Induced apoptosis Tissue-like apoptosis [12,18]

The recent advances in the tissue engineering field have fueled the imagination of
scientists towards the development of in vitro 3D models, which could superiorly mimic
the structural and functional aspects of the native tissues and organs [19–21]. There are
three stimuli for this major paradigm shift in biomedical research. First is the absence
of proper genetically and physiologically applicable animal model that can recapitulate
human conditions [22]. Although large-scale animal models are still in use for biomedical
research, they are significantly inferior in faithfully recapitulating human conditions due
to substantial species genetic variation [23]. This difference also leads to poor clinical
outcomes, even after successful animal trials [24]. Second is the ethical and moral dilemmas
present with animal testing. Additionally, animal testing is also expensive and time-
consuming and is not readily available for many researchers [25]. Finally, owing to the
current advances in cell culture research [26]. Improvement in the proficiency of isolation,
expansion, preservation, and guiding the growth and differentiation of human primary
and stem cells towards a particular lineage has provided the means and methods for
the development of cell-based in vitro 3D tissue/organ models. Applying patients’ cells
for developing in vitro 3D models could not only accelerate our understanding of tissue
development and genetic alteration in the disease state, but also revolutionize the disease
screening, diagnosis, and treatment development. Although the superiority of three-
dimensional in vitro models is not universal, it provides an edge over the 2D culture in
better mimicking the structural and functional characteristics of native human tissue and
organs [27].

In this regard, the goal is to utilize the combined knowledge of material science
and life sciences in developing an amicable microenvironment that supports the growth
and survivability of physiological features of tissue and organs on a long-term basis [28].
The essence of this supportive biological environment lies in the selection of appropriate
biomaterials that can most closely resemble the physiological and structural architecture
of the native matrix. From a material design perspective, among the various biomaterials,
hydrogels are considered the most relevant option for mimicking the native extra-cellular
matrix of tissue [29]. A significant growth in research interest of hydrogels has been seen
in last three decades, partly due to the emergence of the tissue engineering field and the



Int. J. Mol. Sci. 2022, 23, 2662 3 of 48

appealing applications of 3D culture (Figure 1). Composed of various polymeric materials
(natural, synthetic, and composite), hydrogel forms an interconnected polymeric network
in which it can hold a large amount of water, thus closely resembling a hydrated form
of native ECM. The hydration and porosity of hydrogel also facilitate better exchange of
nutrients and gases among the cells, as well as the removal of waste products. Hydrogels
fabricated from natural polymers such as carbohydrates and proteins can present the
biological active cues required for the growth and proliferation of cells [30,31], while
hydrogel based on synthetic polymers provides tunable mechanical properties that can
resemble the strength of the native tissues [32]. Since hydrogels fabricated purely from
natural or synthetic polymers do not match the overall structural or functional aspects
of the 3D tissues, a hybrid system was developed to overcome the shortcomings of the
individual components. Hybrid hydrogels can be defined as having building blocks that
are chemically, physiologically, and functionally distinctive at the microscopic or molecular
level. This system might contain biologically active molecules such as protein, peptides,
polysaccharides, or nano-/microstructure polymers that are connected via physical or
chemical means. There are a few general strategies for fabricating hybrid hydrogels, such as
in situ synthesis [33], physical blending of polymers [34], the formation of interpenetrating
networks (IPNs) [35,36], and bio-conjugation [37].

Figure 1. Number of publications related to “hydrogels” and “3D cell culture” from 1990 onward. The
total number of studies was calculated based on data from PubMed (www.pubmed.ncbi.nlm.nih.gov
(accessed on 20 November 2021)).

Further, in addition to conventional approaches, which include cell and spheroid
laden bulk hydrogel constructs and cell-cultured porous and fibrous scaffolds, numerous
micro-technologies have emerged, including microspheres, microfibers, sandwich systems,
micro-patterned membranes, microfluidic systems, and 3D bioprinting platforms, and
they have helped facilitate the development of hydrogel-based tissue/organ models with
increased fidelity. In this review article, we highlight the recent progress in the development
of a 3D in vitro tissue/organ model using hydrogel as the biomaterial. We start with a
broad overview of different types of hydrogel systems based on their polymeric sources,

www.pubmed.ncbi.nlm.nih.gov
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followed by a review of the various gelation techniques. A summary of hydrogel design
consideration, the development of various hydrogel modules, the fabrication technolo-
gies used, and the platform developed for establishing in vitro models is also provided.
Furthermore, we present 3D in vitro models of various types of tissues, including skin,
liver, intestine, bone, and cartilage, as well as cancer models. Despite being such a widely
used biomaterial, hydrogel presents certain challenges, which are addressed in our final
discussion of various limitations and future perspectives for engineering 3D in vitro mod-
eling. A schematic of the various components and factors in the development of composite
hydrogels and hydrogel-based in vitro 3D models is provided in Figure 2.

Figure 2. Schematic representation of various factors and components in the development of hydro-
gels and hydrogel-based in vitro 3D model.

2. Types of Hydrogels

Based on their composition, hydrogels have been commonly classified into natural,
synthetic, and hybrid types.

2.1. Natural-Based Hydrogels

As these hydrogels are derived from natural polymers, they are biocompatible, interact
favorably with cells, and usually show inherent bioactivity [38]. However, they have poor
mechanical properties and relative instability due to their suboptimal polymer interactions
and biodegradability, which affect their use in long-term cell culture [1,39]. Due to the
presence of a large number of free functional groups, which include amines, carboxyl, and
alcohols, hydrogels made from natural polymers can be customized synthetically to tune
their properties [38,40]. Based on their chemical nature, natural hydrogels can be further
classified into polysaccharide-, protein-, and peptide-based hydrogels.

2.1.1. Polysaccharide-Based Hydrogels

Polysaccharides are one of the most abundant classes of biopolymers and can be de-
rived from animals, plants, microbes, and algae. In the past few decades, researchers have
focused on this class of biopolymer for hydrogel development due to its multidimensional
properties, such as high stability, non-toxicity, biodegradability, cytocompatibility, availabil-
ity, and its relative cheapness [41]. Although a large number of polysaccharides (dextran,
guar gum, xylan, etc.) have been studied for hydrogel development, this review focuses on
alginate, hyaluronic acid (HA), and chitosan-based hydrogels due to their frequent use in
3D in vitro models [42,43].
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Alginate polysaccharides are widely applied as a single polymer-based hydrogel
system. Alginate is composed of two uronic acids and is mainly derived from bacteria or
brown algae. Since it is not a component of mammalian ECM, it lacks cell attachment motifs.
However, the presence of hydroxyl side groups allows for easy chemical modifications,
making it a multi-purpose material in biomedical applications [44,45]. Gelation of alginate
solution is achieved by treating it with calcium chloride to form a non-covalent electrostatic
complex [46]. The degree of gelation can be controlled to tune the hydrogel’s physical and
chemical properties and generate more tissue mimetic viscoelastic behavior [47]. Scaglione
et al. showed that by tuning the rheological behavior of alginate hydrogel, human intestine
spheroids could be passaged and maintained for 90 days without significant reduction in
the expression of some critical markers [48]. They also established a breast cancer model
in alginate gel. However, the study also showed the need for cell adhesion motif and a
more permissive environment by mixing alginate with Matrigel to demonstrate a model
for invasive forms of cancer [49].

HA and chitosan are other widely used classes of polysaccharides for tissue engineer-
ing applications. Both HA and chitosan are types of glycosaminoglycan (GAG) composed
of similar repeating units of disaccharides. GAGs are commonly used in combining bioma-
terials due to their involvement in cell signaling and communication [50]. Both polymers
are biodegradable and non-toxic, albeit they have poor mechanical stability [51]. Several
approaches have been used to enhance their modulus (methacrylation, hydrazide, or thiol
functionalization) by exploiting the hydroxyl group of HA and the amine group of chitosan
to modify their stability and degradability. In a study by Zhu et al., the stiffness of HA
hydrogels was modified using bis-cystine containing matrix metalloproteinase degradable
crosslinker [52]. In the same study, arginine-glycine-aspartate (RGD) peptides were used
to increase the hydrogel adhesion property, after which mesenchymal stem cells (MSCs)
were shown to form 3D cellular networks within seven days of culture. The same gel-based
culture was used to embed noggin and BMP-2 morphogens. Under the influence of both
the morphogens, the cells form a thicker and denser cellular network, with miscellaneous
multi-cellular morphological features closely mimicking the morphogenesis of trabecular
bone. Maji et al. used a frugal and combined method of high-speed stirring and freeze-
drying to fabricate a macroporous scaffold combining chitosan with gelatin. Enhanced
penetration of MSC spheroids into the construct was observed, which led to an increase
in the cellular viability, migration, proliferation, and differentiation toward osteogenic
lineage [53]. HA has also been extensively used in the development of cancer models
for disease modeling and drug screening because it is a major component of tumor ECM.
A study by Soker et al. demonstrates a successful establishment of cancer spheroid models
of breast, liver, colon, and intestine using HA-based microbeads [54]. The models were
demonstrated to be effective in cancer metastasis investigation, drug screening, and drug
resistance evaluation.

2.1.2. Protein- and Peptide-Based Hydrogels

Protein- and peptide-based hydrogels are another big class of biomaterials and are
popular among materials scientists due to their biocompatibility, biodegradability, and in-
herent possession of cell adhesion motifs [55]. Such intrinsic bioactive attributes, including
proteins such as collagen, gelatin, fibronectin, and laminin, are used in combination with
other natural or synthetic polymers to increase cell attachment and growth. Most of the
proteins used in hydrogel preparation are structural proteins. In the following paragraph,
we provide a brief overview of a few proteins used for the preparation of hydrogels.

Collagen I is a highly abundant structural protein present in the ECM of connec-
tive tissue types found in bone, cartilage, tendon, and ligament. It is a well-established
solubilized fibrillary gel used in 3D cell culture of a vast range of cell types, including
mesenchymal stem cells [56], fibroblasts [57], smooth muscle cells [58], adipocytes [59], and
kidney cells [60], as well as in the culture of pancreatic epithelium [61], the growth and
branching of mammary epithelium [62], cancer models (skin [63], breasts [64], colon [65],
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etc.), and in vascularization studies [66]. The strength of collagen-based gels can be eas-
ily tuned by crosslinking them with glutaraldehyde [67], gel compression [68], solvent
evaporation [69], and other chemical methods [70]. Altering the collagen gel stiffness has
resulted in enhancement in endothelial cell spreading and sprouting [71]. Jabaji et al. found
that a long-term culture of human intestinal organoid in collagen type I gel resulted in the
formation of fully elaborated intestinal epithelial tissue [72,73]. In another recent study,
Wimmer et al. used a hydrogel blend of collagen I/Matrigel for the development of human
blood vessels by direct differentiation of human embryonic cells and induced pluripotent
stem cells (iPSCs) in a 96-well format [74]. Some other examples of collagen I hydrogel
application in 3D culture are in vitro development of murine stomach tissue and murine
and human colon tissue [73].

Gelatin is a hydrolyzed derivative of triple helix structured collagen. It is water
solubilized, contains RGD adhesion motifs, and is less immunogenic than collagen [75].
Although highly biologically compatible, gelatin hydrogels have poor mechanical strength.
Chemical and physical crosslinking methods such as glutaraldehyde, EDC-NHS, and
ultraviolet have been used to strengthen gelatin’s mechanical stability when used in in vitro
cell culture [76]. Methacrylamide derivative of gelatin (GelMA) has been developed, which
undergoes photopolymerization, thus enabling the tuning of the mechanical properties of
the hydrogel [77]. The utilization of GelMA has tremendously increased in recent years
due to it being biocompatible and non-toxic and having the potential to form vasculature
networks [78]. The incorporation of nanomaterials, such as carbon-nanotube, graphene
oxide (GO), and inorganic particles, has allowed for the engineering of GelMA-based
hydrogels that mimic load-bearing tissues [79–81]. Recently, GelMA has also been applied
in the bioprinting of tissue analogs [82].

Silk fibroin is another class of fiber-forming protein that has seen increasing use in
tissue engineering applications [83]. Through the manipulation of some environmental
factors, such as the pH, osmolarity, and shear stress, the large hydrophobic regions of
the protein can be physically crosslinked to form β-sheets to form silk hydrogels [84].
Silk-based constructs have been applied to regenerate cartilage tissue by differentiating
bone marrow-derived mesenchymal stem cells [85]. Self-assembling silk fibers have been
used to develop minimally invasive therapy for brain-related biomedical conditions. In a
study by the Kaplan group, silk/collagen-based fibrillated hydrogels were used to develop
a compartmentalized structure of cortical brain tissues [86]. Skin reconstruction [87], the
engineering of intestinal epithelium tissue [88], the mimicking of bone tissue [89], and
nerve regeneration [90] are some of the bioengineering fields in which silk-based hydrogels
and constructs have been used.

2.2. Hydrogels from Synthetic Sources

Synthetic polymers are usually termed inert or blank state as they do not have any
biological active factors and do not promote cellular activity [45,91]. Usually, synthetic poly-
mers are blended with natural, bioactive substances to enhance their cell compatibility [92].
Cell adhesion motifs, growth factors, or other biologically active small molecules can be
covalently bonded to synthetic polymers in a controllable or anisotropic manner to guide
directional cell growth and organization. The main advantage of this is that based on the
various compositions, the mechanical condition (stiffness, elasticity, and durability) of the
polymers can be easily defined, allowing regulation of cell growth, migration, and prolifer-
ation [93,94]. Some of the synthetic polymers commonly used in tissue engineering and
in vitro cultures are polyethylene glycol (PEG), polylactic acid (PLA), poly (ε-caprolactone)
(PCL), polyurethane (PU), and poly(lactic-co-glycolic acid) (PLGA) [95–97].

2.2.1. Polyethylene Glycol (PEG)

PEG is one of the most common and favorable synthetic polymers for tissue engi-
neering due to its chain flexibility, hydrophilicity, and low non-specific interaction with
the living tissue [98]. The PEG hydroxyl end group, presents in a broad range of struc-
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tures and molecular weights, can be easily functionalized (dithiol, acrylate, NHS ester,
etc.). Such multi-functionality allows the incorporation of bioactive moieties through a
compatible condition such as photopolymerization, Michael-type addition, or chain poly-
merization [99,100]. Garcia et al. showed that the modulation of mechanical properties
of maleimide-terminated PEG (PEG-4MAL) incorporated with RGD motifs strongly influ-
ences the epithelial morphogenesis of kidney cells [101]. They further demonstrated the
influence of mechanically tunable hydrogel in guiding tissue morphogenesis of different
origins (lungs and intestines) [102].

2.2.2. Other Synthetic Polymers

In comparison to natural polymers, synthetic hydrogels offer physicochemical prop-
erties that can be modulated according to the particular experimental need [103], thereby
making them a preferable option in preparing ECM analogs. Examples of such synthetic
polymers used in 3D modeling include polyvinyl alcohol, poly(hydroxyethyl methacry-
late), poly(isopropylacrylamide) (PNIPAm), self-assembling polypeptides, and synthetic
GAGs [104]. In recent years, synthetic GAG analog fabrication has been investigated due
to its capability of binding growth factors, long-term availability, and control degradability.
For example, in a study conducted by Chang et al., it was shown that poly(sodium-4-styrene
sulfonate) (PSS) mimics synthetic heparin and has a strong binding affinity for fibroblast
growth factor (bFGFs). A fabricated PSS functionalized PAm demonstrated maintenance
and growth of iPSCs over 20 passages without losing its pluripotency or its morphological
or karyotypic stability [105].

2.3. Hybrid Hydrogels

The inability of any single polymeric material to recapitulate the complexity of the
in vivo microenvironment and natural ECM is well documented. The natural-based poly-
mers contain bioactive cues for cellular growth and proliferation, but produce batch-to-
batch discrepancies due to their poor mechanical and stability issues. In contrast, synthetic
polymers provide excellent control over physical and chemical properties, but generally
lack cell instructive motifs. Therefore, the hybridization of different compositions and
types of hydrogels fabricated via various physical interactions or types of chemical poly-
merization provides an enticing solution. These hybrid hydrogels can be developed by
blending between natural–natural, synthetic–synthetic, and natural–synthetic polymers.
Natural–natural hybrid hydrogels are produced by the physical mixing of two or more
different types of polymers derived from a natural source, whereas synthetic–synthetic
hybrid polymers are fabricated by the copolymerization of two or more synthetic polymers
to tune their biodegradability and physical properties [106,107]. Natural–synthetic hybrid
hydrogels, however, are considered the most favorable for in vitro cell culture as they
combine both the mechanical stability of synthetic polymers and the bioactivity of natural
polymers into a single system. Further, bioactive moieties, as well as different types of
nanomaterials, are integrated into the polymeric composition to impart specific properties
on hybrid hydrogels [108]. In the following section, we discuss hybrid hydrogels, which we
categorize based on their constituting material. A list of hybrid hydrogels along with their
composition, specific features, and findings concerning in vitro cell culture applications is
presented in Table 2.
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Table 2. Survey of hybrid hydrogel composition for in vitro 3D cell culture.

Hydrogel
Composition

Gelation/Fabrication
Method Used Distinctive Features Findings Reference

Natural–Natural Polymers

Alginate–Matrigel Ionic crosslinking with Ca++
ions Increased hydrogel stiffness

Progression of the normal
mammary epithelium into

malignant cells
[109]

Alginate–Marine
Collagen–Agarose Self-assembly Increased cytocompatibility High yield in

multicellular spheroids [110]

Alginate–Gelatin Pre-crosslinking with
calcium chloride

Similar mechanical properties as
crosslinked alginate but superior

cytocompatibility

Prospective bio-ink provides a
good means for

myoregenerative applications
[111]

Chitosan–Gelatin Ionic interaction to form
polyelectrolyte complexes

High shape fidelity and
good biocompatibility Bioprinting of skin fibroblasts [112]

Gelatin–Silk Fibroin Enzymatic and physical
(sonication) crosslinking

Superior mechanical strength,
tunable degradability, and improved
multilineage differentiation ability

Site-specific bioprinting of
progenitor cells and differentiation [113]

GelMA–Gellan
gum MA Photo-crosslinking Achieved similar viscoelasticity to

native cartilage
Enhanced viability and growth for

human articular chondrocytes [114]

Thiolated
Gelatin–Vinyl
sulfonated HA

Click chemistry
(-SH with C=C)

High viability and
proliferation capability

Bone MSC in vitro differentiation
toward chondrocytes [115]

Amphiphilic
peptides–keratin Self-co-assembly

Integration of self-assembly and
bioprinting. The process directed

molecular assembly and
nanomaterials into ordered

structures with various sizes
and geometries

Introduced a 3D bioprinting
platform encapsulating cells in the

pericellular environment
[116]

Natural–Synthetic Polymers

PEG–Keratin thiol-norbornene
“click” reaction

Highly tunable mechanical
properties and long-term stability

Suitable for various
microfabrication techniques (e.g.,

micropatterning, wet spinning) for
fabrication of 3D cell-laden

tissue constructs

[117]

PCL–RGD peptides

Acrylic acid (AAC) grafting
by γ irradiation and

crosslinking by 1-ethyl-3-
(3-dimethylaminopropyl)

carbodiimide/N-
hydroxysuccinimide

(EDC/NHS)

Provides a fibrous anchorage site in
the 3D hydrogel environment

Mesenchymal stem cells show
remarkable spreading properties

with augmented viability
and differentiation

[118]

PCL–Alginate Interfacial bonding
Composite mimics the

microarchitecture and mechanical
properties of soft tissue

Subcutaneous implantation shows
infiltration of pro-regenerative

macrophages and leads to gradual
remodeling and replacement of the

composites with vascularized
soft tissue

[119]

PCL–PEG–heparin
Melt-electrospinning writing

combined with additive
manufacturing

Fibrous networks exhibited
mechanical anisotropy,

viscoelasticity, and morphology
similar to native cartilage tissue

In vitro neo-cartilage formation [120]

PCL–GelMA–
Alginate Melt-electrospinning writing

Stiffness and elasticity were similar
to those of the native articular

cartilage tissue

Embedded human chondrocytes
retain their round morphology and

are responsive to in vitro
physiological loading regime

[121]

Sodium
alginate/PLGA

microspheres–HSP27–
TAT peptide

Crosslinking with calcium
sulfate followed by physical

incorporation of
microspheres

Porous microsphere enabled
sustained release of HSP27-TAT

hybrid system for over two weeks

Sustained delivery of HSP27-TAT
reduced the infarcted site and

improved the end-systolic volume
in the heart

[122]
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Table 2. Cont.

Hydrogel
Composition

Gelation/Fabrication
Method Used Distinctive Features Findings Reference

Chondroitin
sulfate–PEG

Enzymatic crosslinking
(Transglutaminase factor

XIII)

Modular design allows the facile
incorporation of additional

signaling element

Tunable matrix with BMP2
binding and sustained release

allows enhanced proliferation of
MSCs and differentiation toward

osteogenic lineage

[123]

Chitosan/HA–PLGA
microsphere

Reversible Schiff’s
base reaction

The linking of vancomycin with
PLGA microspheres enabled the

hydrogel system to inhibit
bacterial growth

Vascular endothelial growth factor
(VEGF) encapsulation to the PLGA

microspheres accelerated the
growth and proliferation of

endothelial cells and increased
angiogenesis, thereby promoting

management of
non-healing wounds

[124]

Hydrogel linked with biological factors

PEGDA–RGD peptide Two-photon laser scanning
photolithography

Generates microscale patterns with
control over the spatial distribution

of biomolecules

Human dermal fibroblasts
cultured in fibrin clusters of hybrid

hydrogel underwent a guided
3D migration

[125]

Star PEG–desulfated
Heparin–VEGF EDC/NHS crosslinking

The presence of heparin provides
anticoagulant activity, while

sustained release of VEGF ensures
the growth of endothelial cells

In vitro tube formation of human
umbilical vein endothelial cells

(HUVEC) and promotion of
wound healing in genetically

diabetic mice

[126]

GelMA–VEGF
EDC/NHS crosslinking;

Extrusion-based
direct-writing bioprinting

Inside the bioprinted 3D construct, a
central cylinder of GelMA was

printed to allow the formation of
perfusable blood vessels

Co-culture of MSCs enabled the
formation and stabilization of
endothelial cells. VEGF-linked

hydrogel induced differentiation
of MSCs toward osteogenesis

[127]

GelMA–BMP2–
TGF-β1

Bioprinting;
Photo-crosslinking

Established an anisotropic
biomimetic fibrocartilage

microenvironment by bioprinting a
nanoliter droplet encapsulating

MSCs, BMP-2, and TGF-β1

Genomic expression study
findings indicate differentiation of

MSCs and simultaneous
upregulation of osteogenic and
chondrogenic factors during the

in vitro culture on the model
3D construct

[128]

Collagen–fibrin–
VEGF

Culture plate coated with a
nebulized layer of sodium
bicarbonate; Bioprinting

An artificial neural tissue construct
was fabricated by bioprinting

collagen-laden neural stem cells and
VEGF-embedded fibrin gel

A sustained release of VEGF was
found from bioprinted fibrin gel,

which enhanced the migration and
proliferation of neural stem cells

[129]

Matrigel–Gelatin
microparticles–VEGF Glutaraldehyde crosslinking

The construct of gelatin
microparticles is suitable to generate

sustained release profiles of
bioactive VEGF

In vitro study shows real-time
migration of endothelial

progenitor cells and reveals
enhanced in vivo

vasculogenic capacity

[130]

Hydrogels incorporated with nanomaterials

Dopamine–Folic acid–
ZnO–quantum dot

Crosslinking by transition
metal ions to form

metal–ligand coordination

The hydrogels provide greater
antibacterial efficacy when

illuminated at 660 and 808 nm
(generate ROS and heat).

The hydrogels release zinc ions
over two weeks, provide a

sustained antimicrobial effect
against S. aureus and E. coli, and

promote fibroblast growth

[131]

Alginate–SiO2
nanofibers

Ionic crosslinking
through Al3+

The method helps the nanofibrous
hydrogels retain a large amount of
water, which helps in producing
desirable shapes at a larger scale

Results of zero Poisson’s ratio,
memory of shape, injectability, and
conductivity provide insight into

the development of future
multifunctional hydrogels

[132]
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Table 2. Cont.

Hydrogel
Composition

Gelation/Fabrication
Method Used Distinctive Features Findings Reference

Poly hydroxyethyl-
methacrylate
(pHEMA)–

multiwalled carbon
nanotube (MWCNT)

Polymerization at 4 ◦C

With incorporated MWCNT, the
construct has a more porous

structure with better elastic modulus
and electrical conductivity

The in vitro study shows the
viability of neuroblastoma cells

and that they help conduct
electricity, indicating that the
construct is more suitable as a

nerve conduit

[133]

HA–dopamine–rGO

EDC/NHS crosslinking;
Oxidative coupling of

catechol groups by
H2O2/HRP as the initiator

Multifunctional, including tissue
adhesiveness, antibacterial and

antioxidant ability, and good
mechanical properties

Shows significant skin
regeneration capacity with
enhanced vascularization;
promoted as an excellent

wound-dressing hydrogel

[134]

Quaternized Chitosan–
benzaldehyde

terminated F127

Crosslinking between Schiff
base bond and PF127 micelle

The dressings system showed good
stretchability, similar mechanics to

human native skin, and
rapid self-healing

In an in vivo study with a
full-thickness skin defect model,

the hydrogel showed deposition of
collagen with upregulated VEGF,

which led to accelerated
wound healing

[135]

Alginate–PLA
nanofibers Ultrasonication

Comparable compressive
characteristics to native alginate

hydrogels with better
cytocompatibility

The nanofiber-blended bio-ink
allowed the enhancement of
adipose-derived stem cells

proliferation, with the presence of
collagen and proteoglycans

indicating
chondrogenic differentiation

[136]

Alginate–
Nanofibrillated

cellulose
90 mM CaCl2

The bio-ink shear-thinning behaviors
enable printing of 2D grid structures

as well as complex 3D soft
tissue-like constructs

Bioprinted human chondrocytes
show over 80% viability 7 days
post-culture, demonstrating the

potential of the bio-ink for
3D bioprinting

[137]

2.3.1. Blend of Natural and Synthetic Polymers

Hybrid hydrogels composed of polymers from both natural and synthetic sources are
the most researched and reported hydrogel type, as they provide the best features of both
sources [138]. The mixing of polymers, which are termed double networks or IPNs, presents
the advantages of both natural polymers (cell-adhesion ligands, hydrophilicity, fibrous
architecture) and synthetic polymers (controlled degradability, tunable modulus, etc.) [139].
For example, different variants of PEG, such as Poly(ethylene glycol) diacrylate (PEGDA)
and poly[oligo(ethylene glycol)] methacrylate (PEGMA), have been used to bioprint hydro-
gels with a combination of gelatin or alginate to increase their mechanical and biological
properties [2,117]. Composite bio-inks were developed by using a blend of synthetic
amphiphilic peptides with keratin. The potential of this self-assembled biomaterial was
studied through the development of a 3D bioprinting platform, which encapsulated cells
within the modular pericellular microenvironment [116]. The term soft network composites
(SNC) was recently coined based on the architecture of soft tissue, in which fibrous poly-
mers are embedded in a weak hydrogel system. To mimic this pattern, researchers have
used fibrous synthetic polymers such as PCL and embedded them in a variety of synthetic
and natural polymers such as PEG, HA, and alginate hydrogels [140]. In the first and an
upgrade to the above model, Bas et al. introduced the method of melt electrospinning
writing (MEW) to form a continuous interconnected fibrous network of PCL combined
with PEG/heparin/fibrin hydrogel [120]. This composite hydrogel system not only exhibits
better pore size and mechanical properties, but also provides a suitable environment for the
growth and proliferation of the human chondrocytes forming neo-cartilage in vitro. In a
similar study by Visser et al., PCL microfibers were introduced into a hydrogel composed
of GelMA and alginate, and a significant increase (52-fold) in hydrogel stiffness was ob-
served [121]. The technique of SNC is promising but still at the early development stage.
Further studies targeting the interaction of fibrous synthetic materials with biodegradable
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hydrogels and remodeling of SNC over time are in progress to develop novel matrix designs
and customizations.

2.3.2. Hybrid Hydrogels with Biological Factors

The ECM contains numerous biologically active macromolecules, such as cell adhesion
moieties, growth factors, hormones, cytokines enzymes, and other signaling molecules,
which control the spatio-temporal behavior and fate of cells [1]. PEG, PCL, PU, and other
synthetic polymers as well as some natural polymers such as alginate and chitosan do
not possess the biological motifs and cues of ECM. In this regard, much of the tissue
engineering-based research has been focused on ornamenting biomacromolecules onto
polymeric hydrogels to provide an in vivo ECM-imitating environment. One of the most
common approaches is the tethering of integrin-binding peptides such as RGD and LDV in
fibronectin to the synthetic polymer backbone to render the system biocompatible [141].
Further, with the advent of the third generation of biomaterials, there is a significant
emphasis on the use of growth factors on biopolymers to enhance cell growth, proliferation,
and in some cases differentiation or wound-healing applications. The vascular endothelial
growth factor is one of the key players in the wound healing process, as it promotes
angiogenesis and blood capillary formation, which are prerequisites for a successful tissue-
engineered graft. In one such study, Byambaa et al. used the EDC/NHS coupling method
to link the VEGF molecule with an injectable gelatin hydrogel to treat a non-union bone
defect [127]. The study revealed that this hydrogel has better osteogenic and angiogenic
potential, thus promoting the growth and differentiation of encapsulated cells. For certain
stem cells, growth, and differentiation to a particular lineage require continuous external
stimuli in the form of growth factors. In such a study, Gurkan et al. added TGF-b and
FGF into the GelMA-based bio-ink [128]. They bioprinted this bio-ink with embedded
mesenchymal stem cells in a growth factor gradient manner to mimic the fibro–cartilage
transition in the bone–ligament interface. The study demonstrated the differentiation of
MSCs into respective osteoblast and chondrocyte phenotypes in a spatially defined manner.

2.3.3. Hybrid Hydrogels Incorporated with Nanomaterials

The incorporation of nanomaterials into biomaterials is a popular, versatile, and use-
ful technique to engineer a multi-functional construct for tissue engineering applications.
Nanomaterial in the form of nanoparticles, nanofibers, and nanotubes has been used to
ornament hydrogels, enhancing the mechanical, electrical, and optical properties as well as
augmenting the bioactivity of the system [142,143]. In this section, we briefly discuss vari-
ous types of nanomaterials including metal-based, carbon-based, and polymer nanofillers,
which have been used to enhance the functional aspect of biomaterials. Among many metal-
based polymers, silver nanoparticles have been extensively used in combination with many
synthetic polymers such as PVA and PAm to provide antibacterial properties to the con-
struct [144]. Based on its ability to avoid the issue of particle aggregation and ensure even
distribution among the gel, the in situ synthesis approach has gained popularity among
researchers [145]. This technique has also been applied with many natural-based polymers
such as chitosan and gelatin to obtain biocompatible and biodegradable NPS/hydrogel
composites [143]. Silver nanoparticle-based hydrogel composites have been applied in skin
wound repair due to their antimicrobial properties, although their high cost has prevented
their popularity as an effective hydrogel system. Other metal nanoparticles such as zinc
oxide, iron oxide, nickel, and silica have been used in combination with different polymeric
hydrogels to impart ferromagnetic and semi-conducting properties. Iron oxide is very
commonly synthesized as a ferromagnetic material and has been used in combination with
many hydrogels to form ferrogels. In one study, these ferrogels were applied as actuators to
mimic human muscle movement [146]. Carbon-based nanomaterials have been extensively
used in the fields of engineering and medicine, with applications including multi-walled
carbon nanotubes (CNT), graphene, and GO [147]. Carbon nanotubes have seen wide
application in hard tissue regeneration due to their ability to increase the overall strength of
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the structure as well as enhance the cell attachment process. In one study, a chitosan-based
polymeric material was developed through combination with CNT, which shows higher
blood cell and platelet adhesion than gelatin sponges and gauges, thus increasing the ability
of the material to induce a blood clot [148]. When applied to the skin wound, the material
was also found to promote healing better than the commercially available TegadermTM film.
GO is another attractive nanomaterial that has been widely used to impart multifunctional-
ity in polymer-based composite hydrogels. Tai et al. developed a GO/PAA-based material
that showed excellent swelling and electrical properties [149]. In another study, Liu et al.
fabricated a GO/PAm-based material using in situ polymerization, and it showed a 4.5-fold
increase in tensile strength compared to PAm [150]. Polymeric nano-fillers are a class of
nanomaterials that have recently become popular among researchers in the bioengineering
field and include micelles, dendrimers, polymeric nanofibers, nanocrystals, and hyper-
branched polymers. In one study, Maji et al. fabricated a gelatin/chitosan-based generation
4 Polyamidoamine (PAMAM) dendrimer-based 3D construct for skin regeneration [151].
The crosslinked scaffold exhibited improved mechanical strength in terms of modulus and a
tensile strength comparable to that of skin, along with increased keratinocyte migration and
proliferation. Nanocellulose (CNF) is a natural-based polymeric nano-filler derived from
plants and bacteria and is popularly used in the biomedical and energy fields [152,153].
CNF is compatible with a wide variety of natural and synthetic polymers. Its engraftment
into polymers was done to improve their physicochemical properties, particularly to create
a tough and flexible biomaterial for specific biomedical applications. There are other nano-
materials, such as quantum dots [154], nanoclay [155], and calcium-phosphate nanocrystals
(nano-hydroxyapatite) [156], whose incorporation into biomaterials has been found to be
beneficial in terms of both physicochemical and biological attributes of the hydrogels and
has been reviewed elsewhere in great detail [143,157,158].

2.4. Animal Matrix-Derived Hydrogels

Animal matrix-based hydrogels are usually cell-, tissue-, and organ-derived matri-
ces and are composed of proteins (collagen, laminin, fibronectin, etc.), polysaccharides
(including proteoglycans, glycoproteins, and GAGs), and other bioactive molecules (such
as growth factors, cytokines, and hormones). The use of animal matrix for hydrogels for
3D cell culture has a clear advantage of better mimicking the architecture, composition, and
microenvironment of native tissue. However, certain limitations such as time-consuming
extraction and purification processes and batch-to-batch compositional variation have lim-
ited their popularity among researchers. In this section, we briefly discuss the application
of animal matrix-based hydrogels in 3D in vitro modeling that were derived from the
decellularization of tissues and organs and originated from the basement membranes of
mouse sarcoma (commercially available as Matrigel).

2.4.1. Decellularized ECM (dECM)

The ECM is obtained by the process of decellularization, which removes inhabiting
cells from the tissue/organ, preserving only the structural and functional macromolecules
and other biologically active small molecules. The process was first reported in 1948 and
was later applied in 1964 for the preparation of skin homograft [159,160]. In recent years, the
steady rise of patients suffering from late and end-stage organ failure and the shortage of
organ donors has increased the demand for decellularized organs, which include liver [161],
heart [162], lungs [163], and kidney [164]. One of the main advantages of using a decel-
lularized matrix in organ transplantation is the ease of reestablishing vascular networks
at all hierarchical levels [165]. In recent years, as an alternate to tissue- or organ-based
matrices, in vitro cell-cultured-based dECMs have attracted the interest of the scientific
community as they are comparatively more homogenous and can be used as in vitro
models in a more controlled way, leading to results that can easily be interpreted during
analysis [166]. Various types of cells, including fibroblasts, mesenchymal stromal cells, and
chondrocytes, have been used to establish matrices and been investigated for their ability
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in cell growth, proliferation, and guiding differentiation [167]. However, it is essential to
carefully consider the choice of cells for ECM production. For instance, it was observed
that fibroblast-derived matrices are unsuitable for imitating the lung microenvironment in
composition and complexity [168]. Nevertheless, the idea of matrix precipitation and its
solubilization into hydrogels has significantly increased the utility of ECM in both in vitro
as well as in vivo applications. Despite losing its architectural and structural features, the
solubilized form of ECM retains all the biochemical, growth-supportive, and cell-instructive
properties of its native tissue, thereby affecting the metabolic activity and morphology of
cultured cells. For example, rodent and human islet cells showed an increased level of
insulin secretion when cultured long-term on bladder- and pancreas-derived ECM [169].
Another study by French et al. demonstrated the use of dECM hydrogels for enhanced
cardiac regeneration [170]. The porcine ventricular-derived ECM hydrogel was used to
culture rodent cardiac progenitor cells, which showed enhanced cardiac marker expression
compared to when cultured on collagen hydrogel. The dECM was also used to culture
human cardiac progenitor cells and extended for bioprinting applications when combined
with GelMA hydrogels [171,172]. These studies prompted the researchers to develop a
dECM-based medical gel, VentriGel, which was first tested on patients suffering from early
and late myocardial infarction [173]. Despite all the advantages, the weaker mechanical
properties of dECM have limited its ability to retain an ordered structural characteristic
when used as an architectural scaffold. To overcome this limitation, hybrid composites
of dECM with natural and synthetic derived polymers were fabricated. Jacqueline et al.
present a highly reproducible composite material containing alginate and gelatin with
dECM, which was found to be mechanically stable and bioprintable and have an elastic
modulus similar to tumors induced by head and neck squamous cell carcinoma [174].

2.4.2. Matrigel

Despite the increased popularity of dECM in recent years, most of the in vitro 3D mod-
els in development and organotypic cultures currently use murine sarcoma-derived ECM
hydrogel, which is commercially available under the trade name of Matrigel or EHS ma-
trix [175]. Matrigel is an undefined mixture originating from the basement membrane of
Engelbreth–Holm–Swarm mouse sarcoma and is composed of proteins, proteoglycans,
and several growth factors [176]. Despite its well-known limitation, in the last decade,
Matrigel has become a gold standard material for setting up 3D in vitro cultures and
organoid development [177]. Embedding stem cells or primary cells in Matrigel under cell
instructive conditions has created small but complex tissue architecture resembling the
developmental stages of their organ of origin. Since the matrix is animal-derived, apart
from compositional variation, it also contains the risk of carrying pathogens. ECM-based
materials have indeed provided a very impressive and compelling means for cell growth
and differentiation, which has enabled the scientific community to develop in vitro models
that closely mimic the in vivo organ/tissue-like conditions. However, the compositional
variation and complexity of the material has made it difficult to standardize protocols and
to study the mechanistic biology of the targeted tissue. There is a need for a hydrogel-
based biomaterial that has minimum variability, is non-immunogenic, and provides easy
modification of cell instructive properties.

2.5. Engineered ECM (eECM) Hydrogels

In another recent approach, recombinant protein engineering was employed in the
production of cell instructive hydrogels that have the advantages of both natural and
synthetic polymers [178]. In this approach, the amino acid sequence of the target protein
was encoded into a plasmid vector. The reengineered plasmid vector was transfected into a
suitable host (e.g., E. coli), where the encoded genetic information was translated into the
target protein. The technology allows the generation of tunable and user-defined modular
protein that can integrate specific structural and functional domains of ECM. In another
study, the ECM was engineered to contain an RGD motif sequence and elastin-like struc-
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tural domain and used in the culture of mice intestine explant [179]. The result indicates
that eECM has influence over tissue differentiation due to its adhesive and mechanical
properties. The same engineered hydrogel was later used in a study to investigate the
influence of the eECM’s viscoelastic and degradation properties on the preservation of
stemness and differentiation ability of adult murine neural stem cells [180].

2.6. Electroconductive Hydrogels

It is well established that the growth and function of many cells and tissues, including
cardiac tissue, neural cells, and bone cells, can be affected by electrical stimuli [181]. How-
ever, the introduction of electrical signals into general biomaterials would be difficult, as the
biomaterials are barely conductive [182]. In recent years, electrically conductive hydrogels
have garnered attention due to their potential in a wide variety of biomedical applica-
tions, such as the development of biosensors [183], bio-actuators [184], and drug release
devices [185]. Electroconductive hydrogels (EHs) are developed by doping conductive
components into conventional hydrogels. Conductive polymers such as polypyrrole (PPy),
polyaniline (PANI), and poly(3,4-ethylenedioxythiophene) (PEDOT) and conductive carbon
materials such as carbon nanotubes and graphene are commonly used to synthesize EHs.
There are numerous studies in which EHs are used as a cell culture matrix, which cannot
only provide biochemical and structural support for cells, but can also introduce more func-
tional monitoring and manipulation of cell activities. For example, Zhang et al. prepared
an electroconductive scaffold using PPy and polycaprolactone [186]. They demonstrated
that the application of a 200 uA direct current to human adipose-derived mesenchymal
stem cells on this scaffold promoted the migration of these cells into the inner region of the
scaffold and enhanced their osteogenic differentiation. Shin et al. used an EH as a scaffold
to control the contraction function of formed cardiomyocyte tissue [184]. Cardiomyocytes
were cultured on a multilayer hydrogel sheet impregnated with aligned carbon nanotube
microelectrodes. Upon stimulation with electrical signals, the muscle tissue was able to
mimic the contraction of the heart. The study demonstrates that multilayer hydrogels
work as a 3D environment for cardiomyocyte growth and that their combination with
muscle tissue remarkably emulates the bioactivity of an animal heart. By responding to
various stimuli such as pH and chemical signaling, EHs are also an attractive candidate for
the development of biosensors. Zhang et al. developed a 3D insulated cultured scaffold
from poly(dimethylsiloxane) (PDMS) with electrochemical performance by uniformly coat-
ing it with PEDOT and platinum nanoparticles [187]. The setup demonstrated desirable
biocompatibility for the 3D culture of cancer cells with an excellent catalytic ability for
electrochemical sensing, allowing real-time monitoring of reactive oxygen species. This
in vitro 3D platform shows promise for application in anticancer drug screening and cancer
treatment. Despite several emerging studies on EHs, many technical and scientific chal-
lenges remain. Further enhancement of their biocompatibility, stability, and compatibility
with microelectronics would bring EHs and EHs-based in vitro devices closer to being used
in clinical therapy.

3. Preparation of Hydrogels

Hydrogels have been fabricated by structural modifications, physical interactions, and
chemical crosslinking. The triggering of various environmental factors such as temperature,
pH, ionic strength, and physicochemical interaction has also been used to form physical
hydrogels. Additionally, reactions such as photo-polymerization, enzymatic reactions, and
other chemical crosslinking methods have been used to fabricate chemical hydrogels where
the main focus is to attain enhanced stability and superior mechanical strength. Polymer
surface functionalization, chemical modification, and a few other promising approaches
(e.g., click reactions) for the preparation of hybrid and composite hydrogels are briefly
presented in this section.
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3.1. Physical Interaction

The physical interactions used in the fabrication of hydrogels include hydrogen
bonds, electrostatic interaction, coordination bonds, hydrophobic interactions (in many
instances), as well as physicochemical interactions (stereo-complexation, supramolecular
chemistry, etc.) [188]. The usual approach is to form a homogenous solution by modi-
fying ionic strength, solvent composition, and the temperature and pH. These methods
are reversible and enable the solution to change to the gelation form once it reaches its
initial conditions [189]. Physical hydrogels are stimuli-responsive, but they possess poor
mechanical strength and often show plastic flow [190]. Physical hydrogels are also devel-
oped by crystallization [191], protein interaction [192], and amphiphilic block and graft
copolymers [193].

3.2. Crosslinking

The crosslinking of hydrogels can be approached in three ways. The first is physical
crosslinking, which includes the multiplex process of coacervation (a frequent freeze-
thawing cycle that leads to the formation of cryogels) and ionic interaction. The second
approach is chemical crosslinking via polymerization, co-polymerization, and covalent
chemical interaction using crosslinking agents such as glutaraldehyde, borate, and glyoxal.
Emulsion techniques (reverse micro-emulsion, inverse mini-emulsion), radical polymer-
ization, photolithographic crosslinking, Schiff base crosslinking (Nucleophile addition,
Michaelis–Arbuzov reaction) [194] are additional techniques used to chemically crosslink
hydrogels. The final approach is grafting using irradiation, which includes gamma ra-
diation, UV radiation, and high-energy electron beam radiation, which depends on the
time and intensity of the irradiation. Crosslinked hydrogels are highly stable, with a per-
manently fixed shape at rest, and are usually non-reversible. However, they exhibit low
extendibility and low fracture toughness. In this regard, to contain the desired advantages
of both approaches of crosslinking (physical and chemical), the development of double
crosslinked hybrid hydrogels was proposed [195,196]. In a study, Kondo and the research
group developed a homogenous network of double crosslinked gel with tetra arm star-
shaped PEG and PDMS blocks that were built together by orthogonal cross-coupling [197].
Many other double-network (DN) hydrogels have been prepared using both physical and
chemical crosslinking methods, but they have the major drawback of toxicity due to the
crosslinking agents [198]. Further research is required in this area to create a new generation
of DN gels.

3.3. Chemical Modification

Chemical modification includes the preparation of complex materials with specific
functions or attributes. These can include modification to provide a variety of ligands for
drug delivery in sustained or burst release and the inclusion of growth factors or other
biologically active molecules for imparting additional features required for targeted therapy.
Lim et al. presented a protein functionalized immobilized platform by conjugating the
protein with the polymer backbone of the crosslinked hybrid network [199].

3.4. Functionalization

Functionalization is generally carried out on the surface of the polymers/hydrogels to
impart certain features to the material. Hydrogels have been functionalized by conjugating
certain small molecules to reduce toxicity or incorporating features such as electrical
conductivity, and enhanced strength or elasticity [194]. Additionally, functionalization
helps create hydrogels with various morphologies such as hollow, multilayered, and fiber
microgels [200]. Furthermore, affixing certain bioactive molecules like peptides and ligands
to hydrogel surfaces adds certain types of biological functionalization and regulates cell
behavior for adhesion, proliferation, differentiation, and protein synthesis, in addition to
promoting specific tissue regeneration.
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3.5. New Approaches

Recent advances in polymer chemistry have led to the design of new materials with
a wide range of applications. Among such chemical transformations, “click reactions”
have proved to be a valuable tool in generating materials with tunable characteristics.
Reactions such as thiol-maleimide Michael addition and thiol-norbornene click reactions
have attracted the attention of scientists as they are orthogonal to many naturally occur-
ring chemical functionalities, have fewer byproducts, and the formation of intermediate
thioether succinimide linkage can be modulated to give them dynamic properties [201,202].
The chemical transformation has particular utility in fabricating biocompatible hydrogels
with tunable viscoelastic properties, as the developed biomaterial can carry and transfer the
encapsulated cargo in an instructive way to the surrounding tissues (triggered by a change
in pH or glutathione in glutathione-mediated cleavage) [203]. For example, biocompatible
HA hydrogels based on copper (I)-catalyzed azide-alkene cycloaddition (CuAAC) were
utilized as a drug repository tissue construct [204]. Furthermore, with the assistance of a
copper-free click chemistry reaction, it is reasonably easy to reduce the toxic catalysts used
in copper-catalyzed reactions. Such facilitation have been observed in radical-mediated
thiol-ene/yne chemistry [205], tetrazole alkene photo-click chemistry [206], and the oxime
reaction [207].

4. Factors Considered in the Design of a Hydrogel-Based Substrate

Cells actively interact and sense the physical and biochemical signals from their
surrounding matrix and accordingly change their properties and functions, including
migration, growth, ECM production, and differentiation [208]. In vitro, the cell’s functions
and behavior are influenced by various substrate properties such as soluble molecules,
mechanics, topography, stiffness, and degradation rate [209,210]. It should be noted that
each tissue type and associated diseases differs in the types of cells present and their
surrounding matrix. Therefore, the choice of biomaterial and the design of the model
system are dependent on the tissue and disease type. Engineering techniques can be used
to precisely control the substrate geometry, flow conditions, nutrient and oxygen supply,
matrix stiffness, topography, and other local biochemical features.

4.1. Hydrogel Microenvironment

The in vitro development of specific 3D tissue constructs is majorly dependent on the
biochemical properties of the surrounding material. Although the animal ECM-derived
matrices such as dECM and Matrigel can guide cell proliferation and differentiation, their
variability and poor characterization make it difficult to clearly define the cell–matrix
interaction and the underlying mechanism. In this regard, chemically defined natural
hydrogels are better suited for the generation of in vitro 3D tissue. For example, Broguiere
et al. fabricated a fibrin-based hydrogel supplemented with laminin-111. The hydrogel
was found to be conducive to the formation of both murine and human intestine epithelial
3D tissue and their long-term expansion [211]. It was thus reasoned that naturally occurring
RGD motifs are crucial for maintaining stemness in intestinal cells. Additionally, defined
synthetic hydrogels are used in engineering in vitro tissue models via precise control of their
biochemical properties. For instance, PEG hydrogels are widely used in the formation of
tissue engineering products due to their non-toxicity and ability to maintain hydration [212].
In one study, it was observed that compared to Matrigel, defined PEG-based hydrogels
are better suited for inducing homogenous and polarized neuroepithelial colonies, which
facilitate the formation of a dorsal–ventral patterned neural tubule-like structure [213]. The
author also showed that when tuned to precise biochemical features, synthetic hydrogels
can provide early neural morphogenesis.

4.2. Hydrogel Microarchitecture

With the help of the latest fabrication technologies such as wet-spinning, droplet
microfluidics, and bioprinting, it is now possible to create a distinct internal structure of a
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hydrogel-based biomaterial that can provide a specific architectural environment resem-
bling the targeted tissue. The specific topology and internal structure of hydrogels enable
passive mechanical stimulation from the boundary surface of the biomaterial and allow
regulation of tissue morphology, promote aggregation of cells, and promote multicellular
interaction, which triggers the formation of 3D microtissues. Particular discrete structures
such as microfibers and microgels fabricated by micro-technologies have been able to pro-
vide geometric confinements in the development of 3D tissues. For example, PEGDA-based
microgels were formed to culture liver organoids with long-term culture and functional
maturity when integrated with a perfusable chip [214]. Surface topographies have also
been utilized to direct cell migration and alignment in 3D in vitro cell culture. For instance,
PEG-based substrates that were formed into a specific pattern with plasma exposure and
coated with Matrigel were used to generate human cardiac micro-chambers [215]. In a sim-
ilar study, photopatterning was used in the development of PEG-based micro-wells, which
were found to support the organization of stem cells derived from salivary glands. These
micro-wells were coated with electrospun PCL nanofibers, which in turn were used in the
generation of organoids with larger diameters [216]. In conclusion, hydrogel-based bioma-
terials can develop an in vitro cellular structure with distinct geometries and architecture
by managing its topological structure, thereby guiding and improving the reproducibility
of 3D tissues.

4.3. Hydrogel Mechanics

The mechanical properties of a biomaterial have a significant influence on the orga-
nization and development of 3D tissue. Matrices with specific mechanical properties are
appealing biomaterial candidates for engineering 3D tissue formation and understanding
its regulatory mechanism. Due to properties such as stiffness, elasticity, and durability,
synthetic hydrogels are considered suitable analogs in the development of 3D culture. Stud-
ies have indicated that matrix stiffness is essential for regulating the integrin downstream
pathway and other transcriptional activators in stem cells, which steer their organization
and 3D tissue formation tendency [217,218]. In a study by Wu et al., the compressive mod-
ulus of hydrogels were prepared in lower (0.51 KPa) and upper (1.41 KPa) stiffness ranges
of native brain tissue to encapsulate neural progenitor cells [219]. The result indicates
increased neurite growth, proliferation, differentiation, and maturation of neural spheroids
when cultured on the soft hydrogel as compared to a stiff one. In another study, PAm-based
hydrogels of varying stiffness were prepared by controlling the ratio of acrylamide and
cross-linkers (bis-acrylamide) to create cardiovascular organoid substrates with different
mechanical conditioning [220]. The maximum differentiation efficiency and contractility
percentage of cardiac organoid was obtained when the substrate had similar viscoelasticity
to the native cardiac muscle (elastic modulus: 6 KPa). The phenomenon observed might be
because the signal transmitted from the matrix rigidity leads to the further downstream
signaling pathway in the cardiomyocytes’ proliferation and differentiation. The mechani-
cal properties of hydrogels can be further modulated using anisotropic modification and
gelation, resulting in the generation of polarized tissues.

5. Types of Hydrogel Units, Platforms, and Fabrication Technologies

The diverse range of functionalities exhibited by in vivo native tissues and organs
are characteristics of their numerous morphological features and topographical variations.
Owing to their high degree of plasticity, hydrogels can imitate the geometrical and architec-
tural features of targeted tissues, ranging from nanometers to micrometers. Such tunable
attributes can be exploited in the reconstruction and reformation of hierarchical morpholo-
gies, including the internal structure and surface topologies of tissues and organs in in vitro
3D models. Figure 3 displays various hydrogel architectural units, including micro and
nanogels, microfibers, patterned membranes, and other modular frameworks that have
been developed with the help of various platforms and recent fabrication technologies,
which provide precise control over the distributions of cells and molecules.
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Figure 3. Schematic figure of existing fabrication technologies for designing various hydrogel
units/platforms.

5.1. Cell-Laden Constructs

Encapsulations of cells in 3D bulk hydrogels are one of the most simplified, approach-
able, and by far the most successful methods in the development of in vitro tissue constructs
and clinical transplantation [221]. A broad range of polymeric materials (both natural and
synthetic) such as gelatin, PEG, and alginate are available for cellular encapsulation. It is
expected that the materials be biocompatible; be easily tunable to incorporate molecules
that can guide cell growth, proliferation, and differentiation; and create morphological
and topographical features similar to those of the real tissue. In this approach, isolated
cells are typically suspended with the bulk hydrogels and crosslinked under cell-favorable
conditions to mimic the in vivo conditions of the tissue. Depending on the cross-linker
and crosslinking mechanism, the hydrogel could be a long-term stable construct or rapidly
degradable through hydrolysis or proteolysis [222–224]. While stable hydrogels often re-
strict cell movement, and tissue deposition, degradable hydrogels allow cell migration and
growth, thus promoting tissue formation to replace the hydrogel [225]. However, native
tissues in in vivo conditions are far more compositionally and architecturally complex than
the in vitro cell-laden hydrogel constructs. Current research trends have been focused
on microtechnologies, which enable the fabrication of complex architecture through the
strategic placement of cells and tissue modules.
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5.2. Microgels

Microgels are micrometer-sized hydrogel blocs that can be used to provide geometrical
and spatial confinements during the development of 3D multicellular clusters. Although
microgels are generally formed in spherical geometries, they can be developed in different
sizes and morphologies, including hemispheres, capsules, disks, and spindles [226,227],
which can affect cell growth, proliferation, and other metabolic functions. Microgels are
developed using various precursors of hydrogels, including alginate, agarose, collagen, and
PEGDA [228]. A droplet-based microfluidic platform is one of the common techniques used
in the development of microgels [229]. The technique has the advantage of generating and
engineering the formation of individual spheroids in the form of droplets in a highly control-
lable manner and can be used to encapsulate single cells and multiple-cell aggregates [230].
Most droplet-based microgel formation has been developed by encapsulating cell suspen-
sion within non-adherent hydrogels such as alginate, agarose, PEG, and their derivatives,
which leads to the formation of multicellular spheroids [231]. Sabhachandani et al. devel-
oped cell-laden alginate microgels as 3D tumor spheroids and studied them as a more
effective preclinical drug-resistant screening model [232]. Another technique is using mul-
tiple micrometer size compartments (microwells) to trap gel-laden cells to form microgels.
Such wells are usually fabricated via soft lithography technique using a PDMS stamp or
mold [233]. Microwell-based spheroid formation has also been applied to investigate the
paracrine effect of hepatic stellate cells [234]. Electrostatic extrusion is yet another technique
for developing microgels. At the extrusion point, the jet is subjected to an electric field
that generates polymer-based microparticles. Jianjun et al. used electrostatic interaction
to form a porous polyelectrolyte complex (PEC) from poly(L-glutamic acid) and chitosan.
Upon culture with chondrocytes, the PEC microsphere produced a significant amount of
cartilaginous matrix [235]. In another study, this technique was used with decellularized
adipose tissue to fabricate microgels for dynamic culture and the expansion of human
adipose-derived stromal/stem cells [236]. Presently, various other techniques are used in
the development of microparticles/microgels, such as the coacervation method, vibrational
jet method, air suspension method, and supercritical fluid precipitation method. The details
of these techniques, the microgel process formation, and their 3D cell culture applications
are not covered in this article, as they have been well described elsewhere [237,238].

5.3. Microfibers

Under physiological conditions, several tissues exhibit tubular configuration and
a fibrous structure with tissue organization-specific functions. In the past few decades,
methods such as wet spinning and microfluidic spinning have excelled at controlling the
compositional and geometrical features when fabricating microfibers (solid, hollow, and
core-shell fibers) [239,240]. In these techniques, rapidly cross-linked hydrogels (GelMA,
alginate, collagen, etc.) are preferred, as the gelation of microfibers are obtained in an
aqueous solution [241,242]. Microfluidic spinning employs a specially designed microchan-
nel that is involved in the generation of 3D coaxial flow, which consists of sample and
sheath flows. Through solidification of the coaxially flowing liquid using UV light, ionic
and chemically crosslinking solidified fibers can be produced [243,244]. The potential of
cell encapsulation using microfluidic spinning technology has enabled its applicability
in the reconstruction of in vitro complex 3D tissues mimicking organs such as the liver
and pancreas [245–247]. For example, Kang et al. cultured L929 fibroblasts and primary
hepatocytes in the center and outer layers of coaxial alginate microfibers, respectively,
to prepare a liver-mimicking tissue structure [244]. Electrospinning is another popular
technique used to fabricate not only micro-sized but also nano-scale fibers that closely
resemble the fibrous matrix of native ECM [248,249]. The method uses an electric force to
draw a charged thread of polymeric solution up to a fiber diameter of some hundreds of
nanometers. The basic materials are polymers or solvent, and most natural and synthetic
polymers can be electrospun into fibers. The technique uses either a single type or multiple
types of hydrogels to generate a randomly packed fibrous construct (either membranous
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or a 3D scaffold). In one study, Honkamaki et al. developed a layered 3D construct by
embedding electrospun poly(L,D-lactide) fibers in collagen hydrogel. The layer-by-layer
scaffold shows better resemblance to the native microenvironment, thereby guiding the
growth and neurite development of iPSC-derived neuronal cells [250]. In another recent
study, the authors used a 3D hydrogel structure as a base collector instead of a common
metal collector to develop a unique hydrogel-assisted electrospinning process. With various
nanofiber microstructures, the process permits the forging of various types of 3D structures.
This new hydrogel-assisted electrospinning method is expected to be applied to drug
delivery, tissue engineering and development, and the building of anisotropic in vitro 3D
tissue models [251].

5.4. Transwell Platforms

Transwell devices consist of permeable membranes that form a physical barrier be-
tween two different cell types, only allowing the soluble molecules to pass through. They
are considered important tools in developing a 3D in vitro model that can investigate the
growth and interaction of two different cell types in two separate microenvironments.
Transwell platforms have been assembled with other platforms such as microchannel or
microfluidic devices [252]. Commercially available transwell culture plates consist of a
porous membrane suspended between two chambers. This platform has been extensively
used to study drug efficacy, cell migration, and cell invasion. The majority of in vitro
brain–blood barrier models have used a transwell platform in which the upper chamber
contains endothelial cells and the lower chamber contains astrocytes, which represent the
neural tissue [253–255]. Kwak et al. used a transwell platform to model 3D skin tissue.
In the setup, the authors used a GelMA hydrogel to encapsulate fibroblasts and added a
transwell insert to mimic the dermal tissue. HaCaT cells were cultured on top of the GelMA
hydrogel to simulate the keratinocytes layer over the dermal tissue [256]. Another good
model for a transwell platform is sandwich cell configurations. The sandwich culture is
considered a gold standard for developing liver models, as it allows long-term maintenance
of differentiated hepatocytes. In hydrogel sandwich culture, cells are first seeded onto a hy-
drogel substrate. The cultured cells are given sufficient time to ensure full adherence to the
substrate. Thereafter, another layer of hydrogel is placed on top of the adhered cells [257].
This system of sandwiching cells between the two layers of the hydrogel can be integrated
with a transwell platform and thus can regulate different cell types spatiotemporally.

5.5. Microfluidic-Based Platforms/Organ-on-a-Chip (OOC)

In recent years, microfluidics have become an immensely popular and sought-after
platform to develop 3D in vitro models. As the name suggests, this miniaturized platform
is utilized with different types of cells that can be maintained in different micro-chambers
and connected by arrays of various microchannels [258]. The major benefit of this platform
is the continuous perfusive flow of media, which assists in the movement of nutrients,
gases, and wastes. Several studies have proved the superiority of microfluidic systems over
static culture in terms of cellular metabolism and functions [259].

In the past decade, microfluidic technology-based OOC have emerged as a frontrunner
in the development of in vitro 3D model systems. The OOC systems comprise various
living human primary cells lined with micrometer-sized compartments and channels that
can imitate the structural, mechanical, biochemical, and functional features of in vivo
tissue and its microenvironment [260]. Miniaturized versions of various tissues includ-
ing liver [261,262], kidney [263], heart [107], lungs [264], and intestine [265] have been
developed on this platform. The simplest OOC system consists of one type of cell with
a single perfused channel that can perform the function of a single tissue. For example,
demonstrations of functional activity by perfusion culture of 3D hepatocyte aggregates
and their responses to shear stress through the exposure of vascular endothelial cells to
medium flow in a microchannel encompass some of the initial-stage research on OOC
systems [266,267]. Second, this simple model has designs with two or more compartments
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that are connected by microchannels or porous membranes and consist of two or more
different types of cells. The challenge for OOC is to create a multi-OOC design to replace
the animal model experiments in preclinical studies. In 2010, Van et al. for the first time
combined liver and intestines models into a single microfluidic device. Through this
model, they were able to demonstrate the applicability of organ–organ interaction study
on a chip, including the regulation of bile acid synthesis. Since then, many organs have
been concentrated onto individual chips [268]. A study by Maschmeyer et al. described
the fabrication of a microphysiological system that maintains the functionality of four
organs (liver, intestine, skin, and kidney) for over 28 days on a microsystem scale [269].
Benjamin et al. fabricated a chip formed with collagen I for the study of angiogenesis and
thrombosis. In this microfluidic setup, they assembled a metabolically active liver, a free
contracting cardiac tissue, and a metastatic solid tumor in a biodegradable scaffold. The
system successfully demonstrated a complete cancer metastasis cascade across multiple
organs [270]. Studies have shown that the OOC model can be utilized in the prediction of
drug efficacy and toxicity, which can provide precise estimation compared to the animal
models and therefore can bridge the gap between in vitro tests and clinical trials [271].
At present, polymeric materials such as PDMS and glass are used in the preparation of
OOC devices. PDMS has the benefits of optical transparency and gas permeability, which
enable the OOC platform to carry out real-time and high-resolution imaging of the in vitro
setup. However, it was recently observed that PDMS-based material has a major drawback
in that it absorbs hydrophobic molecules from the solution and can therefore provide a
misleading outcome in cell-based experiments [272]. Many hydrophilic biomaterials and
hydrogels with reduced ability to interact with the molecules of the solution have been
used to provide a non-absorbent PDMS surface. For example, Kuddnnaya et al. addressed
this issue by employing the (3-aminopropyl)triethoxysilane (APTES)-based crosslinking
strategy to stabilize the ECM protein immobilization on PDMS. The surface modification
supports long term viability and adhesion of neuronal and glial cells [273]. In comparison to
conventional substrate materials, natural and synthetic polymers such as GelMA, alginate,
and PEG are also considered a promising substitute in the fabrication of OOC systems,
as they not only have the advantage of high permeability and tunable physicochemical
properties, but are also highly biocompatible and have cell adhesive properties [274,275].
Aleman et al. fabricated a GelMA-based microfluidic device with an integrated endothelial
microfluidic network [274]. In another study, Zhao et al. described the fabrication of a
biofunctionalized microfluidic device based on a silk protein hydrogel elastomeric ma-
terial. The device exhibited well-regulated mechanical properties, long term stability in
various environmental conditions, and optical transparency [275]. For the achievement of a
balanced and stable structure with intricate micro-sized channels in the development of
hydrogel-based OOC, different microfabrication technologies have been applied, including
micro-molding [276,277], photo-patterning [278,279], and bioprinting [272,280–282]. With
the recent progress in composite hydrogels and micro-technologies and the use of an effec-
tive combination of them, the fabrication of functional miniaturized organs to be used as
disease models or in drug screening applications can soon be realized.

5.6. 3D Bioprinting

Conceiving the complex hierarchical 3D structure demands a highly flexible method.
In recent years, 3D printing technology has gained immense popularity among researchers,
in fabricating structures with tunable size, geometry, and architecture with high spatial
resolution. 3D bioprinters are capable of printing multiple materials simultaneously with
enhanced control over the spatial placement of various material/hydrogel-laden cells in the
same construct [283]. Based on the working method, 3D bioprinting can be classified into
three types: the droplet method, the micro-extrusion based method, and the laser-assisted
printing method [284,285]. The advantages and drawbacks of these methods are presented
in Table 3. In bioprinting, the polymers (natural or synthetic) that encapsulate cells and
are used to create 3D structures are called bio-inks [286]. The physicochemical properties
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of the polymeric hydrogels, such as rheological properties and crosslinking mechanism,
define their suitability as a bio-ink [287]. The crosslinking of bio-inks can be triggered
before (pre-crosslinking), after (post-crosslinking), or during the period of extrusion (in situ
crosslinking) [288]. Among all the crosslinking methods used during bioprinting, photo
polymerization (light-based radical polymerization) has become the most desired method
due to its flexibility in stabilizing the shape and structure of the bioprinted construct [81].
Hydrogels such as gelatin, alginate, HA, and PEG-based polymers are presently used
to develop bio-inks to help create tissue-like structures [289]. Some promising studies
on self- and co-assembly of materials to form composite hydrogels as novel bio-inks are
also emerging [116]. It is important to note that in cell-based bio-ink printing (cells with
carrier hydrogels), apart from determining printability and structural fidelity, the priority
is to ensure long-term cell viability in the 3D printed construct. Numerous factors can
result in low viability in the bioprinted construct, such as increased shear force during
extrusion of bio-ink or harmful crosslinking methods. In one study, Lee et al. presented
a versatile and novel one-step fabrication method to develop an in vitro OOC platform
using 3D bioprinting. The developed platform showed spatial heterogeneity, which was
used to evaluate liver tissue functionality and drug testing efficacy [290]. Other 3D printing
methods such as stereolithography (SLA), digital light processing (DLP), direct ink writing
(DW), laser-induced forward transfer (LIFT), and multijet modeling are suitable to print 3D
hydrogel-based constructs that can subsequently be populated with cells [291]. Although
the progress in bioprinting technology has been well-paced, printing tissues and organs
for clinical transplantation is still far from becoming a reality. However, the method has
provided a platform for creating a more sophisticated in vitro 3D tissue model that will
take us one step closer to the development of real tissue and organs in a dish.

Table 3. Types of bioprinting methods and their features.

Bioprinting Method Working Method Advantage Limitation

Micro-extrusion
method

Most common method.
Physical force is used to distribute
biomaterial and cells at a specific

location through a nozzle.

Can print
heterogeneous and
complex structures

Low
resolution
printing

Droplet-based
method

A controlled volume of cell
suspension hydrogel is printed at

the desired location.
The print volume can be controlled

via a magnetic field, an electric
heating nozzle, and piezoelectric or

acoustic actuators.

Much more accu-
rate resolu-

tion than micro-
extrusion printing

Difficult to
print large-
scale bio-

logical
structures

Laser-assisted
printing

Biological structures are printed by
laser-guided front transfer.

The solidification method uses a
laser-induced

photo-polymerization using UV,
infrared, or visible light.

Prints at the
highest resolution
owing to the laser

interference

Low
cellular
viability

5.7. Organoid Systems

Organoids are 3D multicellular micro-physiological systems that are formed by prolif-
eration, differentiation, and self-organization of primary cells or stem cells that are placed
close to each other [292]. The complex and organized structure that is formed recapitulates
some of the structural and functional features of the real organs [293]. Initially, this strategy
was used to form cancer cell spheroids to study tumorigenesis and cell metastasis and to
scrutinize cancer drugs [294]. At present, this method is frequently used for developing 3D
tissue or organ reconstruction. For example, intestinal organoids have been developed from
the biopsies of intestinal tissues containing intestine stem cells [295]. In this method, after
selection of a cell source, a homogenous medium (the following methods are more or less
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similar) is used for the culture of the cells. The cells need to be cultured in free form (either
suspended or embedded in a 3D-conditioned surroundings), as it enables them to expand
and remodel on their own [296]. Such free growth of cells can be achieved by culturing
cells in a low-attachment substrate or in a 3D microenvironment by encapsulating them in
a naturally derived hydrogel that can provide the necessary instructive signals (e.g., dECM
or animal-based matrix) [297,298]. The cells under suspension form clusters, proliferating
and differentiating to develop into organoids (Figure 4). In the matrix-supported method,
ECM components such as fibronectin and laminin provide integrin receptors to cells that
maintain cell integrity and functions during the formation of organoids. Matrigel has been
used widely in the development of various organoids such as cerebral organoids [299],
lung bud [300], liver bud [301], gastric organoids [302], kidney organoids [303], alveolar
organoids [304], intestinal organoids [305], and pancreas organoids [306]. However, due
to the uncontrollable microenvironment of Matrigel, in vitro spontaneous organoid mor-
phogenesis is not easily controlled [307]. In this regard, engineering biomaterials to obtain
precise control over nutrient supply and input and output flow conditions and tunable
mechanical stimulation could provide the matrix support for the growth and development
of organoids [92,308,309]. Defined natural hydrogels can act as a substitution of native
ECM to promote specific organoid formation. For example, Broguiere et al. developed
fibrin-based hydrogels supplemented with laminin-111, which was shown to support the
epithelial organoid formation and expansion [211]. Moreover, the importance of laminin
was well investigated as a major biological signaling factor in the ECM during organoid
formation. In addition to natural hydrogels, well-defined synthetic hydrogels have been ex-
plored in the development of organoid culture due to their tunable biochemical properties.
In a recent report, Lutof et al. developed a PEG-based synthetic hydrogel platform to assist
the development of embryonic stem cell-derived 3D neural tube organoids that recapitulate
the key features of neural morphogenesis [213]. In another study, a laminin I-functionalized
PEG hydrogel system was shown to promote the formation and expansion of organoids
from pancreatic progenitor cells [310]. To date, several organoid formations have been
explored, including skin [311], pancreas [312], lungs [313], liver [314], kidney [315,316],
and brain [299,317]. Even though these organoids lack complete features of real organs
or tissue, their cellular assembly and heterogeneity have made them a suitable platform
for screening drugs and developing disease models as an alternative to the present 2D
cell-based assay and animal models [318].

Figure 4. The development of organoids from primary cells, stem cells, and cancer cells. Embryonic
stem cells (ESC) from embryonic tissue and iPSCs derived from adult primary tissue first experience
direct differentiation into a floating spheroid culture. The culture is subsequently transferred into
a matrix-based hydrogel with a specific medium to initiate the formation of organoids. Somatic
stem cells can be obtained from patient tissue, which can be further cultured in a 3D medium to
develop it into organoids. Cancer cells from tumor tissue can be developed into tumoroids in a
specific 3D culture.
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6. Engineered 3D In Vitro Models

In this section, we focus our discussion on various studies on the development of
3D models of specific tissues/organs in the past decade that have used hydrogels as
biomaterials. A selected survey of recent in vitro models of various tissue types is provided
in Table 4.

6.1. Skin

The skin is the largest organ of the human body, covering an area of ~2 m2, and is
the body’s primary barrier against most environmental agents, including pathological
microbes and chemicals. Culturing of human 3D skin ex vivo biopsies began early, in the
middle of the twentieth century [319]. However, 2D culture later prevailed as standard
lab practice, as it was much simpler and more reproducible than organ/ex vivo culture.
Recent development in cell culture techniques and 3D fabrication technologies has seen
an increased momentum toward research and development of in vitro 3D skin models, as
indicated in numerous studies [320]. Skin equivalents containing the epidermis and dermis
layers developed from keratinocytes and fibroblasts were the first type of 3D in vitro skin
model [321,322]. Among several, collagen-blended hydrogels have emerged as the most
worked on substrate when producing skin equivalents [323]. In one study, a collagen-
based hydrogel containing dermal fibroblasts was deposited followed by another layer
of keratinocytes and melanocytes to mimic skin tissue [324]. Stroebel et al. exhibited
the development of scaffold-free spherical skin microtissues containing different layers
of keratinocytes and a dermal fibroblast core [325]. Scaffold-free models are considered
more advantageous due to their simplicity, low cost, easy reproducibility, and suitability
for high-throughput biochemical analysis. However, they lack proper skin architecture
and do not accurately recapitulate the liquid–air interface of physiological skin. In this
regard, composite hydrogels are gaining popularity in skin tissue engineering, as the skin
matrix is composed of several ECM components, such as collagen, fibronectin, elastin,
vitronectin, and GAGs. In a recent report, a hydrogel produced from blended collagen
and silk was presented as an ideal dermal material [326]. The silk helps stabilize the
structure, whereas the combination of collagen presents the cell-binding domain to the
construct. This blend proved more resistant to temporal degradation than one made from
only collagen. In another study, using a mixture of gelatin, alginate, and fibrin, Pourchet and
colleagues were able to bioprint a full-thickness skin model with a stratified epidermis [327].
Although extensive work has been done in 3D skin models, the key limiting factors in such
skin equivalent models are vasculogenesis and functionally crucial appendages such as
sebaceous glands [323,328]. Skin organoid models developed from iPSCs have been shown
to develop sebaceous glands along with hair follicles in mice over 30 days [311]. Finally,
issues such as the incorporation of immune systems and vasculature can be addressed with
the current development and convergence of different fabrication techniques.

6.2. Bone

The musculoskeletal system determines the body’s shape and is important for locomo-
tion in vertebrates. Bone is one of the key components of the musculoskeletal system and
plays a vital role in providing support, protecting organs, distributing force, and producing
blood [329]. Bone is a natural composite and presents a unique hierarchical structural
organization at multiple scales that grants it the required toughness [330]. To mimic the
in vivo conditions of bone, researchers focused on the 3D spheroid construct. Gurumurthy
et al. were able to show enhanced osteogenic functionality upon differentiation of MSC
spheroids when compared to the conventional 2D culture [331]. To imitate the in vivo
conditions more adequately, methodologies such as culturing of osteoblasts and endothelial
cell types together to develop vascularized bone tissue were utilized. When HUVECs and
osteoblast cells were co-cultured in a collagen matrix to form a spheroidal model, both
osteogenic differentiation and vasculogenic tube-like structures were found [332]. It is
well known that bone is a highly vascularized organ and engineering a vascularized and
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mineralized matrix requires synergistic interaction between osteogenic and endothelial
precursors [333]. At present, vascularization strategies include using (i) angiogenic factors
in combination with 3D scaffolds, (ii) pre-vascularization methods, and (iii) co-culture
systems to engineer vascularized tissue constructs (Figure 5) [334,335]. For example, the
Braghirolli group showed that the PCL scaffold constructed by electrospinning and loaded
with VEGF molecules encouraged the penetration and growth of endothelial cells within
the 3D matrix [336]. The co-culture method is comparatively more complex, as several
parameters are considered for a successful vascularization outcome, including cell types,
cell seeding methodology, 3D construct, media, and microenvironment. In recent work,
Tsigkou and colleagues presented simultaneous osteogenic differentiation and vasculature
development by combining bone marrow-derived MSCs and HUVECs in a 3D scaffold
and hydrogel, respectively [337]. The result demonstrated capillary structure formation
with three to seven days of culture when implanted in a mouse model. The hybrid scaffold
has shown potential in the field of bone tissue engineering. Dhivya et al. constructed
a hydrogel containing zinc-doped chitosan-HA-β-glycerophosphate and demonstrated
the material bone formation ability both in vitro and in vivo without any toxic effect on
cells [338]. In another instance, Zhai et al. constructed a bone cell-laden hydrogel consisting
of PEGDA, HA, and nanoclay [339]. The nanocomposite showed enhanced osteoconductive
properties in long-term culture, rationalized to be due to the presence of the bioactive ions
of nanoclay. The use of 3D bioprinting using a composite hydrogel of alginate, gelatin,
and hydroxyapatite as bio-ink has also been demonstrated to support mesenchymal stem
cells and differentiation toward osteogenic lineage [340]. Among the various bioprinting
techniques, extrusion-based bone printing is the most common, as it uses the hydrogel as
bio-ink with varying viscosities and high cell densities. Levato and colleagues constructed
a composite biomaterial consisting of PLA microcarriers with GelMA/gellan gum [341].
They used bio-ink combined with a high concentration of MSC microtissues to fabricate
a bone construct via bioprinting. The in vitro studies demonstrated that the strategy al-
lowed higher cell adhesion, proliferation, and differentiation with enhanced bone matrix
deposition within the construct. However, due to the high mechanical properties of bone,
hydrogels are not suitable for fabricating larger voids or hollow spaces within the construct,
as they will collapse the structural features. In this regard, a sacrificial material, such
as poloxamer F-127, can be introduced for printing constructs with voids for enhanced
perfusion and subsequent vascularization [342,343].

Figure 5. Vascularization strategies in 3D tissue construct. A. Hydrogel construct incorporated
with angiogenic factors. Host vasculature developed in 3D construct upon in vivo implantation.
B. Formation of pre-vascularization and anastomosis upon in vivo implantation of endothelial cell
culture hydrogels. C. Co-culture study is more suitable in in vitro culture system.

6.3. Cartilage

Cartilage is smooth elastic tissue providing padding and protecting the end of the
bone [344]. It consists of sparsely spread specialized cells called chondrocytes embedded in
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a large amount of ECM. Due to the avascular nature of cartilage, its repair and regeneration
are slow and difficult [345]. With the increasing cases of arthritis and clinical demands,
cartilage regeneration has gained much attention in the tissue engineering field. Several
hydrogel-based methods have been used to develop chondrocyte niches and realistic
microenvironments [342,346]. Within the last decade, lithography and 3D bioprinting
have become a popular approach for this purpose. In a stereolithographic bioprinting
approach, Lam et al. used methacrylated HA and methacrylated gelatin as bio-ink to create
a cartilage model with varying chondrocyte densities. The model maintained its shape, cell
distribution, and viability for over 14 days and demonstrated cartilage proteoglycans and
type II collagen deposition. By increasing the densities of cells, the model showed a higher
differentiation pattern that led to enhanced cartilage-typical zonal segmentation [347].
In another instance, HA/polyurethane was used as hydrogel material to print a 3D MSC-
laden construct for cartilage formation [348]. The results showed that MSCs differentiate
successfully into chondrocytes, whereas the matrix demonstrates mechanical properties
similar to those of cartilage. Moreover, as cartilage is avascular and aneural, most of the
stimuli received by chondrocytes are mechanical. In this regard, Paggi et al. developed a
versatile microfluidic platform that supports evaluating the impact of various mechanical
stimuli on chondrocytes up to single-cell resolution. This platform will be instrumental in
studying the progression of various diseases and answering biological questions [349].

6.4. Liver

The liver is considered an important organ in detoxifying chemicals and metabolizing
drugs in the body. The development of a 3D in vitro model of the liver can not only help to
unravel the physiological phenomena in the liver, but also provide a platform to accurately
predict drug effects and toxic responses [269]. Despite being capable of rapid regeneration,
the liver remains in high demand for organ transplantation due to liver tissue damage from
multiple factors [312]. From a material perspective, due to the low mechanical strength of
the liver, hydrogel-based composites are an ideal candidate in engineering in vitro models.
In one study, Ma et al. produced mechanically flexible composite hydrogels from GelMA
to support iPSC-derived hepatic cells and glacial-methacrylate-HA to enhance endothelial
cell growth and proliferation [350]. The research group used the above composite material
as bio-ink to successfully bioprint a patient-specific hepatic model that closely mimics
the architecture and cell functionality of native tissue. Mazzocchi et al. used a composite
hydrogel of HA and collagen to print hepatic tissue that was shown to preserve the native
tissue microenvironment [351]. The tissue construct used hepatocytes and stellate cells as
cell sources and was found to be responsive against the effects of common liver toxicants.
Although the 3D liver models can sustain in vivo-like conditions for several days or weeks,
the static culture situations do not allow the movement of accumulated medium, which
can have a toxic or self-inhibition effect on cell viability and functionality (urea or ammonia
accumulation). In this regard, a microfluidic platform or liver-on-a-chip could be utilized
to recapitulate the in vivo flow rate in removing the metabolites and other functional
products. In a study by Rennert et al., a two-channel microfluidic platform was created
to develop an in vitro 3D liver model [352]. In one of the channels, the vascular layer was
developed composed of endothelial cells and macrophages, whereas the hepatic model was
composed of HepaRG cells co-cultured with stellate cells. Both models were separated by a
membrane mimicking the space of Disse. The results showed hepatocyte polarity and the
allowance of hepatobiliary function. In a later follow-up study, an oxygen measurement
system was incorporated for toxicological screening [353]. In another study conducted by
Lee et al., porcine liver dECM was used as bio-ink to print a 3D liver-on-a-chip platform.
Apart from hepatocytes, the study also included endothelial cells and cholangiocytes to
mimic the vascular and biliary systems in the platform. The creation of a biliary system
enhanced the liver-specific function and increased the drug sensitivity response many fold
when compared to a chip without a biliary system [354]. In a later study, the same group
developed a liver fibrosis-on-a-chip platform using dECM and gelatin bio-ink and activated
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stellate cells. The platform exhibited increased collagen accumulation, cell apoptosis, and
reduced liver-specific functions, all of which are characteristic features of liver fibrosis [355].
In a multi-organ-level study, an OOC was developed to recreate the metabolic dynamics
connecting gut epithelial cells to liver cells [356]. In such a multi-organ-level system, it
is possible to study the gut–liver axis, which could also include immune cells, to study
inflammatory responses, investigate diabetes, and develop fatty liver disease models [357].

6.5. Gastrointestinal Tract

In recent years, there has been a significantly growing interest in 3D in vitro model
development of intestine tissue due to the increasing demand for food science and toxi-
cology analysis and disease understanding. The intestinal epithelium is a multitasking
tissue containing different cell types specialized in different functions: enteroendocrine
cells, goblet cells, Paneth cells, and microfold cells [358]. Roughly 90% of the food digestion
and absorption in the digestive tract happens in the small intestine [359]. The intestinal
epithelium consists of highly polarized tissue with a defined 3D tissue architecture (Crypt-
villus organization). Several materials and microfabrication techniques have been used in
the generation of a 3D model for mimicking the topography of the gastrointestinal tract
and to study its impact on cellular behavior. One of the first studies in this regard used a
combination of molding techniques to generate a scaffold that represents intestinal villi in
a collagen hydrogel [360]. Morphological similarities with human villi were found when
Caco-2 cells were cultured on the construct for three weeks. The relevance of this system
was further assessed by studying drug permeability and the role of mucin (MUC17) in
antibacterial response [361,362]. Gjorevski et al. designed a composite hydrogel composed
of PEG/laminin with RGD motifs [92]. The designed materials were initially optimized for
stem cell proliferation, but were later observed to allow cell differentiation and organoid for-
mation, presenting an alternative to Matrigel in intestinal organoid development. Kim et al.
employed 3D bioprinting using collagen-based bio-ink to form a mesh structure with a
crypt compartment and vertical protrusion to mimic the villi architecture [363]. The model
was developed with external Caco-2 cells forming the epithelium and internal HUVECs
to reproduce the capillary structure, and the results exhibited an increased proliferation
rate and expression of differentiation markers. In another study, high-resolution stere-
olithography 3D printing was used in the formation of a PEG-DA-based hydrogel to form
a 3D structure containing both crypts and villi [364]. The cultured Caco-2 cells exhibited
increased polarization and expression of enterocyte differentiation markers, which also
demonstrated a strong influence on the cell behavior of the hydrogel material and topology
of the construct.

6.6. Cancer Model

Despite significant accomplishments in the field of biomedical treatments and therapy,
cancer is still the leading cause of death worldwide. For the past four decades, the conven-
tional 2D model was used to study tumor progression. However, it does not properly mimic
the heterogeneous architecture of the native tumor microenvironment [365]. Therefore,
there is a need to develop a 3D tumor model that can present all the necessary physio-
logical characteristics [366]. The first 3D in vitro culture to be efficiently demonstrated
was a cancer spheroid culture [367,368]. In recent years, with the help of 3D bioprinting
techniques, in vitro cancer models have been developed that can mimic the 3D complex-
ity of native tissue. Such models are used in the study of cancer pathophysiology as
well as for the screening of anticancer drugs [369]. In this regard, numerous polymeric
composite materials have been featured as bio-inks. In a study reported by Zhao et al.,
gelatin-alginate-fibrinogen composite bio-inks laden with cervical cancer (HeLa) cells were
printed to form a 3D porous structure that stabilized by crosslinking with calcium chlo-
ride [370]. The sensitivity of the chemotherapeutic drug paclitaxel was evaluated, and it
was found to be more effective on HeLa cells on 3D structures compared to 2D cultures.
A study conducted by Beck and colleagues used a composite hydrogel of PEG/Matrigel to
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investigate cancer cell metastasis [371]. The matrix rigidity was controlled by increasing
the degree of crosslinking of the PEG polymer, whereas the cellular adhesion signals were
presented as peptide-conjugated cyclodextrin incorporated into the PEG networks. The
study revealed that nominal values of cell adhesion and rigidity of the PEG matrix induce
the migration of mammary malignant epithelial cells. Given the complexity and variability
of tumor niches, researchers are striving to develop patient-specific tumor models that can
be used in understanding tumor progression, diagnosis, and treatment [366,372]. The work
performed to date has demonstrated the flexibility of hydrogels in investigating cancer
pathophysiology. Further research is needed in the direction of the generation of matrices
and their interaction with cancer cells to develop a better model mimicking in vitro tumors.

Table 4. Selected survey on hydrogel types and fabrication technology used in in vitro models of
various tissue types.

Hydrogel Types Fabrication Technology Features References

Tissue Type: Skin

Collagen, fibrinogen, and
sodium hyaluronate Bioprinting

A layer of thrombin was co-delivered to induce gelation
of fibrinogen. The printed sheet could form in situ on
murine and porcine wound skin with any topography.

[373]

Silk and collagen

Due to the presence of the cell-binding domain of
collagen and stabilizing properties of silk, the scaffold

exhibited more resistance to
time-dependent degradation.

[326]

Gelatin, alginate, and fibrin Bioprinting A full-thickness skin model with a stratified epidermis
was developed. [327]

GelMA Photocrosslinking A skin model with an epidermal-like structure
combined with an air–liquid interface was developed. [374]

Silk and PCL Electrospinning The scaffold possessed a surface topography that
promoted fibroblast-induced collagen deposition. [375]

Tissue Type: Bone

Gelatin, chitosan, and
hydroxyapatite Freeze drying

The macroporous architecture allowed greater
migration of MSC spheroids and led to a greater degree

of mineralization of the construct.
[53]

PLA and collagen 3D printing
The porous disc-like construct was shown to support

the growth and proliferation of osteoblasts, fibroblasts,
and endothelial cells and induce neo-vessel formation.

[376]

Cellulose/BMP-2 Electrospinning

Bone marrow-derived MSCs showed oriented growth
aligned with the underlying nanofiber morphology as

well as increased alkaline phosphatase activity and
calcium deposition with rapid rabbit calvaria

wound repair.

[377]

Poly polystyrene sulfonate
and collagen I Ice templating

The interaction of human adipose-derived stem cells
with electroactive 3D scaffolds was analyzed. The

results highlighted the usefulness of porous conductive
scaffolds as 3D in vitro platforms for bone

tissue models.

[378]

PEG-DA Stereolithography

An osteogenesis-on-a-chip device was developed that
supports the proliferation, differentiation, and ECM
production of human embryonic stem cell-derived

mesenchymal progenitor cells for an extended period of
21 days.

[379]
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Table 4. Cont.

Hydrogel Types Fabrication Technology Features References

Tissue Type: Cartilage

HA Electrospinning
A 3D nanofibrous scaffold was developed with

crosslinked HA. The results showed a superabsorbent
property, elastic behavior, and good cytocompatibility.

[380]

GelMA and methacrylated
HA

Stereolithographic
bioprinting

The 3D-printed model maintained chondrocyte
distribution, differentiation, and ECM formation. Both

materials showed cell viability and phenotype
maintenance for a period of 21 days.

[347]

GelMA and tricalcium
phosphate (TCP)

Co-axial extrusion
bioprinting

The osteochondral defect was reconstructed by
developing an in vitro 3D calcified cartilage tissue

model. An investigation of a gene expression study
confirmed the effects induced by ceramic nanoparticles

in the differentiation of MSCs toward
hypertrophic chondrocytes.

[381]

Agarose Soft lithography
A versatile platform of articular cartilage-on-a-chip that
can provide 3D multi-axial mechanical stimulation on a

chondrocyte-loaded hydrogel was developed.
[349]

Methacrylated gelatin Lithography using
silicone mold

Microphysiological osteochondral tissue chips derived
from human iPSCs were developed to model the

pathologies of osteoarthritis (OA). Celecoxib, an OA
drug, was shown to downregulate the proinflammatory

cytokines of the OA model.

[382]

Tissue Type: Liver

Agarose Self-aggregation of
iPSCs

In vitro 3D liver tissue that exhibited a stable phenotype
for over one year in culture was generated. The study

presented an attractive resource for long-term liver
in vitro studies

[383]

Agarose-chitosan
Liquid-cryo bath

treatment of polymeric
molds

At neutral pH, the negative charge of the scaffold
surface ensured cell–cell interfacial interaction, followed
by colonization of hepatocytes. The in vitro studies also

indicated enhanced cellular metabolic activity.

[384]

Alginate and Pluronic F-127 3D bioprinting iPSC-derived hepatocyte spheroids recapitulated liver
epithelial parenchyma using 3D bioprinting. [385]

Basement membrane extract Soft lithography

A sinusoid-on-a-chip was established using four
different types of liver cells (hepatocytes, endothelial

cells, stellate cells, Kupffer cells). The study was the first
to report the application of a liver chip in assessing the

effect of hepatoprotective drugs.

[386]

Gelatin and porcine dECM 3D bioprinting

The study developed a liver fibrosis-on-a-chip platform
using dECM and gelatin bio-ink and activated stellate

cells. The platform exhibited increased collagen
accumulation, cell apoptosis, and reduced liver-specific

functions, which are characteristic features of
liver fibrosis.

[355]

Tissue Type: Gastrointestinal tract

Silk Freeze drying

Tissue characterization showed four differentiated
epithelium cell types (enterocytes, goblet cells, Paneth
cells, enteroendocrine cells) along with tight junction

formation, microvilli polarization, low oxygen tension,
and digestive enzyme secretion in the lumen.

[387]
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Table 4. Cont.

Hydrogel Types Fabrication Technology Features References

Thermo-responsive Novogel 3D bioprinting
The histological characterization of intestinal tissue

demonstrated an injury response against the
compound-induced toxicity and inflammation.

[388]

Collagen IV and Matrigel Soft lithography

A human duodenum intestine-chip was developed. The
in vitro tissue presented a polarized cell architecture

with the presence of specialized cell subpopulations. It
also demonstrated relevant expression and localization

of major intestinal drug transporters.

[389]

Colon-derived dECM 3D bioprinting
The bioprinted intestinal tissue models showed

spontaneous 3D morphogenesis of the human intestinal
epithelium without any external stimuli.

[390]

Poly(3,4-
ethylenedioxythiophene)
doped with poly(styrene
sulfonate) (PEDOT:PSS)

Freeze drying
A tubular electroactive scaffold served as a template for

a 3D human intestine and enabled dynamic electrical
monitoring of tissue formation over 1 month.

[391]

Tissue type: Cancer

Poly-l-lactic acid Thermally induced
phase separation

The study generated scaffolds with different
morphologies, porosities, and pore architectures and
indicated that a pore size ranging from 40 to 50µm

induces tumor cell aggregation and the formation of the
irregular tumor masses typically observed in vivo.

[392]

Matrigel Organoid formation

A lung cancer organoid from patient tissue was
established, the tissue architecture was recapitulated,

and the genomic alterations of the original tumors were
maintained during long-term expansion in vitro. The

model responded to cancer drugs based on their
genomic alterations and could be useful for predicting

patient-specific drug responses.

[393]

Fibrinogen and Matrigel Photolithography

A platform that imitates the mass transport near the
arterial end of a tumor microenvironment was

fabricated. An observation of the hallmark features of
tumor progression was provided.

[394]

Matrigel Photolithography
A colorectal tumor-on-a-chip model was developed. The

platform can validate the efficacy of
drug-loaded nanoparticles.

[395]

GelMA, alginate, and
PEG-DA Bioprinting

A tumor model that includes a hollow blood vessel and
a lymphatic vessel was fabricated. The ability of

imitating the transport mechanisms of drugs inside the
tumor microenvironment was demonstrated.

[396]

7. Evaluation of In Vitro Models

The current biotech and pharmaceutical industry experiences high research and de-
velopment costs and overall low success rates in the screening and development of new
chemical and biological entities as therapeutic agents. Between 2005 and 2014, the primary
reason for termination was poorly validated targets with little human relevance and lack of
human efficacy at phase II/III (35%) [24]. There is a growing need for the development of
human-based models that can be applied to healthy or disease states at the early stages of
drug delivery. In recent years, numerous 3D models have been investigated and developed
by a number of academic institutions and industries due to the emergence of innovative
micro-technologies (spheroids, organoids, artificial scaffolds, lithography, and bioprint-
ing). However, there is a significant gap between the development and qualification of
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such in vitro models, without which the end user cannot be confident enough about the
physiological relevance of the system and subsequently the data produced from the model.

The standard rationale for any in vitro model is to streamline the experimental vari-
ables and fundamentally segregate different modules of organs or organ-like structures to
study under well-organized and easily assessed conditions. How precisely these conditions
recapitulate the in vivo conditions depends upon the study design and outcomes. A model
should be qualified by deciding its domain of validity as defined by Scanell and Bosley
based on rigorous scientific data and not on assumptions such as “primary cells are better
than immortalized cell lines” or “a more complex model is more relevant” [397]. Different
in vitro models represent different levels of cellular organization and behavior, and one
classified as right must be fully qualified with regards to its qualities in contrast with the
in vivo situation.

Many in vitro 3D models have been introduced into the literature with character-
izations that have relied on techniques looking at a limited number of biological and
physical descriptions, such as histological assessments, measurements of gene and protein
expression at the subpopulation level by reverse transcriptase-polymerase chain reac-
tion (RT-PCR), and enzyme-linked immunosorbent assay (ELISA)-based assays. More
in-depth characterizations of models using the advances in omics technologies, including
metabolomics, transcriptomics, and proteomics at the single-cell level, will enable a com-
prehensive understanding to score a model and assess whether it is fit for purpose. For ex-
ample, a recent study by Kasendra et al. presented transcriptomic profiling, which showed
there was an increased similarity in gene expression profiles when comparing a microfluidic
intestinal organoid to adult duodenal tissue than to static duodenal organoids [389]. The
study demonstrated a model that better replicates the in vivo tissue and thus increases
the domain of validity for the model for possible drug transport metabolism and toxicity
studies. The in vitro model also showed the presence of polarized cells, intestinal barrier
function, the presence of specific cell populations, and in vivo–like expression, localization,
and function of key intestinal drug transporters, which are necessary requirements for
intestinal drug metabolism cellular models.

One of the important variables that determines the key aspect of developing, quali-
fying, and implementing in vitro models is cell type (cell lines, primary cells, stem cells).
Immortalized cell lines have a distinct advantage, as they can be obtained in large num-
bers, which makes them an attractive candidate for in vitro model development for target
validation work. With the aim of determining the relevance of the cells for use in research,
the Open Targets project (in collaboration with Wellcome Trust Sanger Institute) has taken
a number of cell lines used in research and performed a detailed investigation of gene
expression with reference to primary cell data [398]. This study will provide a useful re-
source for the assessment of cell lines and physiological relevance with respect to different
tissue types for use in in vitro models. Stem cells, on the other hand, have a number of
unique advantages, as they retain the genetic information of the donor, but are scalable and
amenable to gene editing and represent an infinite source of cells for target validation in
in vitro models. Another benefit of stem cells from originator samples is the generation of
organoid cultures, which is considered to mimic more closely the development and niche
observed in vivo.

Development of a closely mimicking microenvironment in the model is another im-
portant criterion to evaluate. Many hundreds of studies to date have been published in
which polymers from synthetic and natural sources and their blends have been used to
create 3D constructs in many physical forms (e.g., gels, fibers, weaves, meshes, sponges,
foams, channels), asserting their relevance based on cell adhesion, viability, proliferation,
and superiority over 2D culture methods. Although comparisons of 3D models with tradi-
tional culture methods have merit, they alone cannot justify the significance of improved
models. Similarly, many attempts have been made to seek a “one-size-fits-all” matrix,
accommodating any cell type and many culture platforms, instead of developing organ-,
tissue-, or pathology-specific models that can support clinically relevant pathways. Un-
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der normal physiological conditions, an ECM derived from different tissues exhibits its
own unique architectures, mechanical properties (e.g., elastic energies, moduli), protein
compositions, and molecular complexities [399]. These properties can be modulated as a
function of normal processes, such as wound healing, or via pathological manifestations,
such as cancer induction [400]. Instead of pursuing the development of a universal ECM
mix, more focus should be placed on producing easily modified matrix components that
can be mixed and matched to closely re-create native biochemistry and matrix rigidity.
Another significant challenge in the development and implementation of in vitro models
is the limitations imposed by static cellular models. Incorporating fluidics into models to
mimic blood supply and interstitial flow is likely to increase the physiological relevance
of the model [401]. The current microfluidics-based OOC models have solved this prob-
lem to a great extent [23]. Technological advances such as bioprinting have reproducibly
demonstrated the ability to spatially control the deposition of multiple cell types and gels,
resulting in the construction of tissues with architectures closer to those of organs [402].
Advances in big data and the capabilities of artificial intelligence (AI)-based largescale com-
puting methods such as machine-learning (ML) and deep learning (DL) have the capacity
to enable the multiparametric optimization of future in vitro models as well as to qualify
and validate the clinical translatability of the models. Hepatotoxicity or drug-induced
liver injury (DILI) is one of the most prominent areas in which such data-driven methods
are used to support, optimize, and cross-validate the emerging complex in vitro models.
Another good example is an ML-based platform, CANscript, developed by Mitra Biotech,
where the data from in vitro models were used to train an ML-based algorithm to give a
predictive translatability score representing the clinical efficacy of the drug response [403].
This shows the potential of computational and data-driven methods for building a more
human-relevant in vitro model.

8. Challenges and Future Perspectives

Three-dimensional in vitro models are much more relevant compared to 2D culture in
terms of imitating the complex physiological and pathological processes of native tissue
and organs. These 3D in vitro platforms can potentially be used (i) to screen drugs and
molecules for their safety and efficacy, (ii) to study the physiological processes in basic
biology, and (iii) to facilitate clinical transplantation. As discussed in the previous section,
several in vitro models targeting different tissues have been developed using various types
and compositions of hydrogels. At this juncture, it is fair and appropriate to say that
hydrogels are one of the basic requirements and logical choices in supporting 3D in vitro
tissue model development. The simple reason behind this is they can inherently mimic
the native tissue structure, which contains a complex polymeric network in a high-water-
content environment. Hydrogels have been used in multiple 3D in vitro models to mimic
the extracellular environment of the tissue. However, multiple factors need to be considered
for composite hydrogels to recreate a 3D microenvironment of native tissue. In this section,
we discuss the current challenges and future directions concerning hydrogel-based material
design, recreation of the dynamic tissue microenvironment, and multi-tissue connectivity
during the engineering of 3D in vitro models.

(i). The native ECM contains biochemical cues such as adhesion ligands, growth factors
that are not evenly distributed throughout the matrix. Such anisotropic features
in vivo are important in guiding cellular behavior and fate. Most of the hydrogel
systems currently exhibit isotropic properties and completely lack anisotropy of
the tissue microenvironment, which does not allow design flexibility in controlling
hydrogel properties dynamically. In future studies, patterned systems could be
developed containing gradient features over a hydrogel backbone for directing cell
behavior. In this regard, stimuli-responsive smart hydrogels have attracted much
attention, as they allow dynamic changes in their properties in the response under the
defined stimulus. Novel hydrogel-based ECM mimetic formulations must be studied
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and investigated to contain features of anisotropy as well as flexibility (in stiffness,
degradation, topography, etc.).

(ii). Tissue formation, disease development, and post-disease progression are all dynamic
processes. Therefore, in vitro models must recapitulate such dynamic features of
tissues and spatiotemporally control the features of the matrix, including presentation
of biochemical features and topological and viscoelastic properties. In this regard, a
reversible crosslinking strategy could be incorporated into the composite hydrogel
system to control the degradation and mechanical properties of the synthetic matrix
for supporting cell activity and long-term culture.

(iii). The major limitation of the present 3D in vitro model is its inability to completely
mimic the complex features of tissue and disease microenvironments. The hierarchical
design of organs, ranging from macroscale to micro and nanoscale, contains a complex
structural arrangement of tissues that further contain a wide range of cell types with
numerous cellular compositions and organizations. It is a challenge to design a tissue
microenvironment in high resolution (concerning scale) that exhibits such variabilities
and versatility of tissue arrangements. With the present technological advancement,
it is quite difficult to exactly mimic a native tissue microenvironment. An ordered
approach could be developed to determine the complexity needed for the 3D culture.
In the long term, the development of an extensive database of various types of
hydrogels, their interaction with cells, and other available knowledge of their features
can be integrated with big data analytics and AI to predict definite factors in the
development of a targeted model. Such an interdisciplinary approach would help us
not only to understand the complexity of tissue niches, but also to develop and design
composite hydrogels that would guide cell fate in the relevant microenvironment.

(iv). The last obstacle would be to integrate multiple tissue types or diseases in a single
closed-loop platform. It is well understood that organs do not work in isolation, but
are always working together and communicating with each other via biochemical
cues, thus affecting and controlling each other directly or indirectly. For example,
any toxic drug that affects the liver also influences the functionality of heart and
lung tissue [281]. Similarly, in cancer, to metastasize the malignant cells, different
tissue models are required, which can be connected via circulatory channels [404].
In this direction, multi-organ platforms have already been developed with some
success [281]. However, the development of 3D systems with the above-mentioned
features is highly desirable in establishing a functional and predictive model.

Although a 3D cell culture system provides a more physiologically relevant microen-
vironment as compared to 2D tissue, it can also be a source of shortcomings with respect to
experimental analysis and detection. As most of the current methods of measurement are
based on 2D cell culture, they might not be compatible with the 3D cell culture system. For
instance, to determine cell number or quantify cell viability, most of the current methods
rely on fluorescence-based analysis or manual counting of cells after trypsinization. These
methods have a major limitation when applied in a 3D cell culture system. Therefore, novel
methods and protocols that can provide accurate analysis in a 3D cell culture system must
also be established.

9. Conclusions

Hydrogels are a class of biomaterial that has been developed to mimic the compo-
sition and structure of the native tissue matrix in a 3D in vitro tissue model. A range of
biopolymers is used to fabricate hydrogels that can support and direct cell behavior and
function in the desired way to generate 3D tissue-like culture. Due to the limitation of a
single type of polymer, hybrid hydrogels are proposed with a combination of natural and
synthetic polymers along with the amalgamation of a wide range of nanomaterials and
biological factors that can impart specific tissue niche-like features. The development of
dECM-derived hydrogels has presented a good alternative and opened up a new way to
engineer the physiology of and simulate 3D in vitro models. This review article has summa-
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rized important advancements in the field of hydrogel biomaterial used in the generation
of 3D tissues and found that hydrogels are becoming an attractive choice in emulating
the 3D native matrices toward in vitro model development. Although research regarding
hydrogels is still in its infancy, and many more technical challenges remain to be overcome,
recognition of the reliability and reproducibility of hydrogels for specific in vitro models
will be required for their acceptance in the therapeutic and pharmaceutical industries.
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157. Kuśtrowski, P.; Natkański, P.; Rokicińska, A.; Witek, E. Polymer hydrogel-clay (Nano) composites. In Polymer Gels; Springer:
Singapore, 2018; pp. 1–62.

http://doi.org/10.1002/smll.201900322
http://doi.org/10.1002/adma.201700339
http://doi.org/10.1002/jbm.a.34727
http://doi.org/10.1002/smll.201900046
http://doi.org/10.1016/j.biomaterials.2018.08.044
http://doi.org/10.1021/acsbiomaterials.6b00196
http://doi.org/10.1021/acs.biomac.5b00188
http://doi.org/10.1002/btm2.10124
http://doi.org/10.1002/adma.201600466
http://doi.org/10.1038/ncomms7566
http://doi.org/10.1038/nmat3980
http://doi.org/10.1002/adma.201502422
http://doi.org/10.1002/adma.201603612
http://doi.org/10.1002/advs.201400010
http://doi.org/10.1016/j.jcis.2007.10.014
http://doi.org/10.1002/adfm.201201708
http://doi.org/10.1002/adma.201804838
http://doi.org/10.1038/s41467-018-04998-9
http://doi.org/10.1039/c3ra22335c
http://doi.org/10.1039/c2jm32541a
http://doi.org/10.1016/j.colsurfb.2017.04.003
http://doi.org/10.1021/acsami.8b09656
http://www.ncbi.nlm.nih.gov/pubmed/30043614
http://doi.org/10.1002/adma.201703779
http://www.ncbi.nlm.nih.gov/pubmed/29504161
http://doi.org/10.1039/b908835k
http://doi.org/10.1021/acsnano.6b05318
http://www.ncbi.nlm.nih.gov/pubmed/28245107
http://doi.org/10.1016/j.ijbiomac.2014.06.052
http://www.ncbi.nlm.nih.gov/pubmed/24999272


Int. J. Mol. Sci. 2022, 23, 2662 40 of 48

158. Timofejeva, A.; D’Este, M.; Loca, D. Calcium phosphate/polyvinyl alcohol composite hydrogels: A review on the freeze-thawing
synthesis approach and applications in regenerative medicine. Eur. Polym. J. 2017, 95, 547–565. [CrossRef]

159. Grillo, H.C.; McKhann, C.F. The acceptance and evolution of dermal homografts freed of viable cells. Transplantation 1964, 2,
48–59. [CrossRef]

160. Poel, W.E. Preparation of acellular homogenates from muscle samples. Science 1948, 108, 390–391. [CrossRef]
161. Mazza, G.; Rombouts, K.; Hall, A.R.; Urbani, L.; Luong, T.V.; Al-Akkad, W.; Longato, L.; Brown, D.; Maghsoudlou, P.; Dhillon,

A.P. Decellularized human liver as a natural 3D-scaffold for liver bioengineering and transplantation. Sci. Rep. 2015, 5, 1–15.
[CrossRef]

162. Sánchez, P.L.; Fernández-Santos, M.E.; Espinosa, M.A.; González-Nicolas, M.A.; Acebes, J.R.; Costanza, S.; Moscoso, I.; Rodríguez,
H.; García, J.; Romero, J. Data from acellular human heart matrix. Data Brief 2016, 8, 211–219. [CrossRef]

163. Dorrello, N.V.; Guenthart, B.A.; O’Neill, J.D.; Kim, J.; Cunningham, K.; Chen, Y.-W.; Biscotti, M.; Swayne, T.; Wobma, H.M.;
Huang, S.X. Functional vascularized lung grafts for lung bioengineering. Sci. Adv. 2017, 3, e1700521. [CrossRef]

164. Song, J.J.; Guyette, J.P.; Gilpin, S.E.; Gonzalez, G.; Vacanti, J.P.; Ott, H.C. Regeneration and experimental orthotopic transplantation
of a bioengineered kidney. Nat. Med. 2013, 19, 646–651. [CrossRef]

165. Orlando, G.; Booth, C.; Wang, Z.; Totonelli, G.; Ross, C.L.; Moran, E.; Salvatori, M.; Maghsoudlou, P.; Turmaine, M.; Delario, G.
Discarded human kidneys as a source of ECM scaffold for kidney regeneration technologies. Biomaterials 2013, 34, 5915–5925.
[CrossRef]

166. Lee, H.; Han, W.; Kim, H.; Ha, D.-H.; Jang, J.; Kim, B.S.; Cho, D.-W. Development of liver decellularized extracellular matrix
bioink for three-dimensional cell printing-based liver tissue engineering. Biomacromolecules 2017, 18, 1229–1237. [CrossRef]

167. Harris, G.M.; Raitman, I.; Schwarzbauer, J.E. Cell-derived decellularized extracellular matrices. Methods Cell Biol. 2018, 143,
97–114.

168. Sundarakrishnan, A.; Chen, Y.; Black, L.D.; Aldridge, B.B.; Kaplan, D.L. Engineered cell and tissue models of pulmonary fibrosis.
Adv. Drug Deliv. Rev. 2018, 129, 78–94. [CrossRef]

169. Jiang, K.; Chaimov, D.; Patel, S.; Liang, J.-P.; Wiggins, S.; Samojlik, M.; Rubiano, A.; Simmons, C.; Stabler, C. 3-D physiomimetic
extracellular matrix hydrogels provide a supportive microenvironment for rodent and human islet culture. Biomaterials 2019, 198,
37–48. [CrossRef]

170. French, K.M.; Boopathy, A.V.; DeQuach, J.A.; Chingozha, L.; Lu, H.; Christman, K.L.; Davis, M.E. A naturally derived cardiac
extracellular matrix enhances cardiac progenitor cell behavior in vitro. Acta Biomater. 2012, 8, 4357–4364. [CrossRef]

171. Bejleri, D.; Streeter, B.W.; Nachlas, A.L.; Brown, M.E.; Gaetani, R.; Christman, K.L.; Davis, M.E. A bioprinted cardiac patch
composed of cardiac-specific extracellular matrix and progenitor cells for heart repair. Adv. Healthc. Mater. 2018, 7, 1800672.
[CrossRef]

172. Gaetani, R.; Yin, C.; Srikumar, N.; Braden, R.; Doevendans, P.A.; Sluijter, J.P.; Christman, K.L. Cardiac-derived extracellular matrix
enhances cardiogenic properties of human cardiac progenitor cells. Cell Transplant. 2016, 25, 1653–1663. [CrossRef]

173. Traverse, J.H.; Henry, T.D.; Dib, N.; Patel, A.N.; Pepine, C.; Schaer, G.L.; DeQuach, J.A.; Kinsey, A.M.; Chamberlin, P.; Christman,
K.L. First-in-man study of a cardiac extracellular matrix hydrogel in early and late myocardial infarction patients. JACC Basic
Transl. Sci. 2019, 4, 659–669. [CrossRef]

174. Kort-Mascort, J.; Bao, G.; Elkashty, O.; Flores-Torres, S.; Munguia-Lopez, J.G.; Jiang, T.; Ehrlicher, A.J.; Mongeau, L.; Tran, S.D.;
Kinsella, J.M. Decellularized Extracellular Matrix Composite Hydrogel Bioinks for the Development of 3D Bioprinted Head and
Neck in Vitro Tumor Models. ACS Biomater. Sci. Eng. 2021, 7, 5288–5300. [CrossRef]

175. Benton, G.; Arnaoutova, I.; George, J.; Kleinman, H.K.; Koblinski, J. Matrigel: From discovery and ECM mimicry to assays and
models for cancer research. Adv. Drug Deliv. Rev. 2014, 79, 3–18. [CrossRef]

176. Hughes, C.S.; Postovit, L.M.; Lajoie, G.A. Matrigel: A complex protein mixture required for optimal growth of cell culture.
Proteomics 2010, 10, 1886–1890. [CrossRef] [PubMed]

177. Blondel, D.; Lutolf, M.P. Bioinspired hydrogels for 3D organoid culture. CHIMIA Int. J. Chem. 2019, 73, 81–85. [CrossRef]
178. DiMarco, R.L.; Heilshorn, S.C. Multifunctional materials through modular protein engineering. Adv. Mater. 2012, 24, 3923–3940.

[CrossRef]
179. DiMarco, R.L.; Dewi, R.E.; Bernal, G.; Kuo, C.; Heilshorn, S.C. Protein-engineered scaffolds for in vitro 3D culture of primary

adult intestinal organoids. Biomater. Sci. 2015, 3, 1376–1385. [CrossRef]
180. Madl, C.M.; LeSavage, B.L.; Dewi, R.E.; Dinh, C.B.; Stowers, R.S.; Khariton, M.; Lampe, K.J.; Nguyen, D.; Chaudhuri, O.; Enejder,

A. Maintenance of neural progenitor cell stemness in 3D hydrogels requires matrix remodelling. Nat. Mater. 2017, 16, 1233–1242.
[CrossRef] [PubMed]

181. Tandon, N.; Cannizzaro, C.; Chao, P.-H.G.; Maidhof, R.; Marsano, A.; Au, H.T.H.; Radisic, M.; Vunjak-Novakovic, G. Electrical
stimulation systems for cardiac tissue engineering. Nat. Protoc. 2009, 4, 155–173. [CrossRef] [PubMed]

182. Guiseppi-Elie, A. Electroconductive hydrogels: Synthesis, characterization and biomedical applications. Biomaterials 2010, 31,
2701–2716. [CrossRef]

183. Li, L.; Wang, Y.; Pan, L.; Shi, Y.; Cheng, W.; Shi, Y.; Yu, G. A nanostructured conductive hydrogels-based biosensor platform for
human metabolite detection. Nano Lett. 2015, 15, 1146–1151. [CrossRef]

http://doi.org/10.1016/j.eurpolymj.2017.08.048
http://doi.org/10.1097/00007890-196401000-00006
http://doi.org/10.1126/science.108.2806.390.b
http://doi.org/10.1038/srep13079
http://doi.org/10.1016/j.dib.2016.04.069
http://doi.org/10.1126/sciadv.1700521
http://doi.org/10.1038/nm.3154
http://doi.org/10.1016/j.biomaterials.2013.04.033
http://doi.org/10.1021/acs.biomac.6b01908
http://doi.org/10.1016/j.addr.2017.12.013
http://doi.org/10.1016/j.biomaterials.2018.08.057
http://doi.org/10.1016/j.actbio.2012.07.033
http://doi.org/10.1002/adhm.201800672
http://doi.org/10.3727/096368915X689794
http://doi.org/10.1016/j.jacbts.2019.07.012
http://doi.org/10.1021/acsbiomaterials.1c00812
http://doi.org/10.1016/j.addr.2014.06.005
http://doi.org/10.1002/pmic.200900758
http://www.ncbi.nlm.nih.gov/pubmed/20162561
http://doi.org/10.2533/chimia.2019.81
http://doi.org/10.1002/adma.201200051
http://doi.org/10.1039/C5BM00108K
http://doi.org/10.1038/nmat5020
http://www.ncbi.nlm.nih.gov/pubmed/29115291
http://doi.org/10.1038/nprot.2008.183
http://www.ncbi.nlm.nih.gov/pubmed/19180087
http://doi.org/10.1016/j.biomaterials.2009.12.052
http://doi.org/10.1021/nl504217p


Int. J. Mol. Sci. 2022, 23, 2662 41 of 48

184. Shin, S.R.; Shin, C.; Memic, A.; Shadmehr, S.; Miscuglio, M.; Jung, H.Y.; Jung, S.M.; Bae, H.; Khademhosseini, A.; Tang, X. Aligned
carbon nanotube–based flexible gel substrates for engineering biohybrid tissue actuators. Adv. Funct. Mater. 2015, 25, 4486–4495.
[CrossRef]

185. Dong, R.; Zhao, X.; Guo, B.; Ma, P.X. Self-healing conductive injectable hydrogels with antibacterial activity as cell delivery carrier
for cardiac cell therapy. ACS Appl. Mater. Interfaces 2016, 8, 17138–17150. [CrossRef]

186. Zhang, J.; Li, M.; Kang, E.-T.; Neoh, K.G. Electrical stimulation of adipose-derived mesenchymal stem cells in conductive scaffolds
and the roles of voltage-gated ion channels. Acta Biomater. 2016, 32, 46–56. [CrossRef] [PubMed]

187. Zhang, H.-W.; Hu, X.-B.; Qin, Y.; Jin, Z.-H.; Zhang, X.-W.; Liu, Y.-L.; Huang, W.-H. Conductive polymer coated scaffold to
integrate 3D cell culture with electrochemical sensing. Anal. Chem. 2019, 91, 4838–4844. [CrossRef] [PubMed]

188. Hoare, T.R.; Kohane, D.S. Hydrogels in drug delivery: Progress and challenges. Polymer 2008, 49, 1993–2007. [CrossRef]
189. Ebara, M.; Kotsuchibashi, Y.; Narain, R.; Idota, N.; Kim, Y.-J.; Hoffman, J.M.; Uto, K.; Aoyagi, T. Smart Biomaterials; Springer:

Tokyo, Japan, 2014.
190. Czarnecki, S.; Rossow, T.; Seiffert, S. Hybrid polymer-network hydrogels with tunable mechanical response. Polymers 2016, 8, 82.

[CrossRef]
191. Amini, A.A.; Nair, L.S. Injectable hydrogels for bone and cartilage repair. Biomed. Mater. 2012, 7, 024105. [CrossRef]
192. Augst, A.D.; Kong, H.J.; Mooney, D.J. Alginate hydrogels as biomaterials. Macromol. Biosci. 2006, 6, 623–633. [CrossRef]
193. Jin, R. In-situ forming biomimetic hydrogels for tissue regeneration. Biomedicine 2012, 2, 35–58.
194. Gulrez, S.K.; Al-Assaf, S.; Phillips, G.O. Hydrogels: Methods of preparation, characterisation and applications. In Progress in

Molecular and Environmental Bioengineering; IntechOpen: London, UK, 2011; pp. 117–150.
195. Lin, P.; Ma, S.; Wang, X.; Zhou, F. Molecularly engineered dual-crosslinked hydrogel with ultrahigh mechanical strength,

toughness, and good self-recovery. Adv. Mater. 2015, 27, 2054–2059. [CrossRef]
196. Narita, T.; Mayumi, K.; Ducouret, G.; Hebraud, P. Viscoelastic properties of poly (vinyl alcohol) hydrogels having permanent

and transient cross-links studied by microrheology, classical rheometry, and dynamic light scattering. Macromolecules 2013, 46,
4174–4183. [CrossRef]

197. Kondo, S.; Hiroi, T.; Han, Y.S.; Kim, T.H.; Shibayama, M.; Chung, U.I.; Sakai, T. Reliable hydrogel with mechanical “fuse link” in
an aqueous environment. Adv. Mater. 2015, 27, 7407–7411. [CrossRef]

198. Vasile, C.; Pamfil, D.; Stoleru, E.; Baican, M. New developments in medical applications of hybrid hydrogels containing natural
polymers. Molecules 2020, 25, 1539. [CrossRef]

199. Lim, S.; Jung, G.A.; Muckom, R.J.; Glover, D.J.; Clark, D.S. Engineering bioorthogonal protein–polymer hybrid hydrogel as a
functional protein immobilization platform. Chem. Commun. 2019, 55, 806–809. [CrossRef]

200. Sanson, N.; Rieger, J. Synthesis of nanogels/microgels by conventional and controlled radical crosslinking copolymerization.
Polym. Chem. 2010, 1, 965–977. [CrossRef]

201. DeForest, C.A.; Anseth, K.S. Cytocompatible click-based hydrogels with dynamically tunable properties through orthogonal
photoconjugation and photocleavage reactions. Nat. Chem. 2011, 3, 925–931. [CrossRef]

202. Koshy, S.T.; Desai, R.M.; Joly, P.; Li, J.; Bagrodia, R.K.; Lewin, S.A.; Joshi, N.S.; Mooney, D.J. Click-Crosslinked Injectable Gelatin
Hydrogels. Adv. Healthc. Mater. 2016, 5, 541–547. [CrossRef]

203. Baldwin, A.D.; Kiick, K.L. Tunable degradation of maleimide–thiol adducts in reducing environments. Bioconjug. Chem. 2011, 22,
1946–1953. [CrossRef]

204. Crescenzi, V.; Cornelio, L.; Di Meo, C.; Nardecchia, S.; Lamanna, R. Novel hydrogels via click chemistry: Synthesis and potential
biomedical applications. Biomacromolecules 2007, 8, 1844–1850. [CrossRef]

205. Zhu, W.; Xiong, L.; Wang, H.; Zha, G.; Du, H.; Li, X.; Shen, Z. Sustained drug release from an ultrathin hydrogel film. Polym.
Chem. 2015, 6, 7097–7099. [CrossRef]

206. Fan, Y.; Deng, C.; Cheng, R.; Meng, F.; Zhong, Z. In situ forming hydrogels via catalyst-free and bioorthogonal “tetrazole–alkene”
photo-click chemistry. Biomacromolecules 2013, 14, 2814–2821. [CrossRef]

207. Mukherjee, S.; Hill, M.R.; Sumerlin, B.S. Self-healing hydrogels containing reversible oxime crosslinks. Soft Matter 2015, 11,
6152–6161. [CrossRef]

208. Seib, F.P.; Prewitz, M.; Werner, C.; Bornhäuser, M. Matrix elasticity regulates the secretory profile of human bone marrow-derived
multipotent mesenchymal stromal cells (MSCs). Biochem. Biophys. Res. Commun. 2009, 389, 663–667. [CrossRef] [PubMed]

209. Rozario, T.; DeSimone, D.W. The extracellular matrix in development and morphogenesis: A dynamic view. Dev. Biol. 2010, 341,
126–140. [CrossRef]

210. Xu, Y.; Zhu, X.; Hahm, H.S.; Wei, W.; Hao, E.; Hayek, A.; Ding, S. Revealing a core signaling regulatory mechanism for pluripotent
stem cell survival and self-renewal by small molecules. Proc. Natl. Acad. Sci. USA 2010, 107, 8129–8134. [CrossRef] [PubMed]

211. Broguiere, N.; Isenmann, L.; Hirt, C.; Ringel, T.; Placzek, S.; Cavalli, E.; Ringnalda, F.; Villiger, L.; Züllig, R.; Lehmann, R. Growth
of epithelial organoids in a defined hydrogel. Adv. Mater. 2018, 30, 1801621. [CrossRef] [PubMed]

212. Hutson, C.B.; Nichol, J.W.; Aubin, H.; Bae, H.; Yamanlar, S.; Al-Haque, S.; Koshy, S.T.; Khademhosseini, A. Synthesis and
characterization of tunable poly (ethylene glycol): Gelatin methacrylate composite hydrogels. Tissue Eng. Part A 2011, 17,
1713–1723. [CrossRef] [PubMed]

213. Ranga, A.; Girgin, M.; Meinhardt, A.; Eberle, D.; Caiazzo, M.; Tanaka, E.M.; Lutolf, M.P. Neural tube morphogenesis in synthetic
3D microenvironments. Proc. Natl. Acad. Sci. USA 2016, 113, E6831–E6839. [CrossRef] [PubMed]

http://doi.org/10.1002/adfm.201501379
http://doi.org/10.1021/acsami.6b04911
http://doi.org/10.1016/j.actbio.2015.12.024
http://www.ncbi.nlm.nih.gov/pubmed/26703122
http://doi.org/10.1021/acs.analchem.9b00478
http://www.ncbi.nlm.nih.gov/pubmed/30864440
http://doi.org/10.1016/j.polymer.2008.01.027
http://doi.org/10.3390/polym8030082
http://doi.org/10.1088/1748-6041/7/2/024105
http://doi.org/10.1002/mabi.200600069
http://doi.org/10.1002/adma.201405022
http://doi.org/10.1021/ma400600f
http://doi.org/10.1002/adma.201503130
http://doi.org/10.3390/molecules25071539
http://doi.org/10.1039/C8CC08720B
http://doi.org/10.1039/c0py00010h
http://doi.org/10.1038/nchem.1174
http://doi.org/10.1002/adhm.201500757
http://doi.org/10.1021/bc200148v
http://doi.org/10.1021/bm0700800
http://doi.org/10.1039/C5PY01204J
http://doi.org/10.1021/bm400637s
http://doi.org/10.1039/C5SM00865D
http://doi.org/10.1016/j.bbrc.2009.09.051
http://www.ncbi.nlm.nih.gov/pubmed/19766096
http://doi.org/10.1016/j.ydbio.2009.10.026
http://doi.org/10.1073/pnas.1002024107
http://www.ncbi.nlm.nih.gov/pubmed/20406903
http://doi.org/10.1002/adma.201801621
http://www.ncbi.nlm.nih.gov/pubmed/30203567
http://doi.org/10.1089/ten.tea.2010.0666
http://www.ncbi.nlm.nih.gov/pubmed/21306293
http://doi.org/10.1073/pnas.1603529113
http://www.ncbi.nlm.nih.gov/pubmed/27742791


Int. J. Mol. Sci. 2022, 23, 2662 42 of 48

214. Schepers, A.; Li, C.; Chhabra, A.; Seney, B.T.; Bhatia, S. Engineering a perfusable 3D human liver platform from iPS cells. Lab Chip
2016, 16, 2644–2653. [CrossRef]

215. Hoang, P.; Wang, J.; Conklin, B.R.; Healy, K.E.; Ma, Z. Generation of spatial-patterned early-developing cardiac organoids using
human pluripotent stem cells. Nat. Protoc. 2018, 13, 723–737. [CrossRef]

216. Shin, H.-S.; Hong, H.J.; Koh, W.-G.; Lim, J.-Y. Organotypic 3D culture in nanoscaffold microwells supports salivary gland
stem-cell-based organization. ACS Biomater. Sci. Eng. 2018, 4, 4311–4320. [CrossRef]

217. Brusatin, G.; Panciera, T.; Gandin, A.; Citron, A.; Piccolo, S. Biomaterials and engineered microenvironments to control YAP/TAZ-
dependent cell behaviour. Nat. Mater. 2018, 17, 1063–1075. [CrossRef]

218. Lv, H.; Li, L.; Sun, M.; Zhang, Y.; Chen, L.; Rong, Y.; Li, Y. Mechanism of regulation of stem cell differentiation by matrix stiffness.
Stem Cell Res. Ther. 2015, 6, 1–11. [CrossRef]

219. Wu, S.; Xu, R.; Duan, B.; Jiang, P. Three-dimensional hyaluronic acid hydrogel-based models for in vitro human iPSC-derived
NPC culture and differentiation. J. Mater. Chem. B 2017, 5, 3870–3878. [CrossRef]

220. Shkumatov, A.; Baek, K.; Kong, H. Matrix rigidity-modulated cardiovascular organoid formation from embryoid bodies.
PLoS ONE 2014, 9, e94764. [CrossRef]

221. Khetan, S.; Burdick, J. Cellular encapsulation in 3D hydrogels for tissue engineering. J. Vis. Exp. 2009, 32, e1590. [CrossRef]
[PubMed]

222. Huebsch, N.; Arany, P.R.; Mao, A.S.; Shvartsman, D.; Ali, O.A.; Bencherif, S.A.; Rivera-Feliciano, J.; Mooney, D.J. Harnessing
traction-mediated manipulation of the cell/matrix interface to control stem-cell fate. Nat. Mater. 2010, 9, 518–526. [CrossRef]

223. Khetan, S.; Guvendiren, M.; Legant, W.R.; Cohen, D.M.; Chen, C.S.; Burdick, J.A. Degradation-mediated cellular traction directs
stem cell fate in covalently crosslinked three-dimensional hydrogels. Nat. Mater. 2013, 12, 458–465. [CrossRef]

224. Sahoo, S.; Chung, C.; Khetan, S.; Burdick, J.A. Hydrolytically degradable hyaluronic acid hydrogels with controlled temporal
structures. Biomacromolecules 2008, 9, 1088–1092. [CrossRef]

225. Huebsch, N.; Lippens, E.; Lee, K.; Mehta, M.; Koshy, S.T.; Darnell, M.C.; Desai, R.M.; Madl, C.M.; Xu, M.; Zhao, X. Matrix elasticity
of void-forming hydrogels controls transplanted-stem-cell-mediated bone formation. Nat. Mater. 2015, 14, 1269–1277. [CrossRef]

226. Choi, A.; Seo, K.D.; Kim, B.C.; Kim, D.S. Recent advances in engineering microparticles and their nascent utilization in biomedical
delivery and diagnostic applications. Lab Chip 2017, 17, 591–613. [CrossRef]

227. Li, W.; Zhang, L.; Ge, X.; Xu, B.; Zhang, W.; Qu, L.; Choi, C.-H.; Xu, J.; Zhang, A.; Lee, H. Microfluidic fabrication of microparticles
for biomedical applications. Chem. Soc. Rev. 2018, 47, 5646–5683. [CrossRef]

228. Jiang, W.; Li, M.; Chen, Z.; Leong, K.W. Cell-laden microfluidic microgels for tissue regeneration. Lab Chip 2016, 16, 4482–4506.
[CrossRef]

229. Theberge, A.B.; Courtois, F.; Schaerli, Y.; Fischlechner, M.; Abell, C.; Hollfelder, F.; Huck, W.T. Microdroplets in microfluidics:
An evolving platform for discoveries in chemistry and biology. Angew. Chem. Int. Ed. 2010, 49, 5846–5868. [CrossRef]

230. Shang, L.; Cheng, Y.; Zhao, Y. Emerging droplet microfluidics. Chem. Rev. 2017, 117, 7964–8040. [CrossRef]
231. Jang, M.; Yang, S.; Kim, P. Microdroplet-based cell culture models and their application. BioChip J. 2016, 10, 310–317. [CrossRef]
232. Sabhachandani, P.; Motwani, V.; Cohen, N.; Sarkar, S.; Torchilin, V.; Konry, T. Generation and functional assessment of 3D multi-

cellular spheroids in droplet based microfluidics platform. Lab Chip 2016, 16, 497–505. [CrossRef]
233. Williams, C.M.; Mehta, G.; Peyton, S.R.; Zeiger, A.S.; Van Vliet, K.J.; Griffith, L.G. Autocrine-controlled formation and function

of tissue-like aggregates by primary hepatocytes in micropatterned hydrogel arrays. Tissue Eng. Part A 2011, 17, 1055–1068.
[CrossRef]

234. Lee, S.-A.; Kang, E.; Ju, J.; Kim, D.-S.; Lee, S.-H. Spheroid-based three-dimensional liver-on-a-chip to investigate hepatocyte–
hepatic stellate cell interactions and flow effects. Lab Chip 2013, 13, 3529–3537. [CrossRef]

235. Fang, J.; Zhang, Y.; Yan, S.; Liu, Z.; He, S.; Cui, L.; Yin, J. Poly (L-glutamic acid)/chitosan polyelectrolyte complex porous
microspheres as cell microcarriers for cartilage regeneration. Acta Biomater. 2014, 10, 276–288. [CrossRef]

236. Yu, C.; Kornmuller, A.; Brown, C.; Hoare, T.; Flynn, L.E. Decellularized adipose tissue microcarriers as a dynamic culture platform
for human adipose-derived stem/stromal cell expansion. Biomaterials 2017, 120, 66–80. [CrossRef]

237. Huang, L.; Abdalla, A.M.; Xiao, L.; Yang, G. Biopolymer-based microcarriers for three-dimensional cell culture and engineered
tissue formation. Int. J. Mol. Sci. 2020, 21, 1895. [CrossRef]

238. Lengyel, M.; Kállai-Szabó, N.; Antal, V.; Laki, A.J.; Antal, I. Microparticles, microspheres, and microcapsules for advanced drug
delivery. Sci. Pharm. 2019, 87, 20. [CrossRef]

239. Cheng, J.; Jun, Y.; Qin, J.; Lee, S.-H. Electrospinning versus microfluidic spinning of functional fibers for biomedical applications.
Biomaterials 2017, 114, 121–143. [CrossRef]

240. Pedde, R.D.; Mirani, B.; Navaei, A.; Styan, T.; Wong, S.; Mehrali, M.; Thakur, A.; Mohtaram, N.K.; Bayati, A.; Dolatshahi-Pirouz,
A. Emerging biofabrication strategies for engineering complex tissue constructs. Adv. Mater. 2017, 29, 1606061. [CrossRef]
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309. Kratochvil, M.J.; Seymour, A.J.; Li, T.L.; Paşca, S.P.; Kuo, C.J.; Heilshorn, S.C. Engineered materials for organoid systems. Nat. Rev.
Mater. 2019, 4, 606–622. [CrossRef]

310. Greggio, C.; De Franceschi, F.; Figueiredo-Larsen, M.; Gobaa, S.; Ranga, A.; Semb, H.; Lutolf, M.; Grapin-Botton, A. Artificial
three-dimensional niches deconstruct pancreas development in vitro. Development 2013, 140, 4452–4462. [CrossRef]

311. Lee, J.; Böscke, R.; Tang, P.-C.; Hartman, B.H.; Heller, S.; Koehler, K.R. Hair follicle development in mouse pluripotent stem
cell-derived skin organoids. Cell Rep. 2018, 22, 242–254. [CrossRef]

312. Dorrell, C.; Tarlow, B.; Wang, Y.; Canaday, P.S.; Haft, A.; Schug, J.; Streeter, P.R.; Finegold, M.J.; Shenje, L.T.; Kaestner, K.H. The
organoid-initiating cells in mouse pancreas and liver are phenotypically and functionally similar. Stem Cell Res. 2014, 13, 275–283.
[CrossRef]

313. Dye, B.R.; Hill, D.R.; Ferguson, M.A.; Tsai, Y.-H.; Nagy, M.S.; Dyal, R.; Wells, J.M.; Mayhew, C.N.; Nattiv, R.; Klein, O.D. In vitro
generation of human pluripotent stem cell derived lung organoids. eLife 2015, 4, e05098. [CrossRef]

314. Zhang, R.-R.; Koido, M.; Tadokoro, T.; Ouchi, R.; Matsuno, T.; Ueno, Y.; Sekine, K.; Takebe, T.; Taniguchi, H. Human iPSC-derived
posterior gut progenitors are expandable and capable of forming gut and liver organoids. Stem Cell Rep. 2018, 10, 780–793.
[CrossRef]

315. Taguchi, A.; Nishinakamura, R. Higher-order kidney organogenesis from pluripotent stem cells. Cell Stem Cell 2017, 21, 730–746.e6.
[CrossRef]

316. Takasato, M.; Pei, X.E.; Chiu, H.S.; Maier, B.; Baillie, G.J.; Ferguson, C.; Parton, R.G.; Wolvetang, E.J.; Roost, M.S.; de Sousa Lopes,
S.M.C. Kidney organoids from human iPS cells contain multiple lineages and model human nephrogenesis. Nature 2015, 526,
564–568. [CrossRef]
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